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|. Abstract

Transient Receptor Potential A1 (TRPA1) is commonly known as the detector of a broad
range of noxious chemical agents both exogenous and endogenous. TRPA1 detects these
chemicals through a reversible covalent modification mechanism that allows most
electrophilic compounds to activate the channel; hence one of the channel’s key roles is to
protect the respiratory system from harmful irritants by activating the cough reflex. It has
been proposed that TRPA1 is involved in chronic inflammatory diseases of the respiratory
system and has been highlighted as a potential drug target for this as well as general pain

and inflammation.

TRPA1 is also activated by non-covalent mechanisms, which are less well understood. |
therefore aimed to gain a further understanding of non-covalent mechanisms of TRPA1
modulation via structure-activity relationship studies using several groups of diverse

compounds based on existing TRPA1 agonists.

The results reported have shown that compounds based on thymol, carvacrol and fenamic
acid have a diverse effect on TRPA1 dependent on small alterations in structure. This
highlights the delicate nature of the TRPA1 non-covalent binding sites. The derivatives
tested all share one common structural feature; they all have two phenyl rings which are
linked via different functional groups and different lengths. It was found that the length of
the linker had an effect on the potency of the modulation of TRPAL. In addition to these
results NDGA and its semi-synthetic derivative M4N were potent TRPA1 agonists, yet unlike
other similar compounds do not desensitise TRPA1, possibly due to their folded structure.
Throughout the results, the importance of hydrogen bonding was shown with different

functional groups capable of acting as donors or acceptors.

Overall the results reported expand the group of non-covalent modulators of TRPA1 and
indicated important structural features that must be considered in any future TRPA1 drug

development projects.
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1 Introduction

TRPA1 is a member of the TRP superfamily of ion channels. It is expressed throughout the
human body, but is mostly found in sensory neurons of the dorsal root ganglion (DRG),
nodose ganglion (NG) and trigeminal ganglion neurons (TG). Due to its expression in
nociceptor neurons, TRPA1 has been identified as a potential target for drug development
due to its role in pain sensing, cough and itch(1). It is hypothesised that TRPA1 functions as
a chemical irritant receptor, for harmful electrophilic compounds such as icilin, as a
thermoreceptor by sensing temperatures below 17°C and as mechanosensor due to its
unusually large amount of ankyrin repeat domains, up to 18 repeats, in the N-terminus. Of
particular interest is the expression of TRPA1 in sensory neurons that innervate the airways
and pulmonary epithelial cells. TRPA1 has been implicated in the pathogenesis of several
respiratory diseases such as chronic obstructive pulmonary disorder (COPD), asthma and
chronic cough(2). To further understand the role that TRPA1 plays in pain and inflammatory
disease, more research is required to fully understand the structure and function of this

channel.

1.1TRP superfamily of ion channels

Transient Receptor Potential (TRP) channels are a superfamily of cation permeable
channels that consists of seven subfamilies. The discovery of the first TRP channel begins
with the observations reported by Cosens and Manning in 1969 of a mutant strain
Drosophila melanogaster(3). They reported that the mutant fruit flies showed an abnormal
electroretinogram response to light(3). The mutant flies showed a unique transient
response to light rather than a sustained response hence the name Transient receptor
potential channels. It was another 20 years later until the mutant gene was discovered by
Montell and Rubin in 1989 who successfully isolated, sequenced and cloned the trp gene
from Drosophila flies and showed it to encode a 1275 amino acid protein(4). Hardie and
Minke in 1993 identified the TRP channel to be essential for visual transduction in

Drosophila and showed the channel to be part of a phospholipase C-dependent process(5).



The TRP (Transient Receptor Potential) superfamily of ion channels comprises 28 different
proteins subdivided into 7 classes based on sequence homology. Despite variations in
sequence homology they all have six transmembrane domains and are permeable to
cations(6). TRP channels, when compared to other ion channel families, are unique in the
fact that they show a diverse range of cation selectivity and specific activation mechanisms,
and many TRP channels have been found to have several different activation mechanisms
(such as TRPA1). TRP channels have been found to respond to all major external stimuli
such as light, sound, chemical, temperature and touch as well as many internal and local
stimuli such as alterations in osmolarity. As a result of this diversity, TRP channels have
been found to play critical roles in many cellular processes such as controlling the gating of
voltage dependent ion channels, modulating the activity of calcium sensitive effector

proteins and transcriptional regulation, migration and proliferation(6).

ca®® ©1  c3a DAG-Sensitve
V5 (ECaC1, CaT2) %
c

Vanilloid Ve Ecac2, caT)
Receptor
TRP

mTRPC2 (human TRPC2
is pseudogene)

Classical (short)
TRPC

M1 (Melastatin)
‘M3 (hKIAA1616
LTRPC3),
M6 (CHAK2)
Channel/kinases
M7 (CHAK1, TRP-PLIK,
LTRPC7)

Mucolipins

ML1 (MCOLN1
M2 (hTRPC7, LTRPC2)
M8 (Trp-p8, CMR1)

. M4 (hFLJ20041 LTRPC4,CAN)
M5 (Mtr1, LTRPCS)

Melastatin
(Long)TRPM

ML3 (MCOLN3
ML2 (MCOLN2)

10 PAM units

Figure 1 Mammalian TRP family tree adapted from Clapham et al.(7)

Since these initial discoveries, TRP channels have been found in many different species

including humans. To date the search for mammalian TRP homologs has produced 28 TRP



channels. The 28 members that form the superfamily of mammalian TRP cation channels
have been organised into six subfamilies: TRPA (Ankyrin), TRPC (Canonical), TRPM
(Melastatin), TRPML (Mucolipin), TRPP (Polycystin) and TRPV (Vanilloid). The division into
subfamilies is, unlike other protein channel families, based on amino acid sequence
homology, see Figure 2 for comparison of amino acid sequence between families. The
sequence has been found to be highly conserved for approximately 500 million years with

all TRP channel members originating from the same ancestral point(8) (Figure 1).
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Figure 2 (a) General structure of TRP protein (b) Comparison of amino acid sequences of representative TRP channels
from each family adapted from Nilius et al.(9)

The structure of TRP channels is yet to be fully understood, there is still a great deal to be

uncovered. However, a general basic structure of TRP channels is generally accepted based
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on sequence similarity and low resolution cryo-electron microscopy (EM) structures(10—
12). It is expected that all TRP channels are similar in shape to voltage gated potassium
channels, which have four subunits surrounding a centrally located pore. Each subunit of
the homotetrameric structures has 6 transmembrane domains and both the N and C-
termini are located intracellularly. It is the differences in the N and C-termini that

differentiate the 28 TRP channel members into the six subfamilies.

1.1.1  TRPC

The TRPC family currently consists of seven mammalian proteins (TRPC1-7). The family can
be further subdivided into three subgroups based on sequence homology. These are
C1/C4/C5, C3/C6/C7 and C2 (TrpC2 is a pseudogene in humans). The mammalian TRPC
family all tend to be potentiated by stimulation of G-protein coupled receptors and

receptor tyrosine kinases.

The seven mammalian TRPC channels share an invariant sequence in the C-terminal tail

called a TRP box (EWK- FAR), as well as 3—4 N-terminal ankyrin repeats [23].

1.1.1.1 TRPC1/4/5 Subgroup

The existence of TRPC1 homomeric channels in the plasma membrane is yet to be
determined however there is strong evidence to suggest TRPC1 coassembles with TRPC4
and TRPC5 to form heteromeric channels consisting of TRPC1 and either TRPC4 or TRPC5
subunits(13,14).

TRPC4 and TRPC5 are closely related sharing 64 % amino acid sequence identity. Both
proteins contain a C-terminal PDZ-binding motif (VTTRL), and it has been reported that PDZ
domain scaffolding proteins coimmunoprecipitate with TRPC4 and TRPC5(15). They also
share similar functional characteristics such as potentiation by GPCRs that couple to Gag/11,
activation by trivalent cations La>* and Gd*" as well as potentiation via intracellular Ca*

(TRPC5 is more sensitive than TRPC4)(16—18).

All members of this subgroup are expressed in the brain mainly in the hippocampus, cortex,
olfactory bulb and amygdala as well as in the heart, lung, liver, spleen and testis(6).
Knockout studies in mice have shown TRPC1(-/-) mice to be increased in weight and have

impaired salivary gland fluid secretion(19). TRPC4(-/-) mice showed impaired vascular

4



function and altered 5 HT-mediated GABA release(20). TRPC5(-/-) mice show a reduced

anxiety-like behavioural phenotype(21).

1.1.1.2 TRPC3/6/7 Subgroup

TRPC3, TRPC6 and TRPC7 have been grouped due to each protein having roughly 75 %
identical amino acid sequences. They all are potentiated by G,/1:-coupled receptors and by
direct application of diacylglycerol (DAG) analogs(22). All three channels show a relatively
low selectivity for Ca** over Na* and are sensitive to intracellular Ca®". TRPC3 and TRPC6
are activated by increases in intracellular Ca®" concentrations whereas TRPC7 is inhibited.
This subgroup is believed to act as downstream effectors for a wide range of hormone and

neurotransmitter receptors(13,23).

TRPC3is present in the brain, specifically in higher concentrations in the cerebellum, cortex,
and hippocampus. In hippocampal neurons it has been reported that TRPC3 is activated via
the following; through a pathway that is initiated by the binding of TrkB and a brain-derived
neurotrophic factor, engagement of PLCy, and activation of the inositol triphosphate

receptor(24,25).

TRPC6 is abundant in smooth and cardiac muscle cells, and therefore is a candidate for the
receptor activated non-selective cation channels long known to exist in these cells(26).
TRPC7 is widely expressed. It has been reported to play a role in inducing myocardial

apoptosis, due to its activation by angiotensin Il causing Ca** overload(27).

In knockout studies TRPC3(-/-) mice showed normal brain development however negative
changes in walking behaviour have been reported indicating a critical role for TRPC3 in
motor coordination(28). TRPC6(-/-) mice show agonist-induced contractility of cerebral
arteries(29). TRPC6 is reported to affect dendritic growth, synaptic formation and neuronal

survival however brain development appears normal in TRPC6(-/-) mice(30,31).

1.1.2  TRPV

The TRPV subfamily is named after vanilloid receptor 1, commonly known as TRPV1(32).
Six mammalian TRPV receptors have been identified and have been subdivided into two
subgroups TRPV1-4 and TRPV5-6 based on sequence homology, functional similarities, and

calcium selectivity. All TRPV channels contain 3-5 N-terminal ankyrin repeats, which has
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been suggested to promote channel tetramerization and regulate channel activity(12,33).

TRPV channels also share ~25 % homology with TRPC channels between S5 and S6.

TRPV1-4 are non-selective cation channels, which are modestly permeable to Ca** over Na*
with PCa/PNa values ranging between ~1 and ~10(7). TRPV1-4 have been reported to be
activated by a range of different stimuli, and interestingly 2-APB, which has been reported
to block some TRPC and TRPM channels, activates TRPV3 and to a lesser extent TRPV2 and
TRPV1 but not TRPV4(34,35). All four channels have been discovered to be
thermosensitive, and all but TRPV2 are thought to be involved in thermoregulation of some
sort in humans. TRPV2 is believed to be involved in innate immunity. TRPV1 is involved in
the development of thermal hyperalgesia following inflammation and may contribute to
the detection of noxious heat. TRPV4 has been claimed to be mechanosensitive but has not

been established to be within physiological range in a native environment(36,37).

TRPV5 and 6 are highly calcium selective channels with PCa/PNa values of over a 100
reported. They share ~74 % identity with each other but only ~25 % with the rest of the
TRPV subfamily(38). Unlike the rest of the TRPV channels TRPV5 and 6 are not heat
sensitive. Both channels inactivate due to Ca’" overload although through different
mechanisms. TPRV5 is expressed in a number of tissues, most commonly in the kidney,
more specifically in the distal convoluted and connecting tubule where it is important for
transcellular transport and active reabsorption of Ca?*(39). TRPV6 is more widely expressed
than TRPV5 and carries out a similar function in the kidneys(40). It is also reported that in
the intestines TRPV6, which is localised to the brush border membrane of enterocytes,

mediates transcellular Ca** entry(41).

1.1.3  TRPM

The TRPM (“Melastatin”) subfamily consists of 8 mammalian members and subdivided into
4 subclasses based on sequence homology; TRPM1/3, TRPM2/8, TRPM4/5, and TRPM6/7.
The TRPM subfamily shares approximately 20 % sequence homology with the TRPC
subfamily(42). Unlike TRPC, TRPV and TRPA channels TRPM members do not contain any
ankyrin repeats. The C-terminal of TRPMs all have a TRP domain and can be divided into
two regions: a coiled coil domain and a second variable region. TRPM2/6 and 7 uniquely

contain enzymatically active protein domains in their C-termini and are termed



“chanzymes”(43,44). The N-termini of TRPM channels is considerably longer than that of
the TRPV and TRPC members and contains a large TRPM homology region ~700aa long. The

biological significance of this region is currently unknown(45).

TRPM1 is highly expressed in the brain. It has been reported to play a role in normal
melanocyte pigmentation and is a visual transduction channel in retinal ON bipolar
cells(46). TRPM3 has been purported to contribute to the detection of noxious heat and
shows widespread expression but is most highly expressed in the brain and

pituitary(47,48).

1.1.4  TRPMLand TRPP

The TRP superfamily can be broadly split into two groups, group 1 consists of TRPC, TRPV,
TRPM and TRPA subfamilies, the second group comprises of TRPML and TRPP.

The TRPML (Mucolipin) family consists of three mammalian channel proteins TRPML1-
3(49,50). All three members are believed to be restricted to intracellular vesicles and are
not thought to be part of the plasma membrane. TRPML1 is reported to be important for
the sorting and transport of endosomes in the late endocytotic pathway and specifically
fusion between endosome-lysosome hybrid vesicles. Mutations in the gene encoding the
TRPML1 protein are one cause of the neurodegenerative disorder mucolipidosis type IV
(MLIV) in man. TRPML3 plays a role in hair cell maturation, stereocilia maturation and
intracellular vesicle transport. The function of TRPML2 has remained elusive until recently
it has been suggested that TRPML2 may play a role in the regulation of the innate immune

response in mammals(51).

The TRPP (Polycystin) subfamily is often referred to as the PKD2 and comprises three
mammalian members TRPP1-3. PKD2, polycystic kidney disease 2, proteins are a subset of

polycystins, which also include PKD1 proteins(52).

1.1.5 TRPA

The TRPA subfamily consists of one member, TRPA1. The following section 1.2 is an in depth

review of the current understanding of this complex channel.



1.2TRPA1

1.2.1  The trpal gene

The trpal gene was first identified by Jaquemar et al. (53) in 1999, who found mRNA in
cultured fibroblasts that was not present in SV40 transformed cells, as well as many
mesynchemal tumour cell lines. The corresponding gene, located on human chromosome
8in band 8q13, consists of 55701 base pairs and is composed of 27 exons. The open reading
frame of the mRNA encodes a protein of 1119 amino acids with two distinct domains: the
N-terminal which contained 18 ankyrin repeat domains (ARD) and the C-terminal which
contained seven hydrophobic segments of about 20 amino acids each They postulated that
six of these segments may act as transmembrane units, and the remaining segment as a
pore loop domain (which contains several charged residues) and only partially spans the
membrane. Jaguemar et al. hypothesised that the protein product of the gene they had
identified functions as an ion channel, due to the similarities of the C-terminal to other ion
channels i.e. the six transmembrane domains and pore loop domain. They noted the
unusual combination of features of an ion channel and the long chain of ankyrin repeat
domains, which they postulated to act as a cytoskeletal anchor similar to that of anion
exchanger proteins of the erythrocyte membrane. Due to the low expression levels, they
determined under physiological conditions that the protein product may play a regulatory
function. Combined with the structural features identified, they proposed an involvement

in signal transduction.

The trpal gene can be found in a wide range of animals from vertebrates such as humans
to invertebrates such as D. melanogaster and beyond to C. elegans. The vertebrate TRPA
subfamily has only one member, however non-vertebrates show a variety of different TRPA
proteins, there are four subtypes in fruit flies, 2 in zebrafish and 2 in C. elegans. The
activation via covalent modification of reactive cysteine residues on hTRPA1 has been
shown to be a highly conserved sensory mechanism, conserved across ~500 million years
of animal evolution. Kang et al. (8) have shown that fly and mosquito TRPA1 orthologs are
molecular sensors of electrophiles using a mechanism conserved with vertebrate TRPA1s.
In vivo testing of Drosophila melanogaster showed an inhibition of a normally robust and

reliable response to food (proboscis extension response or PER) when it had been spiked
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with reactive electrophiles such as ally isothiocyanate, NMM and cinnamaldehyde. The
inhibition of PER was not present when only leg contact with the food was permitted which
indicated that the response was gustatory and not an olfactory mechanism, suggesting that
chemosensors along the food tract were responsible for reactive electrophile detection.
Protein expression of dTRPA1 was detected in the mouthparts and in neurons innervating
pores that open onto the oesophagus lumen, which indicates the possible role of dTRPA1
in reactive electrophile sensing in D. melanogaster. Kang et al. then went on to confirm this
suspicion that dTRPA1 was crucial to the inhibition of PER when exposed to spiked food, by
carrying out loss of function studies which showed that dTRPA1 loss of function mutants
showed no reduction in inhibition of PER when spiked food was offered. Alternatively,
Painless (a gene encoding a protein belonging to the TRPA subfamily, painless is considered
a basal TRPA as it is not activated via the covalent modification of cysteine residues) loss of
function mutants showed no effect over wildtype. Previously it was thought that activation
of TRPA1 via covalent modification was only apparent in TRPA1 proteins of vertebrate
species and not invertebrate species such as D. melanogaster(54,55). Hamada et al. (56)
revealed that these previous results, which showed a distinct loss of function between
vertebrate TRPA1 and invertebrate TRPA1, are slightly misguiding as the dTRPA1 cDNA
used was found to contain a partial inactivation mutation. Hamada et al. went on to show
that when wildtype dTRPA1 orthologs were expressed in Xenopus oocytes, the TRPA1 was
activated by multiple reactive electrophiles. In addition, they also showed that TRPA1 from
two other Drosophila and the malaria mosquito responded similarly. The similarities in the
response between that of the dTRPA1 and hTRPA1 to reactive electrophiles suggest similar
activation mechanisms. Kang et al. constructed a phylogeny of TRPA proteins (see Figure
3). They showed that with confidence that both electrophile sensitive vertebrate and
invertebrate TRPA1 proteins are derived from a common ancestor and belong to the same
monophyletic clade, the TRPA1 clade, which is distinct from other TRPAs which have been
termed basal TRPAs. It is hard to believe that such a seemingly basic sensory mechanism
has remained relatively unchanged and not evolved as species have diversified is a
testament to the very basic need of animals to avoid naturally occurring harmful reactive
molecule, see section 1.2.5.1 for a detailed review of activation via covalent modification

of TRPA1.
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Figure 3 Phylogeny of TRPA channels(8)

1.2.2 Protein Structure of TRPA1

1.2.2.1 Basic Structure

Human TRPA1 (hTRPA1) is a 1119 aa protein with a mass of ~120-150kDa. TRPA1 proteins
are believed to function as a homotetramer, much like the majority of other TRP channels.
The predicted TRPA1 protein structure is similar to the generalised TRP channel protein
structure and is made up of six putative transmembrane domains (S1-S6). In between the

5™ and 6" transmembrane domain (S5-S6) is the putative ion-permeable site(57).

1.2.2.2 N-terminus

The N-terminus contains up to 18 ankyrin repeat domains (ARD). Ankyrin repeats are 33 aa
motifs consisting of two alpha helices; they typically fold together to form a single linear
structure which is termed an ankyrin repeat domain. Deletion of the ARDs from the TRPA1
structure negatively affects the insertion of the protein into the plasma membrane(58). The
multiple ARD in the N-terminal are believed to be heavily involved in the gating mechanism
of the channel(59). Within the ARD are several key cysteine residues which have been
shown to react with noxious chemical irritants resulting in channel activation (see 1.2.2.2.1
for full discussion). There is also an EF-hand domain which is located between ARD11 and

ARD12. An EF-hand domain is a 12 aa helix-loop-helix motif, termed after its resemblance
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to the thumb and forefinger of the human hand, that is capable of binding with calcium
ions. The EF-hand domain has been reported to be involved in intracellular Ca** dependent
activation(60)(61). It has been shown in modelling experiments by Zayats et al. (62)that the
‘springy’ multiple ARD can change dramatically upon Ca** binding with the EF-hand
domain(62). They have predicted that the calcium bound state is more rigid than the
calcium free state and the end-end distance can change by almost 50 %. Zayats et al.
postulate that the change in the physical properties of the N-terminus when exposed to
stimuli causes an interaction with the transmembrane domains that ultimately affects the
gating of the channel. Further studies of the EF-hand revealed that point mutations in the
region only had small effects on the Ca** dependent activation mechanism. However, it was
shown that deletions had an effect on trafficking of the truncated channel to the plasma

membrane(58).

More specifically the residue N855, which is located in the loop between S4 and the S4-S5
connecting helix, forms stable hydrogen bonds with the N-terminus of S1 while all other
interactions are hydrophobic in nature. This interaction shows a direct link between the N-
terminus and the S4-S5 connecting helix. The N855 residue has been associated with
familial episodic pain syndrome; it is the N855S mutant which is thought to be the root
cause of the hereditary disease. The serine side chain is less polar than that of asparagine
and has a lower hydrogen bonding capability. This has a knock on consequence of loosening
the mechanical coupling to the ankyrin repeats. Zayats et al.(62) focused on the physical
changes to the ankyrin repeats when calcium binding occurs, however they have
commented on how irreversible covalent modification of cysteine residues may follow a
similar route to effect the gating of the channel i.e. through a direct force link through the

N855 residue(62) see below in Figure 4 and Figure 5 for N855 site.
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Figure 4 All four subunits of TRPA1 coloured differently in the membrane (left) Close up of N855 residue located between
S4 and the S4-S5 linker helix, its position allows interaction with S1(62)
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Figure 5 Model of TRPA1 subunit with position of N855 residue highlighted with a green star(62)

1.2.2.2.1 Important cysteine residues

TRPA1 activation by noxious chemical irritants occurs through a covalent modification of
N-terminal cysteines. So far five cysteine residues have been identified as playing an
important role in sensing these electrophilic irritants; in human TRPA1 (hTRPA1) these are
Cys-415, Cys-422, Cys-622, Cys-642 and Cys-666(63,64). Mutation studies have shown that
when these cysteine residues are replaced with non-reactive residues activation of the
TRPA1 channel by electrophilic compounds is abolished. However, activation by non-
electrophilic agonists was not affected by these mutations, highlighting another mode of
activation. Experimentally it has been suggested that Cys-415 is important to the response
to both reactive and non-reactive agonists(65). Cys-422 has been shown to be key to the
response caused by human inflammatory mediators. In modelling experiments, it has been
hypothesised that cysteine residues from different TRPA1 subunits can interact to form a
cysteine pocket. Cys-415 and Cys-422 from one subunit, which may interact with Cys-622
located on a flexible loop on the adjacent subunit, Cys-642 and Cys-666 are also located on

the same flexible loop as Cys-622 and they may also interact with this cysteine pocket(66).
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So far there has been no definitive experimental data to determine how covalent
modification of cysteine residues translates to protein activation. It may be reasonable to
predict that covalent modifications may perturb this hypothesised cysteine pocket
therefore facilitating or disturbing interactions between subunits leading to structural

changes in the cytoplasmic domains that can potentially lead to channel gating(67).

Figure 6 Model of homotetramer TRPA1 (left) Location of important cysteine residues on two subunits forming cystiene
pocket (right)(66)

1.2.3 Protein expression

TRPA1 was originally thought to be expressed in the nociceptive sensory neurons of the
DRG, TG and NG which respond to a vast range of chemical irritants and noxious cold (below
17°C)(68)(69). To add to this TRPA1 was thought to function as a transduction channel
found in the inner ear involved in hearing(70). In recent times there have been reports that
suggest that TRPA1 is widely expressed throughout the human body, present in many

organs and tissues such as the brain, heart, lung, small intestine and pancreas(71).

1.2.3.1 In the nervous system

1.2.3.1.1 Sensory Neurons and peripheral nervous system

TRPA1 is highly expressed throughout sensory neurons and the peripheral nervous system,
as well as in the autonomic nervous system. In TG it is expressed in small myelinated axons,
A(8), axons and unmyelinated C axons. More than 25 % of the neurons that express TRPA1
are peptidergic and release substance P and calcitonin gene-related peptide (CGRP).

Trigeminal sensory nuclei, the largest of the cranial nerve nuclei, express TRPA1 as well as

13



the spinal dorsal horn, superficial laminae of the trigeminal caudal nucleus (Vc). TRPA1 is
also expressed in the autonomic nervous system, in particularly the sympathetic superior
cervical ganglia (SCG) which contains neurons that are cold-sensitive and express
TRPA1(72). TRPA1 is also expressed in nodose and jugular oesophageal nociceptors where

it plays an important role in the activation of these neurons by bradykinin(73-75).

TRPA1 has been found to be expressed in vagal sensory nerves that innervate both the
heart and the airways. The role it plays differs substantially in the neurons innervating the
heart; here TRPA1 is involved with vasovagal reflexes, whereas in the airway neurons
TRPAL1 is key to sensing a wide range of harmful environmental irritants causing an action
potential to occur in airway afferent C-fibers, which results in the propagation of the cough
reflex(76). TRPA1 is highly expressed in the nociceptive neurons innervating the respiratory

tract(77-79).
Other sensory neurons that express TRPA1 have been found to innervate:

- the colon: activation of TRPA1 inhibits contractility in the colon and is involved in the
inhibition of spontaneous neurogenic contractions(80)

- the bladder: expression of TRPA1 is linked to bladder afferent transduction(81)

- the prostate: TRPA1 may act as a mediator of mechanoafferent signals, epithelial

homeostasis, emission, or inflammation of the human prostate(82)

1.2.3.1.2 Central Nervous System Expression

TRPA1 has been found to be expressed throughout the central nervous system (CNS). It has
been connected with the activation of the cannabinoid receptor CB1 in the
hippocampus(83). It is coexpressed with TRPV1 in neurons of the nucleus supraopticus,
which is a nucleus of magnocellular neurosecretory cells in the hypothalamus, where it is
involved with excitatory synaptic inputs(84). TRPA1 is involved with regulation of glutamate

release in the brain stem were it is expressed in the visceral afferent pathway(85).

1.2.3.2 Inner ear

Due to TRPA1’s multiple ankyrin repeat domains located in the N-terminus, it has been
suggested that TRPA1 may function as a mechanosensitive channel in the inner ear as the

ankyrin repeats are thought to act like a spring capable of interacting with mechanical
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stimuli(86). Specifically it has been found to be expressed in the stria vascularis, the organ

of corti and in the outer and inner hair cells of the cochlea(87,88).

1.2.3.3 Cardiovascular System

TRPA1 is expressed in vascular endothelial cells and in perivascular nerves. It is believed
that activation of TRPA1 plays a role in arterial dilation. Two pathways through which
TRPA1 activation can lead to arterial dilation have been found. Firstly, TRPA1 expression is
concentrated at myoendothelial junction sites where upon activation the influx of Ca*
causes endothelium-dependent smooth muscle cell hyperpolarization. Secondly, TRPA1
channels in the perivascular nerves mediate vasodilation through a mechanism requiring

the release of calcitonin gene-related peptide(89,90).

1.2.3.4 Gastrointestinal tract

TRPA1 is expressed throughout the small intestinal and colonic mucosa. Due to TRPA1’s
ability to sense a wide array of chemical irritants, it acts as a chemosensor for the luminal
environment and together with intestinal odorant receptors modulates gastrointestinal

functions such as epithelial permeability and electrogenic anion secretion(91).

1.2.3.5 Respiratory System

TRPA1 is highly expressed in most of the nonneuronal cell types forming the respiratory
system. Experimental data are sparse with regards to the function of TRPA1 expression in
nonneuronal respiratory tissue, as much of the research has been carried out on the role
of TRPA1 expressed in sensory neuronal cells that innervate the respiratory tract. However,
there is evidence that highlights a fundamental role for TRPA1 expressed in nonneuronal
cells in normal airway function with it becoming increasingly important for acquired
disease(92,93). In cultured TRPA1 expressing human lung fibroblasts (CCD19-Lu) and
alveolar epithelial cell line (A549), it was shown that selective activation of TRPA1l
promoted the release of the chemokine IL-8. Upon pretreatment of a selective TRPA1
antagonist this response was diminished. These data show a potential role for TRPA1 in

modulating the release of an important chemokine in airways inflammation.
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1.2.3.6 Skin

It has been found that TRPA1 is expressed in nonneuronal cells types such as human
keratinocytes, fibroblasts and melanocytes. TRPA1 has been shown to play a role in the

expression of proinflammatory cytokines(94).

1.2.3.7 Dental Pulp

TRPA1 in expressed highly in the dental pulp fibroblasts of human teeth. It has been
considered to act a thermoreceptor as it has been shown that TRPA1 is activated by noxious
cold temperatures (below 17°C)(95). It is also believed to be involved in pain associated
with mechanotransduction. A high proportion of pulpal afferent nerves express TRPA1 and

for these reasons TRPA1 is a potential target for treatments of dental sensitivity.

1.2.4 Physiological functions of TRPA1

TRPA1 is expressed throughout the human body in many different tissues. TRPA1 is
activated by several different pathways such as; electrophilic chemicals (including ROS and
RNS), noxious cold, mechano-activation and Ca®* dependent modulation. As a result of
widespread expression and several vastly different stimuli, it is no surprise that TRPA1 has
several important functions in the body. These functions include sensory functions such as
sensing harmful exogenous chemical irritants, activating the release of inflammatory

mediators, evoking mechanical hypersensitivity upon inflammation and thermoregulation.

1.2.4.1 Sensory Functions

1.2.4.1.1 Inflammation

TRPA1s involvement in inflammation was first shown in studies using allylisothiocyanate
(AITC) to induce the release of substance P (SP) and CGRP which had the effect of
promoting thermal and mechanical hypersensitivity via the release of inflammatory
mediators(96). At the time it was unknown through what mechanism AITC elicited this
response. Since then it has been shown in studies that when TRPA1 is blocked or the
channel is removed through genetic knockout the inflammatory effects of AITC were

significantly decreased(97-99).
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Not only does TRPA1 have a role in instigating an inflammatory response but it may also be
playing a crucial role in hypersensitivity that occurs during inflammation. It has been found
that TRPA1 is activated by inflammatory mediators. Reactive oxygen species (ROS) are
released by cells in response to tissue damage which can cause lipid peroxidation to
produce species such as 4-hydroxynonenal (4-HNE) and 4-oxononenal (4-ONE) that have
been found to directly activate TRPA1(100,101). Prostaglandins are produced at the site of
inflammation and can mediate inflammatory responses and sensitization. One such
prostaglandin derivative 15d-PGJ;, has been found to activate TRPA1(100-103). TRPA1 can
also be sensitised indirectly during inflammation through interaction with G protein-
coupled receptors (GPCRs). Tissue damage can cause the production of bradykinin (BK)
which can activate BK,R GPCRs in TRPA1l expressing nociceptors which through
Phospholipase C can modulate TRPA1 to promote sensitization to thermal, mechanical and

chemical stimuli(98,104,105).

1.2.4.1.2 In the Respiratory System

The vast array of, both exogenous and endogenous, chemical stimuli suggests that TRPA1
may play a role as a chemosensor. It has been shown that TRPA1 expressed in primary
sensory neurons that innervate the airways provides an early warning of potential damage

from exogenous chemical irritants to the respiratory tract.

The respiratory tract allows the passage of air to the alveoli and as a result is the first
contact point for any airborne irritants and noxious chemicals. The primary afferent
sensory neurons that innervate the airways have been found to be activated by potentially
damaging agents. In order to protect the airways from damage, protective reflex responses
can be activated such as coughing, sneezing, bronchoconstriction and a decrease in
respiratory rate. In order for these responses to occur the irritant chemicals must be
detected by chemosensors. It is believed that TRPA1 is a chemosensor that covers a broad
range of chemical irritants that can cause significant damage to the airways. In early
chemical exposure studies in animals it was shown that reactive irritants cross-desensitized
each other’s ability to evoke a protective respiratory response(106). These results
suggested that sensory neurons contained one single reactive receptor and once it has
been saturated when exposed to one chemical irritant it becomes unresponsive to further
exposure by a different irritant. Another view was that there were many different receptors
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and cross-desensitization occurred through cellular signalling pathways(106,107). Since
then it has been discovered that TRPA1, which is a chemosensor to a wide range of
chemical irritants, is highly expressed throughout the cells that make up the airways and is

expressed in many of the primary sensory neurons that innervate the airways(108).

The respiratory tract (from the nasal cavity to the bronchi) is heavily innervated with
primary afferent C-fibres and A(8)-fibers from the jugular ganglion, dorsal root ganglion,
trigeminal ganglion and nodose ganglion. Activation of these neurons in the airways leads
to the release of inflammatory neuropeptides such as SP and CGRP. SP and CGRP can induce
bronchoconstriction, vasodilation, and recruitment of immune cells and modulation of the
inflammatory response. These responses to airway irritants can result in respiratory
responses such as cough, increased mucus secretion, and shallow breathing with the

primary focus of reducing the exposure to harmful toxins(109).

The first line of defence against environmental irritants can be found in the nasal mucosa.
The trigeminal chemosensory nerve endings that innervate the nasal mucosa, when
excited, can cause irritation, pain and sneezing to occur(110). Neuropeptides such as SP
and CGRP which are released by chemosensory TG neurons promote neurogenic
inflammatory vasodilation and leakage, which causes the narrowing and potential
obstruction of the nasal passages(111). It is known that a large percentage of TRPA1
expressing sensory neurons are peptidergic and release SP and CGRP, some of which are

the trigeminal neurons that innervate the nasal mucosa(112).

1.2.4.1.3 TRPA1 induced Cough

Cough is a reflex response that helps to clear the respiratory tract of harmful chemical
irritants, foreign particles and mucus. The cough reflex is a protective defence mechanism
in normal healthy humans, however it is most commonly associated with inflammatory

diseases of the respiratory system such as bronchitis, COPD and asthma.

The upper and lower respiratory tract are innervated by vagus neurons of the nodose
ganglion and jugular ganglion. Activation of vagus afferent neurons has been seen to induce
coughing in guinea pigs and humans. The induction of the cough reflex has been found to

be caused by both mechanical and chemical stimuli(113,114).
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It has long been established that another TRP channel, TRPV1 has a role in initiating the
cough reflex. As there is evidence to show in both guinea pigs and humans that selective
TRPV1 agonists, such as capsaicin, resiniferatoxin and citric acid, elicit robust tussive
reponses(115,116). However, there are many other chemical irritants that can initiate
cough that do not interact with TRPV1. TRPA1 is commonly coexpressed in sensory afferent
neurons that innervate the lungs and in recent years experimental evidence has shown it
to play an important role in the initiation of the cough reflex. Known TRPA1 agonists, AITC
and cinnamaldehyde produce dose-dependent robust tussive responses in guinea pigs(77).
The response to these TRPA1l agonists was diminished with pretreatment of TRP
nonselective blockers ruthenium red, camphor and the TRPA1 selective antagonist HC-
030031. In the same study acrolein and crotonaldehyde, which are TRPA1 agonists and are
found in abundance in cigarette smoke, elicited a tussive response in guinea pigs; once
again the effect was reduced by the use of HC-030031. Another study showed the partial
inhibition of the tussive response caused by the inhalation of cigarette smoke by blocking
TRPA1 with HC-030031(117). These results are reflected in humans which suggests that
TRPA1 may be placed together with TRPV1 as a major mechanism for the initiation of the
cough reflex(118).

1.2.4.2 Thermoregulation

The role of TRPA1 as a thermosensor has been strongly debated. The very first study to
highlight TRPA1’s involvement in thermoregulation showed that, in Chinese hamster ovary
cells that expressed TRPA1, noxious cold elicited Ca®" influx(69). These results were
repeated in similar studies(119-122). However other studies observed no such response to
noxious cold by TRPA1(60,96,123). The underlying cause of these conflicting results is due
to difficulties in comparing results directly due to different experimental conditions and the
use of clones from different species. An example of species differentiation can be seen in
the function of TRPA1 in invertebrate and ancestral vertebrate species, such as fly,
mosquito, frog, lizard and snake, as TRPA1 has been found to be heat sensitive in these
species and has a role in infrared detection, rather than being cold sensitive as is thought
to be the case in mammals(124-127). Recent results seem to confirm that in humans TRPA1
does not function as a thermosensor of noxious cold. Chen et al. have shown that rat and

mouse TRPA1 is indeed sensitive to cold temperatures however human and rhesus monkey
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TRPA1 is not sensitive. They found that a single residue variation caused the change in
sensitivity between rodents and primates, this variation is found within the S5
transmembrane domain G878 in rodents with the corresponding residue in primates being

V875(128).

1.2.5 TRPA1 activation

The agonist catalogue for TRPA1 spans a large diverse spectrum, which is mostly due to the
diverse mechanisms of modulation that TRPA1 displays. Many of the chemical agonists
have one common feature that is they all have an electrophilic functional group which can
covalently modify cysteine residues in the N-terminus of TRPA1, chemicals such as ally
isothiocyanate, acrolein, and cinnamaldehyde. There are many other chemicals that do not
contain such reactive moieties, for example menthol and thymol, which are believed to

interact with the channel via a classical ligand binding mechanism.

1.2.5.1 Activation via covalent modification of cysteine residues

TRPA1 is gated by a wide array of chemicals that structurally share no significant
resemblance to each other. However, many TRPA1 agonists are similar with regards to their
reactivity; the vast range of chemical TRPA1 activators contain some sort of electrophilic
functional group that can interact with the side chains of cysteine, lysine and histidine
amino acid residues. Indeed, in studies carried out by Hinman et al.(64). and Macpherson
et al.(63), it was discovered that TRPA1 activators such as AITC and acrolein activated
TRPA1 through an unusual interaction. Rather than the classic lock-and-key binding it was
found that electrophilic, sulfhydryl reactive, functional groups of TRPA1 agonists reacted
covalently with several cysteine residues to cause channel activation. Site-directed
mutagenesis experiments by the same groups indicated several of the 31 cysteine residues
in the N-terminus as being crucial to the activation of TRPA1. Hinman et al. showed C622,
C642 and C666 located between the last ankyrin repeat and the S1 transmembrane domain
were crucial. Meanwhile Macpherson et al. highlighted C415, C422 and C622. Modelling
studies show that in the homotetrameric TRPA1 structure a cysteine binding pocket forms
between two adjacent TRPA1 proteins, specifically C415 and C422 from one subunit and
C622 from the adjacent subunit, which can form a ligand binding pocket. This may include

the C642 which is located on a flexible loop close to the C622 residue. As for how the
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covalent modification of these cysteine residues causes the knock on effect of channel
gating can only be postulated at this point and no experimental data have provided a

mechanism through which gating of the channel is achieved.

Upon the discovery of activation of TRPA1 via covalent modification by Hinman et al. and
Macpherson et al. they also inferred that the reaction mechanism for this was through a
conjugate addition route. However, a more recent study has shown that it is not as cut and
dry as first believed. Sadofsky et al.(129) have shown that a,B-unsaturated aldehyde
agonists, which have two electrophilic sites (one at the carbonyl carbon and the other at
the B-carbon) and can potentially undergo conjugate and direct addition reactions with the
thiol side chain of cysteine. Their results also show that molecules that can react in either
conjugate or direct addition activate TRPA1 preferentially via the direct addition of the thiol
group. Sadofsky et al. found that molecules only capable of conjugate addition showed no
significant physiological response when exposed to TRPA1 expressed in HEK293 cells.
Molecules that are capable of both conjugate and direct addition were shown to activate
TRPA1 in a robust dose dependent reversible manner which leads to the hypothesis that
reversible direct addition of the thiol group produces an unstable kinetic product is the

preferred route of interaction with the cysteine residues of TRPA1.

1.2.5.2 Activation of TRPA1 via non-covalent modification

While the most prevalent form of TRPA1 activation is via a reversible covalent modification
mechanism, TRPA1 has also been found to be modulated via non-covalent mechanisms.
There is a growing number of different classes of non-covalent modulators of TRPA1. This

section will give an overview of these classes.

Thymol and related alkylated phenols, such as carvacrol, have been found to activate
TRPA1. Because they have no electrophilic functional groups, they are believed to activate
via a non-covalent mechanism most likely through a ligand binding mechanism(130). It was
reported that the steric hindrance to the phenol group and the lipophilicity of the
compound played a role in the potency of activation. This theory has been supported by
the results reported that show primary alcohols activate TRPA1 with the potency increasing
with increasing carbon chain length(131). Derivatives of thymol have been shown to have

diverse effects. The compounds tested contain a thymol moiety which is linked to another
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phenyl ring, with different linker groups and substitutions on the phenyl rings altering the

effect on TRPA1(132).

Similarly related to thymol, menthol, also known for its agonist effect on TRPMS, has been
shown to have a bimodal effect on TRPA1(133)(134). Menthol has been observed to
activate TRPA1 at a low concentration and inhibit the channel at higher concentrations,
greater than 1mM. This effect is only true for human TRPA1; in mouse TRPA1 menthol was
only found to inhibit TRPA1 at high concentrations(135). It has been reported that menthol
activation of TRPA1 occurs through key amino acid residues found within the S5 membrane
domain(55). Thymol and carvacrol activation were also found to occur through this binding

pocket.

Another example of a species dependent agonist of TRPA1 is caffeine. Caffeine has been
reported to activate mouse TRPA1 yet inhibit human TRPA1(136). The Met268Pro mutation
of mouse TRPA1 was reported to reverse the effect of caffeine from agonist to inhibitor,

and highlighting the Met268 residue as the site of interaction for caffeine(137).

Ligustilide has been shown to activate TRPA1(138). This may be through a covalent
mechanism however it was observed that the aromatised derivative dehydroligustlide
inhibits TRPA1. This indicates that the mechanism of activation of ligustilide may be
through a non-covalent ligand binding mechanism. 3-ylidenepthalide derivatives based on

ligustilide have also shown a variety of different TRPA1 modulatory properties(139).

Similar to the effect of menthol on human TRPA1, nicotine and closely derived chemicals
have been shown to have a bimodal effect on TRPA1(140). It is believed that the topical
application of nicotine, for example, as part of nicotine replacement therapies, causes
irritation of the mucosa and skin due to TRPA1 activation. Yet at higher concentrations

nicotine inhibits TRPA1(140).

A range of different drugs have been reported to modulate TRPA1. A group of fenamate
NSAIDs, which include flufenamic acid, mefenamic acid, niflumic acid, ketoprofen,
diclofenac and flurbiprofen, have been shown to activate TRPA1(141). These NSAIDs were
found to reversibly activate TRPA1 and also desensitise the channel. In addition,
anaesthetic agents have been reported to activate TRPA1 in a non-covalent manner. A

closely related chemical to the fenamate NSAIDs which also has been reported to activate
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TRPA1 is NPPB. NPPB, best known for being a chloride channel blocker, is a potent TRPA1
agonist(142). It was also reported that closely related derivatives of NPPB also activate
TRPA1 but to a lesser extent. Propofol, a commonly used intravenous anaesthetic, elicits
intense pain upon injection. It has been shown that TRPA1 activation may be the cause of
this(143). General anaesthetics which depress the CNS have been reported to activate
peripheral nociceptive neurons through the activation of TRPA1. The more pungent general
anaesthetics such as isoflurane and desflurane were found to be more potent agonists of
TRPA1 than less pungent general anaesthetics(144). As well as general anaesthetics,
several local anaesthetics have been identified as TRPA1 agonists. Lidocaine, which inhibits
voltage gated sodium channels, can activate TRPA1 in a concentration dependent
manner(145). Lidocaine has also been observed to inhibit TRPA1, however this was more

prevalent in rat TRPA1 than human TRPA1(145).

1.2.6 TRPA1 Antagonism

TRPA1 has been validated thoroughly as a therapeutic target in recent years for treatment
of pain, itch and respiratory disorders(1,77,146—149). This has generated interest from

several pharmaceutical companies, who are actively developing TRPA1 antagonists.

The first blockers of TRPA1 used as pharmacological tools were non-specific inhibitors such
as ruthenium red, amiloride and gadolinium(149). The first specific potent TRPA1l
antagonist that was identified was HC-030031, with an IC50 of ~4 uM(77). HC-030031 is a
caffeine derivative that is linked through an amide bond to a phenyl ring (see Figure 7).
Identified via high throughput screening by Hydra Biosciences and patented in 2007 it is
the most widely used pharmacological tool in TRPA1 research. Other common specific
TRPA1 antagonists used in research are oxime derivatives AP-18 and A96(see Figure

7)(104,150).
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Figure 7 Chemical structures of common TRPA1 specific antagonists.

The current progress of research into the development of TRPA1 antagonists has been fully
reviewed by Preti et al. (151). Four main pharmaceutical companies are actively pursuing
the development of potent selective TRPA1 agonists. These are; Hydra Biosciences,
Glenmark Pharmaceuticals, Janssen Pharmaceuticals and Hoffmann-La Roche. To date
more than 40 patents have been filed for compounds that inhibit TRPA1 with IC50
potencies ranging from less than 25nM to low uM. The efforts of Hydra and Glenmark have
focused on refining the HC-030031 structure, whereas Janssen and Hoffman-La Roche have
filed patents for sulfonamide based structures. Common trends seem to be clear from the
range of structures listed by Preti et al. (151). Bicyclic and tricyclic structures make up the
majority of TRPA1 antagonists, with aromatic rings proving to be most prevalent. Secondly
the linking of cyclic structures always contains a hydrogen bonding functional group, most
commonly an amide or sulfonamide. Aryl halide groups appear heavily in the structures of
the most potent TRPA1 antagonists that have been patented with fluoro aryl halide groups

generally appearing to be the most prevalent.

Several of the patented TRPA1 antagonists have shown promise in in vivo studies and have
been taken forward to clinical trials. The antagonist that has been progressed the furthest
is GRC-17536 which is currently in phase 2a proof of concept study in patients with chronic
cough. The structure for this antagonist has not been disclosed but is most likely a

derivative of HC-030031.

The current efforts as mentioned previously have been focused on the refinement of the
HC-030031 compound. Other than this only a handful of different drug leads have been
reported or patented, which include the oximes AP-18 and A96 mentioned above. With the

wide range of TRPA1 agonists that have been reported and the bimodal nature of many of
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the non-covalent agonist, which indicates that there still remains a lot of potential for

development of novel drug leads that target TRPA1.

1.3Aims and hypothesis

As part of the literature review, it has been shown that TRPA1 is gaining popularity as a
potential target for drug development to treat chronic pain and neuronal inflammatory
conditions as well as chronic inflammatory respiratory conditions including cough. The
activation of TRPA1 by reversible covalent modification has been studied in depth, and it
has been established that most electrophile containing chemical compounds will activate
TRPAL. It has also been shown that TRPA1 is activated by multiple different mechanisms
and not much is known as to the mechanisms of non-covalent traditional ligand binding
interactions. Several studies have been carried out that highlight potential key TRPA1
amino acid residues for certain agonist and antagonist interactions however in some cases

these studies have contradicted one another.

TRPA1 has been shown to be modulated by many different non-covalent compounds,
several key structural components have been hypothesised as being crucial to the binding
of compounds to TRPA1. These include bicyclic and tricyclic aromatic structures, hydrogen
bond donor and acceptor functional groups such as amide and sulfonamide groups and aryl

halide groups.

Currently, drug development of TRPA1 antagonists has focused on the HC-030031
structure, which is based on a modulator of TRPA1 caffeine. It is my aim to identify novel
TRPA1 modulators which are different to the core structures of TRPA1 antagonists being
developed by pharmaceutical companies yet using the key structural components

hypothesised as being crucial for ligand binding to TRPA1.

In chapter 3 the aim was to synthesise compounds based on the thymol and carvacrol
structure, which are known TRPA1 agonists, and report the effects of any compounds that

give a response in assay experiments.

In chapter 4 the aim was to report the effects of novel fenamic acid derivatives on TRPA1

and determine structural features that were key to the response.
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In chapter 5 the objective was to report the effect of NDGA and M4N on TRPA1 and
determine what structural features were key to their response on TRPA1. This was carried

out by testing the effects of monocyclic derivatives of NDGA and M4N.

Using structure-activity relationship studies of several novel groups of compounds, the aim
of this thesis is to further the understanding of non-covalent modulation of TRPA1 and
outline structural features key to activation and inhibition of TRPA1. Also, it is the aim of
this thesis to further understand the structure-activity relationship between NDGA/M4N
and TRPA1. Through this research, | am hoping to aid drug development by identifying key

structural features for TRPA1 modulation.
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2 Materials and Methods

2.1Synthesis

Commercial solvents and reagents were used without further purification unless stated
otherwise. Chemical reagents were purchased from Sigma-Aldrich, Fluka, Acros, Lancaster,
Alfa Aesar, TCl Europe, and Novabiochem at the highest grade of purity available, and were

used as received, unless otherwise stated.

'H and *C NMR spectra were recorded on JEOL Eclipse 400 and JEOL Lambda 400
spectrometers (operating at 400 MHz for *H and 100 MHz for *3C). CDCl;, and DMSO-D,
were used as solvents. Chemical shifts (6) are reported in parts per million (ppm),
referenced to either CHCl; (*H, 7.26 ppm; 3C, 77.16 ppm) or DMSO (*H, 2.50 ppm; “C,
39.52 ppm). Coupling constants (J) are recorded in Hz and significant multiplicities
described by singlet (s), doublet (d), triplet (t), quadruplet (q), broad (br), multiplet (m), or
doublet of doublets (dd).

Elemental and GC-MS analysis was carried out by the Chemistry department’s analytical

services group.
2.1.1  Synthesis of amide and ester-linked thymol

derivatives

2.1.1.1 Amide Method

3.7 mmol of 2-isopropylaniline, 4.3 mmol of triethylamine and a catalytic amount of DMAP
was dissolved in 15 ml of DCM. The solution was then stirred, and 4.1 mmol of the desired
acyl chloride was slowly added. The solution was stirred at room temperature for 2 hours.
The solution was diluted with 15 ml DCM and washed with 10 ml water, 10 ml saturated
NaHCOs(aq) and 10 ml saturated NaCl(aq) three times. The washed DCM solution was then
dried over MgSQ,, then the DCM solvent was evaporated off to yield the crude product.
The crude product was then purified via recrystallisation from a 10 ml 50:50 mix of ethanol

and water. The crystallised product was then dried in a vacuum desiccator.
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2.1.1.2 Ester Method

3.7 mmol of 2-isopropylphenol, 4.3 mmol of triethylamine and a catalytic amount of DMAP
was dissolved in 15 ml of DCM. The solution was then stirred, and 4.1 mmol of the desired
acyl chloride was slowly added. The solution was stirred at room temperature for 2 hours.
The solution was diluted with 15 ml DCM and washed with 10 ml water, 10 ml saturated
NaHCOs(aq) and 10 ml saturated NaCl(aq) three times. The washed DCM solution was then
dried over MgSQ,, then the DCM solvent was evaporated off to yield the crude product.
The crude product was then purified via recrystallisation from a 10 ml 50:50 mix of ethanol

and water. The crystallised product was then dried in a vacuum desiccator.
2.1.2  Synthesis of thymol and carvacrol acetamide

linked derivatives

The methods used to synthesis the 0jk06 and 0jk07 groups of compounds is detailed below.

2.1.2.1 Synthesis of 2-(5-isopropyl-2-methylphenoxy)acetic acid.

To a solution of 39 mmol of carvacrol (5.83 g) and 47 mmol of chloroacetic acid (1.2 mol
equiv.) (4.46g) in 100 ml of dH,0, 117 mmol of NaOH (3 mol equiv.) (4.67 g) in 100 ml dH,0
was added slowly. The solution was heated to 110 °C and left for 12 hours. Throughout the
reaction the pH was monitored and if a drop in pH was recorded pellets of NaOH were
added to maintain the basic environment. Upon completion, the solution was allowed to
cool, and any unreacted carvacrol was removed via extraction with 20 ml diethyl ether,
three times. The aqueous layer was acidified with concentrated HCl and the resulting
precipitate was collected, and an extraction using 15 ml diethyl ether was carried out three
times to extract leftover protonated product. The extracts were combined with the
precipitate and the solution was diluted. The organic solvent was then washed with 15 ml|
dH,0, 15 ml sat. NaCl(aqg) and 15 ml sat. NaHCOs(aq). The organic layer was then dried over
MgSQ,. The diethyl ether was then evaporated off to yield a solid product which was then

dried in a vacuum desiccator overnight.
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2.1.2.2 Synthesis of 2-(2-isopropyl-5-methylphenoxy)acetic acid.

To a solution of 43 mmol of thymol (6.48 g) and 52 mmol of chloroacetic acid (1.2 mol
equiv.) (4.91 g), in 100 ml of dH,0, 129 mmol of NaOH (3 mol equiv.) (5.16 g) in 100 ml
dH,0, was added slowly. The solution was heated to 110°C and left for 12 hours.
Throughout the reaction the pH was monitored and if a drop in pH was recorded pellets of
NaOH were added to maintain the basic environment. Upon completion, the solution was
allowed to cool, and any unreacted carvacrol was removed via extraction with 15 ml diethyl
ether three times. The aqueous layer was acidified with concentrated HCl and the resulting
precipitate was collected, and an extraction using 15 ml diethyl ether was carried out three
times to extract leftover protonated product. The extracts were combined with the
precipitate and the solution was diluted. The organic solvent was then washed with 15 ml|
dH,0, 15 ml sat. NaCl(aqg) and 15 ml sat. NaHCOs(aq). The organic layer was then dried over
MgSQ,. The diethyl ether was then evaporated off to yield a solid product which was then

dried in a vacuum desiccator overnight.

2.1.2.3 Synthesis of acetamide linked derivatives.

To a solution of 1.4 mmol of the relevant phenoxyacetic acid intermediate (0.30 g) in 15 ml
DCM 1.1mol equiv. of the relevant amide (1.586 mmol) and 1.2 mol equiv. of EDC
(1.734 mmol) was added slowly. The reaction was left at room temperature for 18 hours.
The reaction solution was then diluted with 15 ml DCM and washed with 10 ml dH,0, 10 ml
sat. NaCl(aqg) and 10 ml sat. NaHCOs(aq). The organic layer was then dried using MgSO4 and
the solvent was evaporated off leaving a solid precipitate. The precipitate was then
recrystallized in a 10 ml 50:50 mix of EtOH and H,0 to vield the purified solid which was

then left to dry in a vacuum desiccator.

2.1.3  Synthesis of fenamic acid derivatives

The SE and SLE compounds assayed in chapter 4 have been synthesised previously and all

methods, materials and results can be found in Jiang et al. (152).

2.2 Calcium Signalling Assay

In order to determine the effect on TRPA1, a calcium signalling assay has been developed
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in order to determine the influx of calcium into cells expressing TRPA1 which can be related

to the effect of the test compounds on TRPAL.

Compounds which have been tested using this assay method have either been synthesised
as part of this piece of research, previously synthesised in-house at University of Hull, or
purchased and used without further purification from Sigma Aldrich. The ojk01, ojk06 and
0jk07 compounds have been synthesised as part of this research and details of synthesis
and characterisation can be found in section 3. The SE and SLE compounds used in section
4 have been synthesised previously by the University of Hull Chemistry Department details
of the synthesis and characterisation have been published by Jiang et al.(152). The NSAIDs
tested in section 4, and all of the compounds tested in section 5 have been purchased and
used without further purification from Sigma Aldrich; details of characterisation and purity

can be found at www.sigmaaldrich.com.

2.2.1 Culture and Maintenance

Pre-developed, according to the protocol as stated in Sadofsky et al. (153), stable human
TRPA1 expressing HEK293 cell lines were passaged every 48 hours at a ratio of 1:3. They
were harvested by pouring off the media and rinsed in PBS before lifting and transferring
to a new flask in supplemented Dulbecco's modified Eagle's media and G418 and grown to

80-90 % confluence in a 5 % carbon dioxide 37°C incubator.

2.2.2 Preparation of assay media

Transfected TRPA1 HEK293 cells were grown to 80-90 % confluent growth in a T25 flask
and harvested. Cells were washed with PBS, lifted and centrifuged for 4 minutes at
1500 rpm. The supernatant was subsequently discarded, and the cell pellet was broken up.
The cells were incubated in supplemented media, 0.25 mM sulfinpyrazone, and 12.5 ug
Fluo-3 AM for 30 minutes at room temperature on an orbital shaker. Then the cells were
centrifuged again with 5 ml PBS for 4 minutes at 1500 rpm. The supernatant was discarded
and the cells resuspended in 2 ml of calcium assay buffer (20 mM HEPES, 3 mM KCI, 150 mM
NaCl, 10 mM glucose and 1.5 mM CaCl2). A 100 pl aliquot of the cell suspension was added
to 1x1 cm, 2 ml cuvettes, containing 1.9 ml calcium assay buffer and a magnetic flea under

constant agitation.
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2.2.3 Controls

Both positive and negative controls were used to substantiate the anticipated effect of
TRPA1 channels. DMSO, used as a vehicle control, demonstrated that it played no
involvement in cell activity in response to test compounds. Cinnamaldehyde, at a
concentration of 30 uM (the calculated EC50 concentration) was used to demonstrate the
presence of TRPA1 channels because it is a known agonist and therefore is expected to
have a specific effect; see Figure 8 for a full concentration effect curve for cinnamadehyde
on TRPA1-HEK293 cells. A further control to monitor the decline in cell function during
assay is calcium ionophore (Cal)(A23187); used at a concentration of 100 uM; it is assumed
to function at 100 % of the cells’ capacity by chelation of calcium into the cell to increase
the intracellular calcium concentration. HC-030031, a selective and potent TRPA1
antagonist, was used when using the TRPA1-HEK293 cell lines to determine whether the
agonist response of the test compounds was via a TRPA1 mechanism, see Figure 9 for a full
concentration effect curve for the inhibitory effect of HC-030031 on the activation of
TRPA1-HEK293 cells by cinnamaldehyde. A concentration of 30 uM was used as this fully
inhibits the effect of 30 uM cinnamaldehyde (EC50 concentration).

Agonist effect of Cinnamaldehyde
on TRPA1-HEK293 cells
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Figure 8 Agonist concentration effect curve for cinnamaldehyde on TRPA1-HEK293 cells. Data points are means+SEM of
N = 3 experiments

Cinnamaldehyde, the agonist control for the TRPA1-HEK293 cell calcium signalling assay

has been tested using the agonist calcium signalling method. The resulting concentration
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effect curve can be seen in Figure 8 above. A concentration dependent increase in
intracellular calcium was observed; this response was inhibited fully by the TRPA1 specific
inhibitor HC-030031. Therefore, this response can be attributed to the gating of TRPA1
channels. Cinnamaldehyde was tested over the concentration range of 1 to 200 uM; over
this range a typical sigmoidal response was observed. The first significant response was
observed at 5 uM with a mean %Cal response of 14. The maximum response was observed
at the 100 uM concentration point with a mean %Cal response of 72. A maximum plateau
can be observed between the 50 and 100 uM concentration points, this maximum response
observed at 100 uM is confirmed by the response observed at the 200 uM which was
71 %Cal. Non-linear regression analysis using the variable slope model was carried out

which calculated and EC50 value of 30 uM.

Inhibitory effect of HC-030031
on TRPA1-HEK293 cells
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Figure 9 Antagonist concentration effect curves for HC-030031 on TRPA1-HEK293 cells. Data points are means+SEM of
N=3 experiments

HC-030031, the antagonist control has been assayed using the antagonist calcium signalling
assay to assess the compounds effect on TRPA1-HEK293 cells. The resulting concentration
effect curve can be seen in Figure 9. A concentration dependent decrease in the response
of 30 uM of cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with
increasing concentration of pre-dosed HC-030031. HC-030031 was tested over the
concentration range of 1-30 uM over this range a typical reversed sigmoidal curve was
observed. The first decrease in the cinnamaldehyde response was observed at 1 uM with a

decrease in cinnamaldehyde response of 12 %. Complete reduction of the cinnamaldehyde
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response occurred at the 30 UM concentration point. The best fit non-linear regression
analysis model was the normalised variable slope model which has an R? value of 0.9059,

the calculated IC50 value for this model is 4 uM.

Calcium signalling trace for controls using mock transfected HEK293

cells
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Figure 10 Calcium signalling trace of controls using mock transfected HEK293 cells.

Both cinnamaldhyde and HC-030031 showed no response at concentrations of 200 and
30 uM when assayed using mock transfected HEK293 cells (see Figure 10). It can be deemed
that the response observed using the TRPA1-HEK293 cells are TRPA1 specific.

2.2.4 Agonist Assay

To the cuvettes containing the cell suspension; prepared as per section 2.2.2; a
concentrated solution of the test compound is added using a volume of approximately 6 pl
to attain the desired final cuvette concentration. Intensity changes induced by agonistic
properties of the experimental compounds were measured with an excitation wavelength
of 506nm and emission at 526nm with a fluorospectrometer and software Felix-GX, and
responses were recorded until plateau or their peak. A difference from the baseline to the
peak height is measured and the final result is reported as a percentage of the response
observed for Cal (%Cal), see Figure 11. Each concentration point was tested in duplicate in
each experiment, to determine the precision of the results, and averaged to give the result

for that experiment. The experiment was then repeated a minimum of three times and the
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result from each experiment was then averaged to give a final result and the standard error

of the mean calculated and used to represent the error bars in the concentration effect

100000 ,

J

Final result = (Peak height Test compound/Peak height Cal) x 100
= (80135/167445) x 100 = 48 %Cal
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curve.
Worked example of calculation of result from raw data traces
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Figure 11 Calcium signalling raw data traces for test compound and Cal. Worked example of agonist result calculation.

2.2.5 Antagonist Assay

To the cuvettes containing the cell suspension; prepared as per section 2.2.2; a
concentrated solution of the test compound is added using a volume of approximately 6 pl
to attain the desired final cuvette concentration. The cuvettes with the cell suspension and
test compound were then left to incubate for 10 minutes. After incubation the fluorescence
of the suspension was recorded as outlined in section 2.2.4. Addition of 30 uM
cinnamaldehyde (EC50 concentration) was then carried out. Antagonistic and desensitising
effects of the experimental compounds were tested by incubation of the cell suspension
for 10 minutes before assay and the subsequent addition of the EC50 concentration of the
channel agonist, 30 uM cinnamaldehyde for TRPA1, 100 uM WS-5 for TRPMS8. The
responses of both uninhibited cinnamaldehyde and inhibited cinnamaldehyde were
measured as a percentage of the peak effect of Cal (A23187), as per section 2.2.4. The result
of the inhibited cinnamaldehyde response was then used to calculate a final result by

converting it into a percentage of the uninhibited cinnamaldehyde response, see Figure 12

34



for a worked example of the results calculation. The uninhibited agonist response is the
average response of the three agonist controls carried out at the beginning, middle, and
end of the experiment. Each concentration point was tested in duplicate in each
experiment, to determine the precision of the results, and averaged to give the result for
that experiment. The experiment was then repeated a minimum of three times and the
result from each experiment was then averaged to give a final result and the standard error

of the mean calculated and used to represent the error bars in the concentration effect

curve.
Worked example of result calculation for antagonist assay
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Figure 12 Calcium signalling traces for Cal, Cinnamaldhyde and Test compound. Worked example of antagonist result
calculation.
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2.2.6  TRPMS& Calcium signalling assay method

The TRPMS calcium signalling assay was carried out in exactly the same way as described
above with the following differences:
- A TRPMS8 expressing HEK298 cell line was cultured in the same way and used in the assay as

described above.
- The agonist control used was WS-5 at a concentration of 100 uM

2.2.7 Data analysis

Raw data from each repeat of the calcium signalling assays was entered into GraphPad
Prism 6. The responses were averaged and plotted on a logio(concentration/M) versus %
Calcium lonophore response (for the agonist assay results) or % Cinnamaldehyde response
(for the antagonist assay results). Non-linear regression analysis was then carried out on
the resulting graph to calculate a concentration effect curve, two models of analysis was
carried out and the best curve was determined. For the agonist assays the two models that

were carried out are:

- Log(agonist) vs. response — Variable Slope (four parameters); this model determines
the top and bottom plateau and determines a Hill slope which best fits the data
points and uses the following calculation:

o Y=Bottom + (Top-Bottom)/(1+10”((LogEC50-X)*HillSlope))

- Log(agonist) vs. normalised to maximum cinnamaldehyde response — Variable
slope; this model assumes a bottom plateau of zero and a top plateau of 72 %Cal
response as this is the maximum response observed for cinnamaldehyde on TRPA1-
HEK293 cells in my system. The model then determines a Hill slope to best fit the
data points. This model uses the following calculation:

o Y=72/(1+107((LogEC50-X)*HillSlope))
For the antagonist assays the two models used are as follows:

- Log(inhibitor) vs. response — Variable Slope (four parameters); this model
determines the top and bottom plateau and determines a Hill slope which best fits
the data points and uses the following calculation:

o Y=Bottom + (Top-Bottom)/(1+10~((LoglIC50-X)*HillSlope))
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- Log(inhibitor) vs. normalised response — Variable slope; this model assumes a
bottom plateau of zero and a top plateau of 100 %Cinnamaldehyde response. The
model then determines a Hill slope to best fit the data points. This model uses the
following calculation:

o Y=100/(1+107((LoglC50-X)*HillSlope))

2.2.7.1 Definitions for data analysis

The results from the repeats of calcium signalling assays have been collected and presented
as concentration effect graphs. The concentration effect graphs that have been produced
have been reported and analysed in chapters 3, 4 and 5. The guidelines and definitions used

in these chapters have been detailed below.

For the agonist assay, the concentration of the first observed response is defined as the
first concentration point which has an average result of greater than 10 %Cal. For the
antagonist assay, this is defined as the first concentration point which reduces the effect of
the agonist by 10 %. Full inhibition is determined when a 90 % reduction of the agonist

response is observed.

Determination whether an agonist response was a full agonist or a partial agonist was
carried out by calculating the test compound’s efficacy of response. The efficacy of
response was calculated as a percentage of the maximum response of cinnamaldehyde,
which was observed to occur at 100 uM with an average response of 72 %Cal, see section
2.2.3. An efficacy of below 85 % was deemed to be a partial agonist response and an

efficacy above 85 % was deemed to be a full agonist response.

In the antagonist assay, compounds deemed to be full inhibitors were observed to fully
inhibit the activation of TRPA1 by cinnamaldehyde, with full inhibition deemed to occur

when the cinnamaldehyde response was reduced by 90 % or more.

In the following results sections (sections 3, 4 and 5) test compounds are referred to as
agonist, antagonist and desensitisers. Below, in Figure 13, Figure 14 and Figure 15, are
examples of the raw data traces from the calcium signalling assay method for an agonist,
an antagonist and a desensitiser. An agonist is defined as a compound which increases

intracellular calcium levels, presumably via channel activation, and after incubation does
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not inhibit the response of the agonist control. An antagonist is defined as a compound
which upon exposure to the cell suspension does not have an effect on intracellular calcium
levels i.e. there is no channel activation. After an incubation period the response of the
agonist control is diminished in a concentration dependent manner. A desensitiser is
defined as a compound which exhibits an agonist response upon first exposure to the cell
suspension and after incubation also inhibits the response of the agonist control in a

concentration dependent manner.

Calcium signalling traces for Agonist compound
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Figure 13 Raw data trace for an agonist compound

38



Intensity, Counts per second

Intensity, Counts per second

70000

65000

60000

55000

50000

45000

40000

35000

30000

25000

61000

56000

51000

46000

41000

36000

31000

26000

21000

16000

Calcium signalling traces for antagonist test compound

Addition of test compound
at varying concentrations Addition of agonist
control at set

concentration
“ﬂ,,!/
0 100 200 300 400 500 600 700
Time, s
1uM 5uM 10uM 50uM —100uM

Figure 14 Raw data trace for an antagonist compound.

Calcium signalling traces for desensitiser test compounds

Addition of test compound at
varying concentrations

Addition of agonist control

0 100 200 300 400 500 600 700

1uM test compound 5uM test compound —— 10uM test compound

Figure 15 Raw data trace for a desensitiser compound.
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3Modulation of TRPA1 by
synthesised novel derivatives

of thymol and carvacrol

3.1Introduction

Thymol and Carvacrol are both monoterpenes that have been shown to interact with
TRPA1(130). Thymol and Carvacrol are naturally occurring phenolic monoterpene isomeric
derivatives of p-cymene, with the molecular formula CyH140. Thymol is the main
component found in essential oils of thyme which is extracted from, most commonly,
Thymus vulgaris (also known as common thyme) as well many other kinds of plants.

Carvacrol is the main active component of oregano essential oils.

3.1.1 Essential oils

Essential oils are a complex mixture of volatile constituents biosynthesised by living
organisms. Essential oils occur mainly in aromatic plants. They are liberated or extracted
from organic matter by water, steam and dry distillation techniques. Essential oils, or their
fractions and isolated constituents are utilised in flavour and fragrance, food, perfumery,
cosmetics, fine chemicals and pharmaceuticals industries for a multitude of different

purposes(154).

Terpenoid and non-terpenoid are the two main classes of essential oils; both thymol and
carvacrol are of terpenoid origin. All of the compounds that make up essential oils are
hydrocarbons and oxygenated derivatives of hydrocarbons; some may also contain
nitrogen or sulfur groups. Monoterpenes, such as thymol and carvacrol, sesquiterpenes

and even diterpenes are the most common constituents of essential oils.

40



Phenylpropanoids, fatty acids and their esters are also regularly encountered in essential

oils although in smaller concentrations(154).

Non-terpenoid hydrocarbons found in essential oils such as short chain alcohols and
aldehydes are formed by metabolic conversion or degradation of phospholipids and fatty

acids(154).

Terpenes, or isoprenoids, are a class of naturally occurring chemicals formed by head-to-
tail rearrangement of two or more isoprene molecules. To date, more than 30,000
terpenoids have been isolated from plants, microorganisms and animals(155).
Monoterpenes are the most common type of terpene and are formed from two isoprene
molecules. Thymol and carvacrol may be termed monoterpenic phenols. They are
biosynthesised from y-terpinene through p-cymene, see Figure 16 for details(156).
Therefore, essential oils that contain thymol will always contain carvacrol and vice versa.
They may also contain the biosynthetic intermediates such as terpinen-4-ol, cumin alcohal,

p-cymen-8-ol as shown in Figure 16(156).
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terpinen-4-ol p-cymen-&-ol
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gamma-terpinene p-cymene Carvacrol Thymol

OH

Cumin alcohol

Figure 16 Biosynthesis of thymol and carvacrol(156)

3.1.2 Biological activities of thymol, carvacrol and

their related essential oils

Oregano is a collective term referring to members of several genera, which include
Origanum, Thymbra, Thymus, Satureja all belonging to the Limiacaeae family, that have the
common feature of carvacrol being the main constituent of their essential 0ils(157). Thyme
being the collective term referring to the same genera but all have thymol as the main
constituent of their essential 0ils(158). Oregano and thyme essential oils are commonly
used today to flavour and season food. They have been used throughout history, including
recent times, to treat a variety of ailments. Hippocrates (500 BC) knew about the antiseptic
properties of oregano and used it to treat stomach ache and respiratory diseases.
Dioscorides (1* century AD) recommended drinking oregano tea with wine for snake bites

as well as mixing oregano with honey to treat cold, cough and pneumonia. He also

42



recommended the used of thyme to treat asthma and loosen congestion in the throat and

stomach.

Thymol and carvacrol and essential oils containing them have been shown to have a wide
range of biological and pharmacological activity. They both tend to show the same
biological and pharmacological properties with only slight variations between them such

as potency and efficacy.

The antimicrobial activities of thymol and carvacrol have been well documented over the
last 50 years. They have both been discovered to possess antibacterial and antifungal
properties in in vitro studies(159-161). The mechanisms through which carvacrol and

thymol act has been well documented and vary between microorganisms.

Both carvacrol and thymol have been shown to display antitumor activity. Carvacrol dose
dependently decreased the number of cancer cells, total protein content and degeneration
of cell morphology in a human non-small cell lung cancer cell line A549(162). Thymol was
reported to have an anticancer effect against human gastric cancer cells via the inhibition

of cell growth and the induction of apoptosis(163).

Carvacrol and thymol have both been shown to inhibit the formation of 3-nitrotyrosin and
malondialdehyde. Their biosynthetic precursors p-cymene and y-terpinene did not exhibit
the same activity. This shows the importance of thymol and carvacrol in preventing the
formation of toxic products by the action of reactive nitrogen species(164). An in vitro study
has shown that thymol has an antioxidant effect in a lipid system consisting of a purified
fraction of triacylglycerols of lard and sunflower 0il(165). Also, the essential oils with high
thymol and carvacrol content have also been shown to have antioxidant

properties(166,167).

Anti-inflammatory and antinociceptive activities of the essential oil of L. gracilis, which has
a high content of thymol, were observed in an in vivo study. Carrageenan-induced oedema
formation was reduced by the essential oil of L. gracilis. The carrageenan-induced
leukocyte migration into the peritoneal cavity decreased with this essential 0il(168). The
same group also showed thymol to have an anti-inflammatory effect when it significantly
decreased the oedema and the influx of leukocytes in wounded rodents, wounds showed

high retraction rates and an improved granulation reaction when thymol was
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administered(168). Carvacrol has shown a strong analgesic activity by inhibiting

prostaglandin synthesis(169).
3.1.3 Biological activities of thymol and carvacrol

derivatives

The above introduction has given a very brief overview of the research carried out on
thymol, carvacrol and essential oils containing a high content of them. It highlights the wide
variety of biological activity that these naturally occurring compounds have. It is no surprise
then to find that thymol and carvacrol have been used as a basis for drug development,

and that derivatives of them have been shown to have a wide range of biological activity.

Nagle et al. (170) synthesised a variety of thymol derivatives which showed good
antioxidant activity, structure shown in Figure 17. The derivatives that showed good
antioxidant activity also showed greater antimicrobial and antifungal properties than

thymol, the parent molecule.

Figure 17 General structure of IV,., from Nagle et al. (170)

Huang et al.(171) showed that THPI is a potential reactive oxygen species scavenger and

may prevent platelet aggregation (see Figure 18 for the structure of THPI).
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@
1-(5-isopropyl-2,4-dimethylbenzyl)piperidine

Figure 18 Chemical structure of THPI

2-(4H-1,2,4-triazole-3-ylthio)acetamide derivatives of thymol, compounds 18 and 19, see
Figure 19, have been deemed to have an anticancer activity against PC-3, A549 and K-562

cells after antiproliferative effects were demonstrated(172).

O/\Nf\/%N O/YN/‘N
b P R
0 b :>/~NH

NH, Cl
Compound 18 Compound 19

Figure 19 Chemical structure of compound 18 and 19 which have shown to have anticancer activity(172)

Antifungal activities of novel derivatives of thymol and carvacrol have been shown by
Bound et al. (173). They found derivatives of thymol and carvacrol (general structure found
in Figure 20) to be potent antifungal agents against Aspergillus flavus, Aspergillus

ochraceus, Fusarium oxysporum, Saccharomyces cerevisiae and Candida albicans.

R;
Y (J\)
O/(OYH AN R,
R4

Figure 20 General structure of antifungal agents reported by Bound et al. (173).
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To discover new effective and safe topical depigmenting agents alkoxy benzoates and
alkoxy cinnamates of thymol (see Figure 21 for structures) were found to inhibit melanin

synthesis in cultured melanocytes with the added benefit of having a low cytotoxicity(174).

R4
|

o X 0 Ry,RyRs = H, Me, Et, Pr, Bu
Ry X=CO, CH=CH,CO (E)

Rs3

Figure 21 Structure of thymol esters which display depigmenting activity(174)
Thymol and carvacrol are also of interest due to studies that have shown them both to be
agonists of TRPA1. Carvacrol was first discovered to activate TRPA1 by Xu et al. (175) they
reported that carvacrol activated and then rapidly desensitised TRPA1. Thymol was later
reported to activate TRPA1 which was followed by desensitisation(130). They also reported
the results for related alkyl phenols and found that phenols with less bulky carbon

substituents and lower logP values were less potent in general.

3.1.4  Aims and Objectives

As can be seen from this introduction the monoterpenes thymol and carvacrol have been
shown to have a range of biological activity. Their essential oils have been used throughout
history to treat all manner of ailments and now in modern times research has been carried
out to enhance the natural activities of thymol and carvacrol by altering their chemical
structure. It has been shown that TRPA1 is activated and then rapidly desensitised by
thymol and carvacrol(130). It is my aim to enhance thymol and carvacrol’s interactions with
TRPA1. This will be carried out by synthesising derivatives of thymol and carvacrol and
screening them for TRPA1 modulation. The results from this will provide useful information
with regards to structure activity relationships. Two groups of compounds shall be
synthesised. The first group, designated ojk01, has been designed based on TRPMS8
modulators that are derivatives of menthol (see Figure 22)(176). The key structural points
that shall be discussed are the substituents on the second phenyl ring, the length of the
linker group (0jk0105 compared to 0jk0107) and the effect of the missing methyl group on

the first phenyl ring in comparison to thymol and carvacrol.
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Figure 22 Structure of key menthlamine derivatives from Ortar et al. 2010(176)

TRPA1 and TRPMS are closely related thermos-TRP channels regarding sequence homology
and both interact with menthol. It has been shown that menthol, thymol and carvacrol all
bind to TRPA1 through the same transmembrane 5 active site(55). Therefore, this was
deemed to be a good starting point. The second group of compounds, the o0jk06 and ojk07
compounds, has been designed to be similar to the TRPA1 antagonist HC-030031 which is
a derivative of caffeine. Caffeine has been shown to modulate TRPA1; in mouse TRPA1 it is

an agonist and in human TRPA1 it is an inhibitor(136).

o N

0]

HC-030031 0jk0609
IC50 = 4uM
Highlighted to signify the
core structural similarites to ojk0609

Figure 23 Chemical structure comparison of 0jk0609 with TRPA1 antagonist HC-030031. The core structure of both
compounds has been highlighted red.

The ojk06 and 0jk07 compounds use carvacrol and thymol respectively as a starting base
which was linked to another phenyl group via an acetamide linking group which is similar
to the linking group in HC-030031(see Figure 23). The compounds were then screened for
TRPA1 modulation, and any structure-activity relationships were discussed. The key

structure activity relationship points that shall be discussed are the effect of the
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thymol/carvacrol moiety, and the effect of the substituent groups on the second phenyl
ring. The general aim of this research was to widen the pool of TPRA1 active compounds
which will help further the understanding of TRPA1 activation and inhibition which will aid

the development of TRPA1 targeted drugs for pain, inflammation and chronic respiratory

inflammatory diseases.
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3.2Results

In this section the results for the synthesis of the compounds synthesised and the calcium

signalling assays have been described in detail.

All the compounds assayed have been tested against mock-transfected HEK293 cells, at the
highest concentration used in the agonist and antagonist assays, to determine any effects
that the compound has on HEK293 cells. There was no response observed in the mock-
transfected HEK293 cells for all of the compounds assayed, therefore the responses
observed in the TRP gene transfected HEK293 cells can be deemed to be via gene product
of the plasmid the HEK293 cells have been transfected with (see Figure 24 for data traces

of responses for selected test compounds from each of the three compound groups).

Calcium signalling trace for controls using mock transfected HEK293
cells
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Figure 24 Raw data traces for a selection of test compounds on mock transfected HEK293 cells.

3.2.1 Issues with the method

3.2.1.1 Solubility of test compounds in the assay media

For some of the compounds tested a full concentration effect curve was not completed due
to the insolubility of the test compound in the assay media at higher concentrations. Once

the concentration of the test compound goes beyond the solubility limit, the undissolved
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particles cause a disturbance in the trace recorded by the fluorescence spectrometer. This
is due to the solid particles refracting the light into the detector. The effect of the
undissolved material on the recorded trace line was instantaneous upon addition of the
test compound and constant over time. Attempts were made to deduct the disruption from
the test trace to generate a result which represented the response of the test compound
on the TRPA1 protein. This was carried out by determining the increase observed by the
undissolved material in blank assay media and deducting that value from the recorded
result trace. However, after several attempts and refinement, it was determined that due
to the small volumes involved and the variance in the disturbance of the replicates that this
method increased the error of the final result by a significant margin that the results

obtained would not be reliable.

Where the solubility of the test compound restricted the concentration range, the non-
linear regression analysis of the incomplete concentration effect curve was used to predict
the nature of the response beyond the solubility limit. The non-linear regression models
were compared and the responses of similar compounds considered, and a prediction was
made as to the nature of the response, in some cases, a clear trend was visible and others

it was more difficult to make a reliable prediction.
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3.2.2

3.2.2.1 Synthesis
(0]
O
0jk0101

N-(2-isopropylphenyl)-4-methylbenzamide

Chemical Formula: C;;H,gNO
Molecular Weight: 253.35

o,

0jk0104
2-isopropylphenyl 4-chlorobenzoate
Chemical Formula: C;¢H,5ClO,
Molecular Weight: 274.74

20

0jk0107
N-(2-isopropylphenyl)-2-phenylacetamide
Chemical Formula: C;;H,gNO
Molecular Weight: 253.35

s

0jk0110
2-isopropylphenyl 3-chlorobenzoate
Chemical Formula: C;¢H,5ClO,

2-isopropylphenyl 4-methylbenzoate

Amide and ester derivatives of thymol (ojk01)

o o

0jk0102 0jk0103
4-chloro-N-(2-isopropylphenyl)benzamide
Chemical Formula: C;;H,50, Chemical Formula: C;gH,4CINO

Molecular Weight: 254.33 Molecular Weight: 273.76

o e

0jk0105 0jk0106

N-(2-isopropylphenyl)benzamide 2-isopropylphenyl benzoate
Chemical Formula: C;gH;,NO

Molecular Weight: 239.32

AL

0jk0108
2-isopropylphenyl 2-phenylacetate

Chemical Formula: C;¢H,50,
Molecular Weight: 240.30

oo

0jk0109
3-chloro-N-(2-isopropylphenyl)benzamide
Chemical Formula: C;gH,4CINO

Chemical Formula: C17H;50, Molecular Weight: 273.76

Molecular Weight: 254.33

G,

0jk0111
2,4-dichloro-N-(2-isopropylphenyl)benzamide
Chemical Formula: C;¢H,5CI,NO
Molecular Weight: 308.20

Molecular Weight: 274.74

Figure 25 Summary of ojk01 compounds



The o0jk01 compounds containing an amide functional group in Figure 25 have been
synthesised using the method described in section 2.1.1.1 and followed the reaction
scheme in Figure 26. The ester compounds in Figure 25 have been synthesised using the
method described in section 2.1.1.2 and followed the reaction scheme in Figure 26. The

following will detail the results for the synthesis of the 0jk01 compounds.

R Cl

1.1 eq. \n/ 0

©)
> o x=on
X 1.15 eq. Triethylamine, Y R y=0,NH
0.1 eq. DMAP,

DCM

Figure 26 Reaction scheme for o0jk01 amide derivatives



3.2.2.1.1 0jk0101

0Ojk0101 was synthesised successfully and positively characterised as the predicted

structure. See Table 1 for details.

0 N-(2-isopropylphenyl) 4-methylbenzamide
%yield = 68
0jk0101
Chemical Formula: C;;H;gNO 'H NMR (400 MHz, CHLOROFORM-d) & ppm 1.29 (d,
Molecular Weight: 253.35 J=6.73 Hz, 6 H) 2.43 (s, 3 H) 3.10 (spt, /=6.80 Hz, 1 H)
7.18 -7.26 (m, 2 H) 7.28 - 7.36 (m, 2 H) 7.69 - 7.88 (m,
4 H)

C NMR (101 MHz, CHLOROFORM-d) & ppm 21.77
(s,1C)21.82(s, 1 C)23.29 (s, 1 C) 23.32 (s, 1 C) 28.49
(s, 1 C) 124.98 (s, 1 C) 125.93 (s, 1 C) 126.33 (s, 1 C)
126.80 (s, 1 C) 127.31 (s, 1 C) 127.37 (s, 1 C) 129.80 (s,
1C) 13243 (s,1C) 134.57 (s, 1 C) 140.69 (s, 1 C) 142.63
(s,1C)166.20 (s, 1 C)

Elemental Analysis (calculated): C, 80.60; H, 7.56; N,
5.53; 0, 6.32

Melting point = 156-158°C

Table 1 0jk0101 synthesis results
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3.2.2.1.2 0jk0102

0jk0102 was synthesised successfully and positively characterised as the predicted

structure. See Table 2 for details.

o] 2-isopropylphenyl 4-methylbenzoate
L
%yield = 40
0jk0102
Chemical Formula: C;;H,50, 'H NMR (400 MHz, CHLOROFORM-d) & ppm 1.29

Molecular Weight: 254.33 (d, J=6.88 Hz, 6 H) 2.47 (s, 3 H) 2.96 (spt, J=6.88 Hz,

1 H) 7.05 (d, J=8.13 Hz, 1 H) 7.08 (s, 1 H) 7.15 (d,
J=7.82 Hz, 1 H) 7.30 - 7.39 (m, 3 H) 8.11 (d, J=8.13
Hz, 2 H)

*C NMR (101 MHz, CHLOROFORM-d) & ppm 21.84
(s, 1 C) 21.93 (s, 1 C) 23.95 (s, 1 C) 34.09 (s, 1 C)
119.14 (s, 1 C) 119.77 (s, 1 C) 124.05 (s, 1 C) 127.07
(s, 1C)129.30 (s, 1 C) 129.35 (s, 1 C) 129.67 (s, 1 C)
130.29 (s, 1 C) 130.73 (s, 1 C) 144.40 (s, 1 C) 150.77
(s,1C)151.17 (s, 1 C) 165.42 (s, 1 C)

Elemental Analysis (calculated): C, 80.28; H, 7.13; O,
12.58

Melting point = 120-122°C

Table 2 0jk0102 synthesis results
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3.2.2.1.3 0jk0103

0jk0103 was synthesised successfully and positively characterised as the predicted

structure. See Table 3 for details.

0 4-chloro-N-(2-isopropylphenyl)benzamide
N
H %yield = 58
Cl
0jk0103

, 'H NMR (400 MHz, CHLOROFORM-d) & ppm
Chemical Formula: C;gH,5CINO
Molecular Weight: 273.76 1.29 (d, J=6.88 Hz, 6 H) 3.10 (spt, J=6.83 Hz, 1 H)
7.22-7.29 (m, 2 H) 7.32 - 7.38 (m, 1 H) 7.47 (d,
J=8.44 Hz, 2 H) 7.75 (br. s., 2 H) 7.82 (d, J=8.13
Hz, 2 H)

C NMR (101 MHz, CHLOROFORM-d) & ppm
23.02 (s,2 C) 28.23 (s, 1 C) 124.94 (s, 1 C) 125.77
(s,1C)126.48 (s, 1 C) 126.54 (s, 1 C) 128.50 (s, 1
C) 129.07 (s, 1 C) 133.29 (s, 1 C) 133.89 (s, 1 C)
138.08 (s, 1 C) 140.85 (s, 1 C)

Elemental Analysis (calculated): C, 70.20; H, 5.89;
Cl,12.95; N, 5.12; 0, 5.84

Melting point = 205-206°C

Table 3 0jk0103 synthesis results
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3.2.2.1.4 Qjk0104

0jk0104 was synthesised successfully and positively characterised as the predicted

structure. See Table 4 for details.

2-isopropylphenyl 4-chlorobenzoate

0O
20!
Cl %yield = 58

0jk0104
Chemical Formula: CygHy<CIO, "H NMR (400 MHz, CHLOROFORM-d) & ppm 1.28
Molecular Weight: 274.74 (d, J=6.94 Hz, 6 H) 2.96 (spt, J=6.87 Hz, 1 H) 6.99 -

7.11 (m, 2 H) 7.16 (d, J=7.75 Hz, 1 H) 7.33 - 7.40 (m,
1 H) 7.50 (d, J=8.57 Hz, 2 H) 8.15 (d, J=8.57 Hz, 2 H)

C NMR (101 MHz, CHLOROFORM-d) & ppm 23.86
(s, 1 C)34.00 (s, 1 C) 118.89 (s, 1 C) 119.53 (s, 1 C)
124.26 (s, 1 C) 127.08 (s, 1 C) 128.17 (s, 1 C) 128.94
(s, 1 C)129.31 (s, 1 C) 129.39 (s, 1 C) 131.54 (s, 1 C)
131.90 (s, 1 C) 140.06 (s, 1 C) 141.44 (s, 1 C) 150.82
(s,1C) 164.45(s,1C)

Elemental Analysis (calculated): C, 69.95; H, 5.50; Cl,
12.90; O, 11.65

Melting point = 145-146°C

Table 4 0jk0104 synthesis results
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3.2.2.1.5 0jk0105

0jk0105 was synthesised successfully and positively characterised as the predicted

structure. See Table 5 for details.

o) N-(2-isopropylphenyl)benzamide
H)‘\©
%yield = 56
0jk0105
N-(2-isopropylphenyl)benzamide "H NMR (400 MHz, CHLOROFORM-d) 6 ppm
Chemical Formula: C;6H,;NO 1.29 (d, J=6.57 Hz, 6 H) 3.11 (spt, J=6.83 Hz, 1

Molecular Weight: 239.32
H)7.19-7.29 (m,2 H) 7.30 - 7.37 (m, 1 H) 7.45 -

7.53 (m, 2 H) 7.53 - 7.60 (m, 1 H) 7.73 - 7.84 (m,
2 H) 7.88 (d, J=7.50 Hz, 2 H)

C NMR (101 MHz, CHLOROFORM-d) & ppm
23.13 (5,2 C) 28.30 (s, 1 C) 124.88 (s, 1 C) 125.78
(s, 1 C) 126.30 (s, 1 C) 126.62 (s, 2 C) 127.14 (s,
2C)128.94(s,2C) 131.91 (s, 1 C) 134.27 (s, 1 C)
135.11 (s, 1 C) 140.70 (s, 1 C)

Elemental Analysis (calculated): C, 80.30; H, 7.16;
N, 5.85; O, 6.69

Melting point = 134-136°C

Table 5 0jk0105 synthesis results
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3.2.2.1.6 0Ojk0106

0jk0106 was synthesised successfully and positively characterised as the predicted

structure. See Table 6 for details.

0 2-isopropylphenyl benzoate
O
%yield = 36
0jk0106
Chemical Formula: Cy¢H, O, "H NMR (400 MHz, CHLOROFORM-d) & ppm 1.28
Molecular Weight: 240.30 (d, /=6.94 Hz, 6 H) 2.96 (spt, /=6.97 Hz, 1 H) 6.99 -

7.13 (m, 2 H) 7.15 (d, J=7.75 Hz, 1 H) 7.36 (t, J=7.85
Hz, 1 H) 7.60 - 7.70 (m, 1 H) 8.22 (d, J=7.14 Hz, 2 H)
8.4 (d, J=6.53 Hz, 2 H)

®C NMR (101 MHz, CHLOROFORM-d) & ppm
23.85 (s, 1 C) 33.98 (s, 1 C) 39.56 (s, 1 C) 106.38 (s,
1 C) 118.99 (s, 1 C) 119.62 (s, 1 C) 124.08 (s, 1 C)
128.12 (s, 1 C) 128.54 (s, 1 C) 129.25 (s, 1 C) 129.89
(s,1C)130.15 (s, 1 C) 132.21 (s, 1 C) 133.51 (s, 1 C)
143.53 (s, 1 C)

Elemental Analysis (calculated): C, 79.97; H, 6.71; O,
13.32

Melting point = 134-136°C

Table 6 0jk0106 synthesis results
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3.2.2.1.7 0jk0107

0jk0107 was synthesised successfully and positively characterised as the predicted

structure. See Table 7 for details.

j\/@ N-(2-isopropylphenyl)-2-phenylacetamide

N
H %yield = 57
0jk0107
Chemical Formula: C;,H,gNO 'H NMR (400 MHz, CHLOROFORM-d) 6 ppm 1.01
Molecular Weight: 253.35 (d, J/=6.94 Hz, 6 H) 2.47 (spt, J=6.80 Hz, 1 H) 3.82 (s,

2 H) 6.97 (br. s., 1 H) 7.08 - 7.15 (m, 1 H) 7.16 - 7.23
(m, 2 H) 7.34 - 7.41 (m, 3 H) 7.42 - 7.50 (m, 2 H) 7.78
-7.89 (m, 1 H)

C NMR (101 MHz, CHLOROFORM-d) & ppm
22.53 (s, 2 C) 27.86 (s, 1 C) 44.94 (s, 1 C) 123.27 (s,
2C) 12534 (s, 1 C) 125.57 (s, 1 C) 126.42 (s, 1 C)
127.88 (5,2 C) 129.43 (s, 2 C) 129.74 (s, 2 C) 134.63
(s,1C) 139.00 (s, 1 C)

Elemental Analysis (calculated): C, 80.60; H, 7.56; N,
5.53; 0, 6.32

Melting point = 122-123°C

Table 7 0jk0107 synthesis results
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3.2.2.1.8 0jk0108

0jk0108 was synthesised successfully and positively characterised as the predicted

structure. See Table 8 for details.

/(\)J\/O 2-isopropylphenyl 2-phenylacetate
O

%yield = 46
0jk0108
Chemical Formula: Cy;H,50, "H NMR (400 MHz, CHLOROFORM-d) 6 ppm 1.11
Molecular Weight: 254.33 (d, J/=7.06 Hz, 6 H) 2.27 (spt, J/=6.93 Hz, 1 H) 3.62 (s,

2 H) 6.97 - 7.09 (m, 1 H) 7.11 - 7.19 (m, 2 H) 7.26 -
7.38 (m, 3 H) 7.39 - 7.40 (m, 2 H) 7.69 - 7.76 (m, 1 H)

C NMR (101 MHz, CHLOROFORM-d) & ppm
23.01 (s, 2 C) 27.92 (s, 1 C) 46.76 (s, 1 C) 124.27 (s,
2 C) 124.67 (s, 1 C) 124.98 (s, 1 C) 126.05 (s, 1 C)
128.65 (5,2 C) 129.22 (s, 2 C) 129.46 (s, 2 C) 135.42
(s,1C) 156.45(s,1C)

Elemental Analysis (calculated): C, 80.28; H, 7.13; O,
12.58

Melting point = 105-106°C

Table 8 0jk0108 synthesis results
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3.2.2.1.9 0jk0109

0jk0109 was synthesised successfully and positively characterised as the predicted

structure. See Table 9 for details.

0]

H

0jk0109
Chemical Formula: C;gH;,CINO
Molecular Weight: 273.76

3-chloro-N-(2-isopropylphenyl)benzamide

%yield =71

'H NMR (400 MHz, CHLOROFORM-d) & ppm
1.30 (d, J=6.94 Hz, 6 H) 3.10 (spt, J=6.80 Hz, 1 H)
7.23 -7.31 (m, 2 H) 7.33 - 7.39 (m, 1 H) 7.42 - 7.50
(m, 1 H) 7.55 (d, J=7.96 Hz, 1 H) 7.68 (br. s., 1 H)
7.75 (d, J=7.14 Hz, 2 H) 7.89 (s, 1 H)

C NMR (101 MHz, CHLOROFORM-d) § ppm
23.07 (s, 2 C) 28.25 (s, 1 C) 124.94 (s, 1 C) 125.00
(s, 1 C) 125.82 (s, 1 C) 126.60 (s, 2 C) 127.56 (s, 1
C) 130.16 (s, 1 C) 131.90 (s, 2 C) 133.75 (s, 1 C)
135.11 (s, 1 C) 136.76 (s, 1 C) 140.90 (s, 1 C)

Elemental Analysis (calculated): C, 70.20; H, 5.89; Cl,
12.95; N, 5.12; O, 5.84

Melting point = 196-198°C

Table 9 0jk0109 synthesis results
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3.2.2.1.10 Ojk0110

0Ojk0110 was synthesised successfully and positively characterised as the predicted

structure. See Table 10 for details.

(0]
O)‘\©/CI

0jk0110
Chemical Formula: C;cH,5CIO,
Molecular Weight: 274.74

2-isopropylphenyl 3-chlorobenzoate

%yield = 63

'H NMR (400 MHz, CHLOROFORM-d) & ppm
1.29 (d, J=6.94 Hz, 6 H) 2.9 (spt, J=6.80 Hz, 1 H)
7.13 - 7.25 (m, 2 H) 7.28 - 7.34 (m, 1 H) 7.39 - 7.47
(m, 1 H) 7.60 (d, J=7.96 Hz, 1 H) 7.69 (d, J=7.14
Hz, 2 H) 7.83 (s, 1 H)

C NMR (101 MHz, CHLOROFORM-d) & ppm
22.95 (s, 2 C) 26.39 (s, 1 C) 124.65 (s, 1 C) 124.97
(s, 1 C) 125.76 (s, 1 C) 126.21 (s, 2 C) 127.18 (s, 1
C) 129.87 (s, 1 C) 131.64 (s, 2 C) 133.69 (s, 1 C)
13527 (s, 1 C) 136.41 (s, 1 C) 139.76 (s, 1 C)

Elemental Analysis (calculated): C, 69.95; H, 5.50; Cl,
12.90; O, 11.65

Melting point = 164-165°C

Table 10 o0jk0110 synthesis results
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3.2.2.1.11 0Ojk0111

0Ojk0111 was synthesised successfully and positively characterised as the predicted

structure. See Table 11 for details.

O ClI 2,4-dichloro-N-(2-isopropylphenyl)benzamide
N
HJ\@ %yield = 62
Cl syield =
0jk0111
Chemical Formula: C;cH4sCI,NO '"H NMR (400 MHz, CHLOROFORM-d) & ppm
Molecular Weight: 308.20 1.28 (d, /=6.94 Hz, 6 H) 3.13 (spt, /=13.60 Hz, 1

H) 7.22 - 7.31 (m, 2 H) 7.33 - 7.38 (m, 1 H) 7.40
(dd, J=8.47, 1.73 Hz, 1 H) 7.51 (d, J=1.63 Hz, 1
H) 7.81 (d, /=8.36 Hz, 2 H) 7.85 (br. s., | H)

C NMR (101 MHz, CHLOROFORM-d) & ppm
23.18 (5,2 C)28.10 (s, 1 C) 124.91 (s, 1 C) 125.79
(s, 1C) 126.55 (s, 1 C) 126.72 (s, 1 C) 127.84 (s,
1C) 13022 (s, 1 C) 131.29 (s, 1 C) 131.89 (s, 1
C) 133.47 (s, 1 C) 133.52 (s, 1 C) 137.27 (s, 1 C)
141.00 (s, 1 C) 163.94 (s, 1 C)

Elemental Analysis (calculated): C, 62.35; H, 4.91;
Cl, 23.00; N, 4.54; O, 5.19

Melting point =219-221°C

Table 11 0jk0111 synthesis results
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3.2.2.2 Calcium Signalling

The compounds in Figure 25, have been assayed using the agonist and the antagonist
calcium signalling assay methods on TRPA1-HEK293 cells, described in section 2.2. The only
compounds that showed interaction with TRPA1-HEK293 cells were 0jk0107, 0jk0109 and
0jk0111, which have been highlighted in boxes in Figure 25. All other compounds were
assayed up to the limit of solubility of the test compound in the assay media (see section

3.2.1.1 for details on how low solubility of test compounds have been handled).

2 10
N
H

0jk0107
N-(2-isopropylphenyl)-2-phenylacetamide

3.2.2.2.1 0jk0107

Chemical Formula: C;;H;gNO
Molecular Weight: 253.35

Figure 27 Chemical structure of 0jk0107
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Agonist effect of 0jk0107
on TRPA1-HEK293 cells
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Figure 28 Agonist (above) and antagonist (below) concentration effect curves for 0jk0107 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments

0jk0107 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 27 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed, this response was fully inhibited by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0107 was
tested over the concentration range of 1 to 150 uM; over this range a complete sigmoidal
response was not observed; higher concentration points have not been tested due to the

maximum solubility of 0jk0107 in the assay media being reached. However, non-linear

65



regression analysis was carried out using two different models in order to predict the
nature of the response of the TRPA1-HEK293 cells to higher concentrations of 0jk0107.
Both models produced a good fit curve. The normalised variable slope model was
normalised to the maximum response of cinnamaldehyde on TRPA1-HEK293 cells (which is
72%Cal) and assumes a 100 % response, the R*value of this model was calculated as 0.8439
which shows a good fit. The variable slope four parameter model has a better R? value,
0.8757. The models both show a good fit to the data points presented, with the variable
slope four parameters model having an ever so slightly greater fit. However, this is not
enough to discard the normalised variable slope model. With regards to calculated EC50
values, the normalised variable slope predicts an EC50 value of 306 uM with a 95 % Cl of
181 uM to 518 uM. The variable slope four parameter model calculates an EC50 value of
97 uM with a 95 % Cl of 24 uM to 393 uM. The 95 % confidence intervals for the EC50
values show a similar story to that of the R® values of the two models; the variable slope
four parameter model has a slightly tighter 95 % ClI than the normalised variable slope
model. The better values for goodness of fit for the variable slope may be attributed to the
shorter range of the predicted response. From the data and the non-linear regression
analysis it is difficult to predict how o0jk0107 interacts with TRPA1, it is not clear if ojk0107
is a full or partial agonist and whether its EC50 is 97 uM or 306 uM. However, what can be
concluded is that 0jk0107 shows an agonist response when exposed to TRPA1 which is
more than that of many of the 0jk01 compounds assayed and that the response whether it
is a full or partial agonist is at a lower potency than that of 0jk0109 and ojk0111 (results

detailed on the following pages).

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed 0jk0107. Ojk0107 was tested over the concentration range of
1-100 uM. The first decrease in the cinnamaldehyde response was observed at 25 uM with
a decrease in cinnamaldehyde response of 27%. The greatest reduction in the
cinnamaldehyde response occurred at the 100 uM concentration point with a reduction of
60%. Higher concentration points for ojk0107 was not tested due to the insolubility of
0jk0107 in the assay media at higher concentrations. Non-linear regression analysis was

carried out to construct a curve of best fit. The model with the greatest fit to the data points
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was the normalised variable slope model; with an R? value of 0.8157 this model assumes a
full inhibitory response, all models used also predicted a full inhibition. The normalised

variable slope model predicts an IC50 of 81 uM and full inhibition to occur at 639 uM.

From this analysis of the agonist and antagonist assays of 0jk0107 on TRPA1-HEK293 cells,
it can be determined that 0jk0107 is an agonist of TRPA1, whether it is a full or partial
response could not be determined. After the initial activation of TRPA1 by 0jk0107 further

activation by cinnamaldehyde via a desensitisation effect was observed.
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3.2.2.2.2 0jk0109

@)
Cl

N
0jk0109
3-chloro-N-(2-isopropylphenyl)benzamide
Chemical Formula: C;cH;cCINO
Molecular Weight: 273.76

Figure 29 Chemical structure of 0jk0109
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Figure 30 Agonist (above) and antagonist (below) concentration effect curves for 0jk0109 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
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0jk0109 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 30 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0109 was
tested over the concentration range of 1 to 150 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 50 uM with a mean
%Cal response of 16. The maximum response was observed at the 150 UM concentration
point with a mean %Cal response of 52. A maximum plateau was not observed within the
data range tested. Higher concentrations have not been tested due to the limited solubility
of 0jk0109 in the assay media. Non-linear regression analysis was carried out using two
different curve fit calculations the best fit was the variable Hill slope four parameter curve
with an R? value of 0.8569, the normalised variable slope model showed a similar goodness
of fit with an R? 0.8215. These two models predict two different activity profiles for 0jk0109
the normalised variable slope model predicts a full agonist, as is the nature of the model
which fits the data to a full agonist response (i.e. the maximum response for
cinnamaldehyde). This model predicts an EC50 value of 90 uM. The variable slope four
parameter model predicts a partial agonist response, all be it with a high efficacy, with an
EC50 value of 80 uM and an efficacy of 80 % with a maximum plateau predicted to occur
at 204 puM. Both models show a good fit and very similar EC50 values and 95 % confidence
intervals, and this indicates that the true response of 0jk0109 is probably somewhere

between these models but slightly favouring the variable slope four parameter model.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed 0jk0109. Ojk0109 was tested over the concentration range of
1-100 uM. Over this range a partial typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 5 uM with a decrease in
cinnamaldehyde response of 20 %. The greatest reduction in the cinnamaldehyde response
occurred at the 100 uM concentration point with a reduction of 71%, although this cannot

be deemed to be full inhibition further concentration points could not be tested due to the
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insolubility of 0jk0109 in the assay media at higher concentrations. However, using non-
linear regression analysis the trend of the response at greater concentrations can be
predicted. Two models were used to fit a curve to the data, of the models used the best fit
was the normalised variable with an R? value of 0.8154, which shows a good level of fit. Al
models predicted a full inhibitory response, therefore using the normalised variable slope
model, which assumes full inhibition, is justified. The normalised variable slope model gives

an IC50 value of 38 uM with a full inhibition occurring at 535 puM.

From this analysis of the agonist and antagonist assays of 0jk0109 on TRPA1-HEK293 cells,
it can be determined that o0jk0109 is a partial agonist of TRPA1, but very close to being
considered a full agonist. After the initial activation of TRPA1 by 0jk0109 further activation

by cinnamaldehyde was inhibited fully via a desensitisation effect.
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3.2.2.2.3 0jk0111

N
H
Cl
0jk0111
2,4-dichloro-N-(2-isopropylphenyl)benzamide
Chemical Formula: C;cH4<CI,NO
Molecular Weight: 308.20

Figure 31 Chemical structure of ojk0111
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Figure 32 Agonist (above) and antagonist (below) concentration effect curves for 0jk0111 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments

71



0jk0111 has been tested using both the agonist and antagonist calcium signalling assays to
determine the compound’s effect on TRPA1-HEK293 cells. The resulting concentration

effect curves can be seen in Figure 32 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0111 was
tested over the concentration range of 1 to 150 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 10 uM with a mean
%Cal response of 14. The maximum response was observed at the 150 uM concentration
point with a mean %Cal response of 60. A maximum plateau was not fully observed over
the concentration range tested in order to predict the full concentration effect of ojk0111
on TRPA1-HEK293 cells. Two non-linear regression analysis models have been used to fit a
curve to the data points. Of the two models, the best fit was the variable slope four
parameter model which gave an R? value of 0.9198, the normalised variable slope model
which assumes a maximum response to the same degree of cinnamaldehyde also showed
a good fit with an R? value of 0.9169. The good fit of these two models and the trend
observed over the test range strongly indicates a full agonist response for ojk0111. The
efficacy for ojk0111 using the variable slope four parameter maximum predicted response

is 105 % of the maximum response of cinnamaldehyde, and the calculated EC50 is 48 uM.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed 0jk0111. Ojk0111 was tested over the concentration range of
1-100 pM. The first decrease in the cinnamaldehyde response was observed at 5 uM with
a decrease in cinnamaldehyde response of 22 %. The greatest reduction in the
cinnamaldehyde response occurred at the 100 uM concentration point with a reduction of
81; greater concentration points have not been tested due to the insolubility of 0jk0111 in
the assay media at higher concentrations. The data points collected trend towards a full
inhibition, and this is confirmed by the non-linear regression analysis models used to fit a
curve to the data points of which all of them predict full inhibition. The best fit model is the
normalised variable slope model which has an R? value of 0.9390, the calculated IC50 value

for this model is 23 uM with full inhibition predicted to occur at 231 uM.
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From this analysis of the agonist and antagonist assays of 0jk0111 on TRPA1-HEK293 cells,
it can be determined that 0jk0111 is a full agonist of TRPA1 which after the initial activation

of TRPA1 inhibits further activation by cinnamaldehyde fully via a desensitisation effect.
3.2.3 Thymol and carvacrol acetamide linked

derivatives (ojk06 and ojk07)

SR 3,0

0jk0601 0jk0606 0jk0607
2-(5-isopropyl-2-methylphenoxy)- 2-(5-isopropyl-2-methylphenoxy)- 2-(5-isopropyl-2-methylphenoxy)-
N-(p-tolyl)acetamide N-(2-isopropylphenyl)acetamide N-(o-tolyl)acetamide
Chemical Formula: C;9H,3NO, Chemical Formula: C,;H,;NO, Chemical Formula: C;gH,3NO,
Molecular Weight: 297.40 Molecular Weight: 325.45 Molecular Weight: 297.40
O 2 O
o\)LH o\)LH
0jk0608 0jk0609
N-(4-chlorophenyl)-2-(5-isopropyl-2- 2-(5-isopropyl-2-methylphenoxy)-
methylphenoxy)acetamide N-(4-isopropylphenyl)acetamide
Chemical Formula: C;gH,CINO, Chemical Formula: C,,H,;NO,
Molecular Weight: 317.81 Molecular Weight: 325.45
H H H
o Pl aae
0 o) o)
0jk0703 0jk0705 0jk0706
2-(2-isopropyl-5-methylphenoxy)- N-(p-  2-(2-isopropyl-5-methylphenoxy)- 2-(2-isopropyl-5-methylphenoxy)-
tolyl)acetamide N-(2-isopropylphenyl)acetamide N-(o-tolyl)acetamide
Chemical Formula: C;gH,3NO, Chemical Formula: C,,H,;NO, Chemical Formula: C;gH,3NO,
Molecular Weight: 297.40 Molecular Weight: 325.45 Molecular Weight: 297.40
H H
T Ay
o) o o]
0jk0707 0jk0708
N-(4-chlorophenyl)-2-(2-isopropyl-5- 2-(2-isopropyl-5-methylphenoxy)-
methylphenoxy)acetamide N-(4-isopropylphenyl)acetamide
Chemical Formula: C;gH,4CINO, Chemical Formula: C,,H,,NO,
Molecular Weight: 317.81 Molecular Weight: 325.45

Figure 33 Chemical structures of 0jk06 and 0jk07 compounds
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3.2.3.1 Synthesis

OH o HoN o /@
OH Cl/\lc])/ O\)J\OH \OR O\)J\N R

NaOH, H,0, EDC,
1200C1 3h DCM, 12h, rt

\
\
T

Figure 34 Reaction scheme for the synthesis of 0jk06 and 0jk07 compounds

The ojk06 and o0jk07 compounds in Figure 33 have been synthesised using the method
described in section 2.1.2 and followed the reaction scheme in Figure 34. The following will
detail the results for the synthesis of the 0jk06 and 0jk07 compounds. All the compounds
synthesised have been analysed by GC-MS and have been positively identified with no

impurities observed above the limit of detection.
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3.2.3.1.1 Ojk0o6

The following section reports the synthesis results for the five o0jk06 compounds

synthesised.

3.2.3.1.1.1 0Ojk0601

0jk0601 was synthesised successfully and positively characterised as the predicted

structure. See Table 12 0jk0601 synthesis results for details.

O\)oLN HO/

0jk0601
Chemical Formula: C;4H,3NO,
Molecular Weight: 297.40

2-(5-isopropyl-2-methylphenoxy)-N-(p-tolyl)acetamide

%yield = 57

'H NMR (400 MHz, CHLOROFORM-d) & ppm 1.24
(d,J=7.14 Hz, 6 H) 2.33 (s, 3 H) 2.35 (s, 3 H) 2.88 (spt,
J=6.90 Hz, 1 H) 4.63 (s, 2 H) 6.72 (d, J=1.63 Hz, 1 H)
6.86 (dd, J=7.55, 1.84 Hz, 1 H) 7.14 (dd, J=7.65, 0.71
Hz, 1 H) 7.17 (d, J/=8.16 Hz, 2 H) 7.45 - 7.50 (m, 2 H)
8.32 (br.s., 1 H)

C NMR (101 MHz, CHLOROFORM:- d) § ppm
23.96, 34.08, 39.66, 106.49, 119.09, 119.72, 124.18,
128.23, 128.65, 129.35, 129.80, 129.99, 130.25,
132.32, 133.61, 143.64, 150.83.

Elemental Analysis
Expected: C, 76.74; H, 7.80; N, 4.71; O, 10.76
Actual: C, 76.57; H, 8.06; N, 4.72

Table 12 0jk0601 synthesis results
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3.2.3.1.1.2 0jk0606

0jk0606 was synthesised successfully and positively characterised as the predicted

structure. See Table 13 0jk0606 synthesis results for details.

o) 2-(5-isopropyl-2-methylphenoxy)-N-(2-
0]
\)]\H isopropylphenyl)acetamide
%yield = 52
ojk0606 "H NMR (400 MHz, CHLOROFORM-d) 5 ppm 1.24

Chemical Formula: C,;H,,NO,

Molecular Weight: 325,45 | (& /=7:09 Hz, 6 H) 130 (d, J=7.06 Hz, 6 H) 2.35 (s, 3

H) 3.14 (spt, J=6.91 Hz, 1 H) 3.42 (spt, J/=6.93 Hz, 1 H)
4.61 (s,2H)6.72 (s, 1 H) 6.87 (d, J/=7.75 Hz, 1 H) 7.20
—7.32 (m, 4H) 7.96 (dd, /=7.93, 1.63 Hz, 1 H) 8.42 (br.
s., 1 H)

Elemental Analysis:
Expected: C, 77.50; H, 8.36; N, 4.30; O, 9.83
Actual: C, 77.43; H, 8.44; N, 4.31

Table 13 0jk0606 synthesis results
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3.2.3.1.1.3 0jk0607

0jk0607 was synthesised successfully and positively characterised as the predicted

structure. See Table 14 0jk0607 synthesis results for details.

o) 2-(5-isopropyl-2-methylphenoxy)-N-(o-tolyl)acetamide
: %yield = 61
0jk0607 "H NMR (400 MHz, CHLOROFORM-d) 6 ppm 1.24

Chemical Formula: C1gH,3NO, | (d, J=7.09 Hz, 6 H) 1.33 (s, 3 H) 2.35 (s, 3 H) 3.14 (spt,
Molecular Weight: 297.40 | y_¢ 91 Hz | H)3.42 (spt, J=6.93 Hz, 1 H) 4.61 (s, 2 H)

6.72 (s, 1 H) 6.87 (d, /=7.75 Hz, 1 H) 7.20 — 7.32 (m,

4H) 7.96 (dd, J=7.93, 1.63 Hz, 1 H) 8.42 (br. 5., 1 H)

Elemental Analysis:
Expected: C, 76.74; H, 7.80; N, 4.71; O, 10.76
Actual: C, 76.61; H, 7.87; N, 4.78

Table 14 o0jk0607 synthesis results
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3.2.3.1.1.4 0jk0608

0jk0608 was synthesised successfully and positively characterised as the predicted

structure. See Table 15 0jk0608 synthesis results for details.

0 /Q/CI N-(4-chlorophenyl)-2-(5-isopropyl-2-
O\)J\N methylphenoxy)acetamide
H
%yield = 63
0jk0608 "H NMR (400 MHz, CHLOROFORM-d) 6 ppm 1.24

Chemical Formula: C1gH2oCINO, | (4 j=6.94 Hz, 6 H) 2.33 (s, 3 H) 2.89 (spt, J=6.90 Hz,

Molecular Weight: 31781 | | 11y 4 63 (5.2 H) 6.72 (s, 1 H) 6.87 (d, J=7.75 Hz, |
H) 7.14 (d, /=7.75 Hz, 1 H) 7.34 (d, J/=8.77 Hz, 2 H)
7.56 (d,J=8.77 Hz, 2 H) 8.38 (br. 5., 1 H)

Elemental Analysis:

Expected: C, 68.03; H, 6.34; Cl, 11.15; N, 4.41; O,
10.07

Actual: C, 67.89; H, 6.43; N, 4.39

Table 15 ojk0608 synthesis results
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3.2.3.1.1.5 0jk0609

0jk0609 was synthesised successfully and positively characterised as the predicted

structure. See Table 16 0jk0609 synthesis results for details.

2-(5-isopropyl-2-methylphenoxy)-N-(4-
? isopropylphenyl)acetamide
O\)I\N propylpheny

H %yield = 67

k0605 "H NMR (400 MHz, CHLOROFORM-d) & ppm 1.25

Chemical Formula: C,,H, N0, | (4d: J=6.94,2.86 Hz, 12 H) 2.33 (s, 3 H) 2.80 - 2.99 (m,

Molecular Weight: 325.45 | 2 H) 4.63 (s, 2 H) 6.73 (s, 1 H) 6.86 (d, J=7.55 Hz, 1 H)

7.14 (d, J=7.75 Hz, 1 H) 7.23 (d, J=8.36 Hz, 2 H) 7.50
(d, J=8.36 Hz, 2 H) 8.32 (br. s., 1 H)

Elemental Analysis:
Expected: C, 77.50; H, 8.36; N, 4.30; O, 9.83
Actual: C, 77.77; H, 8.58; N, 4.12

Table 16 0jk0609 synthesis results
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3.2.3.1.2 0jk07
The following section reports the synthesis results for the five 0jk06 compounds

synthesised.

3.2.3.1.2.1 0jk0703

0jk0703 was synthesised successfully and positively characterised as the predicted

structure. See Table 17 0jk0703 synthesis results for details.

2-(2-isopropyl-5-methylphenoxy)-N-(p-tolyl)acetamide

H
N
O/\n/ \O\ %yield = 58
(0]
0jk0703 "H NMR (400 MHz, CHLOROFORM-d) & ppm 1.24

Chemical Formula: C;4H,3NO,

(d, /=7.02 Hz, 6 H) 2.36 (s, 3 H) 2.39 (s, 3 H) 2.98 (spt,
Molecular Weight: 297.40

J=6.86 Hz, 1 H) 4.63 (s, 2 H) 6.72 (d, J/=1.67 Hz, 1 H)
6.88 (dd, J=7.43, 1.97 Hz, 1 H) 7.16 (dd, J=7.64, 0.71
Hz, 1 H) 7.19 (d, J/=8.13 Hz, 2 H) 7.48 - 7.53 (m, 2 H)
8.34 (br. s., 1 H)

Elemental Analysis:
Expected: C, 76.74; H, 7.80; N, 4.71; O, 10.76
Actual: C, 76.56; H, 7.92; N, 4.71

Table 17 0jk0703 synthesis results
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3.2.3.1.2.2 0jk0705

0jk0705 was synthesised successfully and positively characterised as the predicted

structure. See Table 18 for details.

2-(2-isopropyl-5-methylphenoxy)-N-(2-

isopropylphenyl)acetamide

H
O/\"/N
O

%yield =42

0jk0705
1
Chemical Formula: C,,H, NO, | H NMR (400 MHz, CHLOROFORM-d) § ppm 1.24

Molecular Weight: 325.45 (d, J/=6.94 Hz, 6 H) 1.29 (d, J=6.94 Hz, 6 H) 2.35 (s, 3
H) 3.00 (spt, J=6.80 Hz, 1 H) 3.38 (spt, /=6.90 Hz, 1 H)
4.70 (s,2 H) 6.72 (s, 1 H) 6.88 (d, J/=7.75 Hz, 1 H) 7.21
—7.33 (m, 4H) 7.98 (dd, J=7.96, 1.63 Hz, 1 H) 8.38 (br.
s., 1 H)

*C NMR (101 MHz, CHLOROFORM-d) & ppm 21.24
(s,1C)21.28(s, 1 C)22.91 (s, 1 C)22.94 (s, 1 C) 26.71
(s, 1 C)27.85 (s, 1 C) 67.76 (s, 1 C) 112.69 (s, 1 C)
113.00 (s, 1 C) 122.94 (s, 1 C) 123.52 (s, 1 C) 125.55
(s, 1 C) 12594 (s, 1 C) 126.27 (s, 1 C) 126.52 (s, 1 C)
133.17 (s, 1 C) 133.61 (s, 1 C) 137.02 (s, 1 C) 139.21
(s,1C)153.81 (s, 1 C) 166.73 (s, 1 C)

Elemental Analysis:

Expected: C, 77.50; H, 8.36; N, 4.30; O, 9.83

Actual: C, 77.32; H, 8.51; N, 4.41

Table 18 0jk0705 synthesis results
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3.2.3.1.2.3 0jk0706

0jk0706 was synthesised successfully and positively characterised as the predicted

structure. See Table 19 for details.

2-(2-isopropyl-5-methylphenoxy)-N-(o-tolyl)acetamide

H
N
0/\|O( j@ %yield = 59

0jk0706 'H NMR (400 MHz, CHLOROFORM-d) & ppm 1.29 (d,
Chemical Formula: C;qH,5NO
emical rormuia: t19M23N2a | 76,87 Hz, 6 H), 1.33 (s, 3 H) 2.34 (s, 3 H) 3.29 (spt,
Molecular Weight: 297.40
J=6.87Hz, 1 H)4.79 (s, 2 H) 6.81 (s, 1 H) 6.92 (d, J=7.79
Hz, 1 H) 7.15 — 7.37 (m, 4H) 8.01 (dd, J=7.90, 1.58 Hz,
1 H) 8.28 (br. s., 1 H)

Elemental Analysis:
Expected: C, 76.74; H, 7.80; N, 4.71; O, 10.76
Actual: C, 76.61; H, 7.99; N, 4.59

Table 19 o0jk0706 synthesis results
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3.2.3.1.2.4 0jk0707

0jk0707 was synthesised successfully and positively characterised as the predicted

structure. See Table 20 for details.

N-(4-chlorophenyl)-2-(2-isopropyl-5-

H methylphenoxy)acetamide
O/\n/N
0 %yield = 61
Cl
0jk0707

"H NMR (400 MHz, CHLOROFORM-d) § ppm 1.32
(d, J=6.94 Hz, 6 H) 2.34 (s, 3 H) 3.33 (spt, J=6.87
Hz, 1 H) 4.62 (s, 2 H) 6.68 (s, 1 H) 6.88 (d, J/=7.75
Hz, 1 H)7.18 (d,J=7.75 Hz, 1 H) 7.34 (d, J=8.77 Hz,
2 H) 7.55 (d, J/=8.98 Hz, 2 H) 8.35 (br. s., 1 H)

Chemical Formula: C;gH,,CINO,
Molecular Weight: 317.81

Elemental Analysis:

Expected: C, 68.03; H, 6.34; Cl, 11.15; N, 4.41; O,
10.07

Actual: C, 67.76; H, 6.57; N, 4.63

Table 20 o0jk0707 synthesis results
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3.2.3.1.2.5 0jk0708

0jk0708 was synthesised successfully and positively characterised as the predicted

structure. See Table 21 for details.

oﬂg“@

0jk0708
Chemical Formula: C,;H,,NO,
Molecular Weight: 325.45

2-(2-isopropyl-5-methylphenoxy)-N-(4-

isopropylphenyl)acetamide

%yield = 65

'H NMR (400 MHz, CHLOROFORM-d) & ppm 1.25 (d,
J=6.94 Hz, 6 H) 1.31 (d, /=6.94 Hz, 6 H) 2.34 (s, 3 H) 2.91
(spt, J/=6.80 Hz, 1 H) 3.34 (spt, J/=6.90 Hz, 1 H) 4.62 (s, 2 H)
6.69 (s, 1 H) 6.86 (d, J/=7.75 Hz, 1 H) 7.17 (d, J=7.75 Hz, 1
H) 7.24 (d, J=8.36 Hz, 2 H) 7.50 (d, J=8.57 Hz, 2 H) 8.30
(br.s., 1 H)

Elemental Analysis:
Expected: C, 77.50; H, 8.36; N, 4.30; O, 9.83
Actual: C, 77.42; H, 8.54; N, 4.33

Table 21 o0jk0708 synthesis results
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3.2.3.2 Calcium Signalling

3.2.3.2.1 Ojk06

3.2.3.2.1.1 0Ojk0601

o N,

T

0jk0601

Figure 35 Chemical structure of o0jk0601
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Figure 36 Agonist (above) and antagonist (below) concentration effect curves for ojk0601 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
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0jk0601 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 36 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed; this response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0601 was
tested over the concentration range of 1 to 200 uM; over this range a typical sigmoidal
response was observed. The first significant response was observed at 5 uM with a mean
%Cal response of 16. The maximum response was observed at the 100 UM concentration
point with a mean %Cal response of 70.2. A maximum plateau can be observed between
the 50 and 100 uM concentration points, this maximum response observed at 100 uM is
confirmed by the response observed at the 200 uM which was 70%Cal. Non-linear
regression analysis was carried out using two different models, both models produced
curves which were very similar, the best fit curve constructed using the variable slope four
parameter model which has an R? value of 0.9392 which can be considered a very good fit,
the other model showed comparable R? values. The best fit curve, variable slope four
parameter curve, predicts the maximum response to occur between the 100 and 200 uM
concentration points with an efficacy of 99.2 % of the maximum response observed for

cinnamaldehyde. The best fit curve calculates an EC50 value of 15 puM.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed Ojk0601. Ojk0601 was tested over the concentration range of
1-100 uM over this range a typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 5 uM with a decrease in
cinnamaldehyde response of 18 %. The greatest reduction in the cinnamaldehyde response
occurred at the 100 uM concentration point with a reduction of 95 %, which is deemed to
be full inhibition of the cinnamaldehyde response. The best fit non-linear regression
analysis model was the normalised variable slope model which has an R? value of 0.9691,

the calculated IC50 value for this model is 12 uM.
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From this analysis of the agonist and antagonist assays of 0jk0601 on TRPA1-HEK293 cells,
it can be determined that 0jk0601 is a full agonist of TRPA1 which after the initial activation

of TRPA1 inhibits further activation by cinnamaldehyde fully via a desensitisation effect.

3.2.3.2.1.2 0jk0606

0]

o N,

H

0jk0606

Figure 37 Chemical structure of 0jk0606

87



Agonist effect of ojk0606
on TRPA1-HEK293 cells

100
80+
60 -

EC50 =35 uM
40+

% Cal Response

20+

Log(agonist) / M

Inhibitory effect of ojk0606
on TRPA1-HEK293 cells

100+
80+
607 IC50 = 7 uM

404

209

% Cinnamaldehyde Response

Log(antagonist) / M

Figure 38 Agonist (above) and antagonist (below) concentration effect curves for 0jk0606 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments

0jk0606 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 38 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0606 was
tested over the concentration range of 1 to 200 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 30 uM with a mean

%Cal response of 20. The maximum response was observed at the 100 uM concentration
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point with a mean %Cal response of 45. A maximum plateau can be observed to form
between the 50 and 100 uM concentration points with the plateau being confirmed at the

200 uM concentration point.

Non-linear regression analysis was carried out using two different curve fit calculations the
best fit was the variable Hill slope four parameter curve with an R* value of 0.8576, the
models which assumed a full agonist response showed a poor fit to the data points.
Therefore, the agonist response of 0jk0606 on TRPA1-HEK293 cells can be considered to
be a partial agonist response. The efficacy of the maximum response of 0jk0606 has been
calculated to be 62% of the maximum cinnamaldehyde response. From the best fit curve,

an EC50 value of 35 uM has been determined.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed 0jk0606. Ojk0606 was tested over the concentration range of
1-100 uM over this range a typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 5 uM with a decrease in
cinnamaldehyde response of 43 %. The greatest reduction in the cinnamaldehyde response
occurred at the 100 uM concentration point with a reduction of 96 %, which is deemed to
be full inhibition of the cinnamaldehyde response. This full inhibition could not be
confirmed at greater concentrations due to the insolubility of 0jk0606 in the assay media
at higher concentrations. However, the data trend heavily towards full inhibition at
concentrations of 100 uM and above. The best fit non-linear regression analysis model was
the normalised variable slope model which has an R? value of 0.9465, the calculated IC50

value for this model is 7 uM.

From this analysis of the agonist and antagonist assays of 0jk0606 on TRPA1-HEK293 cells,
it can be determined that ojk0606 is a partial agonist of TRPA1 which after the initial
activation of TRPA1 inhibits further activation fully via a desensitisation effect. It was also
found that 0jk0606 inhibits TRPMS8 in a concentration dependent manner. See section 3.2.4

for a full description of these results.
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3.2.3.2.1.3 0jk0607
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Figure 39 Chemical structure of 0jk0607
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Figure 40 Agonist (above) and antagonist (below) concentration effect curves for 0jk0607 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments

0jk0607 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 40 above.
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In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0607 was
tested over the concentration range of 1 to 200 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 30 uM with a mean
%Cal response of 31. The maximum response was observed at the 200 uM concentration
point with a mean %Cal response of 56. A maximum plateau can be observed to form
between the 100 and 200 uM concentration points. However, this plateau cannot be fully
confirmed as testing above 200 uM was not possible due to the insolubility of Ojk0607 in

the assay media.

Non-linear regression analysis was carried out using two different curve fit calculations the
best fit was the variable Hill slope four parameter curve with an R*value of 0.9457, the
models which assumed a full agonist response showed a poor fit to the data points.
Therefore, the agonist response of 0jk0607 on TRPA1 can be considered to be a partial
agonist response. The efficacy of 0jk0607 has been calculated using the response observed
at the 200 uM concentration point as the best fit curve, using the variable slope four
parameter model, predicts the maximum response to be the same of that observed at the
200 uM concentration point. The efficacy of 0jk0607 has therefore been calculated to be
72% of the maximum response by cinnamaldehyde on TRPA1-HEK293 cells. The EC50 has
been calculated to be 29 uM for 0jk0607.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed Ojk0607. Ojk0607 was tested over the concentration range of
1-150 uM. The first decrease in the cinnamaldehyde response was observed at 10 uM with
a decrease in cinnamaldehyde response of 35%. The greatest reduction in the
cinnamaldehyde response occurred at the 150 uM concentration point with a reduction of
69 %. Greater concentration points have not been tested in order to reach a maximum
response due to the insolubility of ojk0607 in the assay media at higher concentrations. In
order to predict the nature of the inhibitory response of 0jk0607 on the activation of TRPA1
by cinnamaldehyde two different non-linear regression models have been used to fit a

curve to the data points. Of the curves constructed the best fit used the variable slope four
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parameter model which gave an R? value of 0.9087, this model predicts a partial inhibitory
response with ojk0607 reaching its maximum inhibitory effect at 316 uM where it reduces
the cinnamaldehyde response by 73 %. The calculated IC50 of this model is 14 uM. The
second best fit curve uses the normalised variable slope model which has an R? value of
0.8723, this curve shows a similar fit to the variable slope four parameter curve. The
normalised variable slope curve assumes full inhibition, and therefore calculates different
values for IC50 and the predicted concentration of the plateau point, which are 37 uM and
504 uM respectively. It is difficult to separate the two models as both show a good fit to
the data points, with the variable slope four parameters curve displaying a better R value.
However, other compounds in this library have shown a full inhibitory response. Therefore,

it is not unreasonable to assume that 0jk0607 follows this trend.

From this analysis of the agonist and antagonist assays of Ojk0607 on TRPA1-HEK293 cells,
it can be determined that Ojk0607 is a partial agonist of TRPA1 which after the initial
activation of TRPA1 inhibits further activation via a desensitisation effect and it is

inconclusive if this response is a full inhibitory response or a partial inhibitory response.
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3.2.3.2.1.4 0jk0608
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Figure 41 Chemical structure of 0jk0608
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Figure 42 Agonist (above) and antagonist (below) concentration effect curves for 0jk0608 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
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0jk0608 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 42 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0608 was
tested over the concentration range of 1 to 200 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 5 uM with a mean
%Cal response of 12 %. The maximum response was observed at the 100 uM concentration
point with a mean %Cal response of 57%. A maximum plateau can be observed to form
between the 50 and 100 uM concentration points with the plateau being confirmed at the
200 uM concentration point. Non-linear regression analysis was carried out using two
different curve fit calculations the best fit was the variable Hill slope four parameter curve
with an R?value of 0.8228. This model predicts a strong partial agonist response, with an

efficacy of 79 % of the maximum cinnamaldehyde response and an EC50 value of 32 uM.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed Ojk0608. Ojk0608 was tested over the concentration range of
0.5-50 uM over this range a typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 1 uM with a decrease in
cinnamaldehyde response of 15 %. The greatest reduction in the cinnamaldehyde response
occurred at the 20 uM concentration point with a reduction of 96%, which is deemed to be
full inhibition of the cinnamaldehyde response. This full inhibition was confirmed at the
50 uM concentration point. The best fit non-linear regression analysis model was the
normalised variable slope model which has an R? value of 0.9509, the calculated IC50 value

for this model is 5 uM.

From this analysis of the agonist and antagonist assays of Ojk0608 on TRPA1-HEK293 cells,
it can be determined that Ojk0608 is a partial agonist of TRPA1, which after the initial

activation of TRPA1 inhibits further activation fully via a desensitisation effect.
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3.2.3.2.1.5 0jk0609
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Figure 43 Chemical structure of 0jk0609
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Figure 44 Agonist (above) and antagonist (below) concentration effect curves for 0jk0609 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
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0jk0609 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 44 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0609 was
tested over the concentration range of 1 to 200 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 30 uM with a mean
%Cal response of 12. The maximum response was observed at the 100 uM concentration
point with a mean %Cal response of 31. A maximum plateau can be observed between the
50 and 100 uM concentration points, with the maximum response plateau being confirmed

at the 200 uM concentration point.

Non-linear regression analysis was carried out using two different curve fit calculations the
best fit was the variable Hill slope four parameter curve with an R? value of 0.8400. This
curve predicts a partial agonist response which reflects what has been observed from the
data points collected, this is confirmed by the models which assume a full agonist response
show a very poor goodness of fit. The best fit curve calculates an EC50 of 36 uM and an

efficacy of 42 % of the maximum cinnamaldehyde response.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed Ojk0609. Ojk0609 was tested over the concentration range of
0.5-50 uM over this range a typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 1 uM with a decrease in
cinnamaldehyde response of 15%. The greatest reduction in the cinnamaldehyde response
occurred at the 50 uM concentration point with a reduction of 93%, which is deemed to be
full inhibition of the cinnamaldehyde response. The best fit non-linear regression analysis
model was the normalised variable slope model which has an R? value of 0.8848, the

calculated IC50 value for this model is 5 uM.
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From this analysis of the agonist and antagonist assays of Ojk0609 on TRPA1-HEK293 cells,
it can be determined that Ojk0609 is a partial agonist of TRPA1 which after the initial

activation of TRPA1 inhibits further activation fully via a desensitisation effect.

3.2.3.2.2  0jk07

3.2.3.2.2.1 0jk0703

YL

0jk0703

Figure 45 Chemical structure of 0jk0703
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Figure 46 Agonist (above) and antagonist (below) concentration effect curves for 0jk0703 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments

0jk0703 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 46 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0703 was
tested over the concentration range of 1 to 100 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 5 uM with a mean

%Cal response of 30. The maximum response was observed at the 100 uM concentration
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point with a mean %Cal response of 69. A maximum plateau can be observed to form
between the 20 and 50 puM concentration points, with the maximum plateau being

confirmed at the 100 uM concentration point.

Non-linear regression analysis was carried out using two different curve fit calculations the
best fit was the variable Hill slope four parameter curve with an R*value of 0.9221, the
normalised variable slope model showed a similar goodness of fit with an R* 0.9169. The
normalised variable slope model assumes a full agonist response and displays a very good
fit to the data, therefore, a full agonist response can be assumed, this is confirmed by the
variable slope four parameter model which does not assume a full agonist response but
shows an almost identical curve to the normalised variable slope curve. The best fit curve,
the variable slope four parameter curve, calculates an EC50 of 6 uM and an efficacy of 95 %

of the maximum cinnamaldehyde response.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed Ojk0703. Ojk0703 was tested over the concentration range of
1-100 uM over this range a typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 10 uM with a decrease in
cinnamaldehyde response of 23.2 %. The greatest reduction in the cinnamaldehyde
response occurred at the 100 uM concentration point with a reduction of 86%, which
cannot be deemed to be full inhibition, further testing at greater concentrations were not
carried out due to the insolubility of 0jk0703 in the assay media at higher concentrations.
Non-linear regression analysis was carried out using two different models, all of which
predict full inhibition and show a good standard of fit, therefore, it can be predicted with
confidence that Ojk0703 inhibits the activation of TRPA1 by cinnamaldehyde fully. The best
fit curve was produced using the normalised variable slope model with an R? value of
0.9556 which predicts full inhibition to occur beyond 120 uM and calculates an IC50 of
23 uM.

From this analysis of the agonist and antagonist assays of Ojk0703 on TRPA1-HEK293 cells,
it can be determined that Ojk0703 is a full agonist of TRPA1 which after the initial activation

of TRPA1 inhibits further activation fully via a desensitisation effect.
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3.2.3.2.2.2 0jk0705
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Figure 48 Agonist (above) and antagonist (below) concentration effect curves for 0jk0705 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
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0jk0705 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 48 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0705 was
tested over the concentration range of 1 to 200 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 10 uM with a mean
%Cal response of 23. The maximum response was observed at the 100 uM concentration
point with a mean %Cal response of 65. A maximum plateau can be seen to form between
the 50 uM and the 100 uM with the plateau being confirmed by the 200 uM concentration
point. However, the curve of best fit disagrees with this, and a maximum plateau is

predicted occur at 230 uM and beyond.

Non-linear regression analysis was carried out using two different curve fit calculations the
best fit was the variable Hill slope four parameter curve with an R? value of 0.8800. This
curve predicts a full agonist response for 0jk0705 and the goodness of fit for the normalised
variable slope model which assumes a full agonist shows a good fit as well with an R? value
of 0.8783 confirms this. The best fit curve calculates an EC50 value of 27 uM and an efficacy
of 96 %.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed 0jk0705. Ojk0705 was tested over the concentration range of
1-150 puM over this range a typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 10 uM with a decrease in
cinnamaldehyde response of 42 %. The greatest reduction in the cinnamaldehyde response
occurred at the 150 uM concentration point with a reduction of 93%, which is deemed to
be full inhibition of the cinnamaldehyde response. This full inhibition could not be
confirmed at greater concentrations due to the insolubility of 0jk0705 in the assay media
at higher concentrations. The best fit non-linear regression analysis model was the
normalised variable slope model which has an R? value of 0.9078, the calculated IC50 value
for this model is 16 uM.
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From this analysis of the agonist and antagonist assays of 0jk0705 on TRPA1-HEK293 cells,
it can be determined that 0jk0705 is a full agonist of TRPA1 which after the initial activation

of TRPA1 inhibits further activation fully via a desensitisation effect.

3.2.3.2.2.3 0jk0706
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Figure 49 Chemical structure of 0jk0706
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Figure 50 Agonist (above) and antagonist (below) concentration effect curves for 0jk0706 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments

0jk0706 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 50 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0706 was
tested over the concentration range of 1 to 130 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 10 uM with a mean
%Cal response of 22. The maximum response was observed at the 130 uM concentration

point with a mean %Cal response of 74. A maximum plateau can be observed to form
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between the 50 and 100 uM concentration points with the plateau reaching its maximum

at the 130 uM concentration point.

Non-linear regression analysis was carried out using two different curve fit calculations the
best fit was the variable Hill slope four parameter curve with an R? value of 0.7916, the R
value for this curve is not as good as the R?values seen for the other compounds seen in
this section, section 3.2.3.2.2, this is possibly due to the spread of the data points between
repeats as the curve looks to fit the average data points well, however even though this R?
value is lower than the others in this section the fit can be still be deemed to be good for
the purposes of this study. The curve calculates an EC50 of 18 uM and an efficacy of 102 %

of the maximum cinnamaldehyde response.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed Ojk0706. Ojk0706 was tested over the concentration range of
1-130 puM over this range a typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 10 uM with a decrease in
cinnamaldehyde response of 35 %. The greatest reduction in the cinnamaldehyde response
occurred at the 130 uM concentration point with a reduction of 94 %, which is deemed to
be full inhibition of the cinnamaldehyde response. This full inhibition could not be
confirmed at greater concentrations due to the insolubility of Ojk0706 in the assay media
at higher concentrations. However, the data trends heavily towards full inhibition at
concentrations of 130 uM and above. The best fit non-linear regression analysis model was
the normalised variable slope model which has an R? value of 0.8688, the calculated IC50

value for this model is 21 uM.

From this analysis of the agonist and antagonist assays of Ojk0706 on TRPA1-HEK293 cells,
it can be determined that Ojk0706 is a full agonist of TRPA1 which after the initial activation

of TRPA1 inhibits further activation fully via a desensitisation effect.
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3.2.3.2.2.4 0jk0707
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Figure 51 Chemical structure of 0jk0707
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Figure 52 Agonist (above) and antagonist (below) concentration effect curves for 0jk0707 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
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0jk0707 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 52 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0707 was
tested over the concentration range of 1 to 200 uM, over this range, a typical sigmoidal
response was observed. The first significant response was observed at 5 uM with a mean
%Cal response of 14. The maximum response was observed at the 100 UM concentration
point with a mean %Cal response of 69.2. A maximum plateau can be observed to form
between the 50 and 100 uM concentration points with the maximum plateau being

confirmed at the 200 uM concentration point.

Non-linear regression analysis was carried out using two different curve fit calculations the
best fit was the variable Hill slope four parameter curve with an R? value of 0.8229. This
model predicts a full agonist response which reflects what the data collected shows, from
the curve an EC50 value of 32 uM and an efficacy of 96 % of the maximum cinnamaldehyde

response has been calculated.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed Ojk0707. Ojk0707 was tested over the concentration range of
0.5-100 uM over this range a typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 1 uM with a decrease in
cinnamaldehyde response of 15 %. The greatest reduction in the cinnamaldehyde response
occurred at the 100 uM concentration point with a reduction of 96%, which is deemed to
be full inhibition of the cinnamaldehyde response. Full inhibition was first observed at the
50 uM point with a reduction in the cinnamaldehyde response of 92 %. The best fit non-
linear regression analysis model was the normalised variable slope model which has an R

value of 0.9629, the calculated IC50 value for this model is 6 M.
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From this analysis of the agonist and antagonist assays of Ojk0707 on TRPA1-HEK293 cells,
it can be determined that Ojk0707 is a full agonist of TRPA1 which after the initial activation

of TRPA1 inhibits further activation fully via a desensitisation effect.

3.2.3.2.2.5 0jk0708
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Figure 53 Chemical structure of 0jk0708
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Figure 54 Agonist (above) and antagonist (below) concentration effect curves for 0jk0708 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments

0jk0708 has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 54 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031.
Therefore, this response can be attributed to the gating of TRPA1 channels. Ojk0708 was
tested over the concentration range of 1 to 200 uM, over this range, a typical sigmoidal

response was observed. The first significant response was observed at 10 uM with a mean
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%Cal response of 14. The maximum response was observed at the 100 uM concentration
point with a mean %Cal response of 51. A maximum plateau can be observed to form
between the 50 and 100 uM concentration points with the plateau being confirmed at the
200 uM concentration point, greater concentrations could not be tested as testing above
200 uM was not possible due to the insolubility of Ojk0708 in the assay media at higher

concentrations.

Non-linear regression analysis was carried out using two different curve fit calculations the
best fit was the variable Hill slope four parameter curve with an R*value of 0.8227, this
model predicts a partial agonist response which reflects what has been observed by the
data. However, the normalised variable slope model has a similar goodness of fit with an
R? value of 0.8130, this model assumes a full agonist response, without further testing at a
higher concentration the nature of the full response of Ojk0708 cannot be fully confirmed.
A partial agonist response has been seen with other compounds in this library so a partial
agonist response for Ojk0708 does fit the trend observed. Therefore, with reasonable
confidence, it can be determined that Ojk0708 acts as a partial agonist of TRPA1 with an
EC50 of 32 uM and an efficacy of 70 % of the maximum cinnamaldehyde response were

the maximum plateau occurs at concentrations greater than 189 uM.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed Ojk0708. Ojk0708 was tested over the concentration range of
0.5-100 uM over this range a typical reversed sigmoidal curve was observed. The first
decrease in the cinnamaldehyde response was observed at 3 uM with a decrease in
cinnamaldehyde response of 16%. The greatest reduction in the cinnamaldehyde response
occurred at the 100 uM concentration point with a reduction of 95%, which is deemed to
be full inhibition of the cinnamaldehyde response. Full inhibition was first observed at the
50 uM concentration point with a reduction of 93 %. The best fit non-linear regression
analysis model was the normalised variable slope model which has an R? value of 0.9045,

the calculated IC50 value for this model is 11 pM.

From this analysis of the agonist and antagonist assays of Ojk0708 on TRPA1-HEK293 cells,
it can be determined that Ojk0708 is a partial agonist of TRPA1 which after the initial
activation of TRPA1 inhibits further activation fully via a desensitisation effect.
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3.2.4  Screening of active compounds on TRPMS&-

HEK293 cells

All of the TRPA1 active compounds from the ojk01, ojk06 and ojk07 groups have been
screened for activity with TRPM8-HEK293 cells. The agonist and antagonist calcium
signalling methods from section 2.2 were used with the exception that TRPM8-HEK293 cells
were used alongside the relevant agonist controls (WS-5). Each compound was assayed at
10 and 100 uM in both the agonist and antagonist assay methods. All of the compounds
except 0jk0606 showed no modulation of TRPMS8. This indicates that the compounds
assayed do not interact with anything else expressed in the HEK293 cells due to the only
difference between the two cell lines is the expression of TRPMS8 rather than TRPA1. These
results also imply a degree of selectivity however further work is required to fully

determine specificity.

As previously mentioned ojk0606 gave a hit in the TRPMS8 screening. It was found to inhibit
the response of the known specific TRPMS8 agonist WS-5. There was no agonist response
observed for 0jk0606 in TRPM8-HEK293 cells. A full concentration effect assay was then
carried out to fully determine the inhibitory response of 0jk0606 on the activation of

TRPMS8 by WS-5, the results can be seen in Figure 55.

0jk0606 was tested over a concentration range of 1-100 uM. A decrease in the response of
100 uM of WS-5, a potent specific agonist of TRPMS8, was observed with increasing
concentration of pre-dosed 0jk0606(177). A complete concentration effect curve was not
completed due to the insolubility of 0jk0606 in the assay medium above 100 uM. Over the
concentration range tested, 1 to 100 uM, a typical sigmoidal curve was observed which
heavily trended towards a full sigmoidal response. The first decrease in the WS-5 response
was observed at the 10 UM concentration point with a 31% reduction in the WS-5 agonist
response. The greatest reduction was observed at 100 pM concentration point, the
maximum concentration tested, with a reduction of 77% of the WS-5 agonist response. Full
inhibition was not observed due to solubility issues mentioned previously, however, non-
linear regression analysis of the data points collected trends towards full inhibition of
TRPMS8 by 0jk0606 heavily. The best fit curve was the normalised variable response curve
with an R? value of 0.8359, this model does assume full inhibition and the good fit gives a
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good indication that 0jk0606 fully inhibits TRPMS8 at higher concentrations. This prediction
of full inhibition is backed up by the variable slope four parameter curve which does not
assume full inhibition but predicts it with a similar goodness of fit to the normalised variable
slope model. The best fit curve calculates an IC50 of 29 uM for the inhibition of TRPMS8 by
0jk0606.
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Figure 55 Above: Antagonist concentration effect curve for 0ojk0606 on TRPM8-HEK293 cells. Data points are
means+SEM of N = 3 experiments Below: Raw data traces for repeat 1 of 0jk0606 antagonist assay on TRPM8-HEK293
cells
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3.3Discussion

The results for the synthesis and calcium signalling assay of the ojk01, ojk06 and ojk07

compounds reported in section 3.2 shall be discussed in the following sections in detail.

3.3.1  Calcium signalling assay method

The calcium signalling assay method, detailed in section 2.2, has been used to monitor the
effects of the test compounds on TRPA1-HEK293 cells with regards to intracellular calcium
concentrations. Cinnamaldehyde (agonist control) and HC-030031 (antagonist control)
were chosen as controls due to their widespread use in TRPA1 research as potent and
selective TRPA1 modulators. Both controls have been fully assayed using the calcium
signalling assay to determine their effect on TRPA1-HEK293 cells. Both controls used have
also been tested on mock transfected HEK293 cells at the highest concentration they would
be used at on TRPA1-HEK293 cells. Both the controls showed no effect on intracellular
calcium levels in the mock transfected cells and can therefore be deemed selective to

TRPA1 in my calcium signalling assay method.

With regards to the discussion below it must be noted that the assay method used only
measures the functional effects of the test compounds on ion channel activity and not the
physical interactions between the test compounds and ion channels. Steps have been taken
to determine if the responses observed are due to the effects of the test compound on the
ion channel such as testing the compounds on mock transfected HEK293 cells. While it is
entirely feasible that the test compounds modulate the ion channels via direct binding, it
must also be considered that other indirect mechanisms may be the cause of the
compounds effect on the ion channels. Differentiation between direct and indirect

modulation cannot be distinguished based on recording intracellular calcium levels alone.
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3.3.2  Amide and ester derivatives of thymol (ojk01)
This section will discuss the results reported in section 1.1.1 which contain
3.3.2.1 Synthesis of ojkO1 derivatives

3.3.2.1.1 Amide derivatives

2-isopropylaniline  was coupled to several aromatic compounds via a 4-
dimethylaminopyrodine (DMAP) catalysed acylation reaction. The general structure of the

compounds that were produced can be seen below in Figure 56.
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Figure 56 General structure of ojk01 amide derivatives

0jk0105 R=

The analogues chosen were based on common substituents found in TRP modulators and
from the groups which proved to be the most successful TRPMS8 antagonists when coupled

to menthylamine see Figure 57(176).
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Figure 57 Structure of key menthlamine derivatives from Ortar et al. 2010(176)
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Figure 58 Reaction scheme for o0jk01 amide derivatives

The reaction scheme can be seen in Figure 58. Considering the prevalence of DMAP
catalysed reactions, there is a lack of understanding with regards to the underlying
mechanism even in the simplest of DMAP catalysed reactions. The currently accepted
mechanism, seen in Figure 59, occurs in the following order; DMAP reacts with the acyl
chloride to form an acylpyridinium cation, this reaction is in equilibrium. The amine or
alcohol then reacts with the acylated catalyst to produce the amide or ester product and
the protonated, and therefore deactivated catalyst. The final step is the regeneration of

the catalyst via deprotonation by triethylamine.
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Figure 59 Generally accepted reaction scheme for DMAP catalysed cross linking reactions
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DMAP is a particularly good catalyst for these types of reactions, especially compared to
pyridine which could also be used. However, the reaction would have to take place in
pyridine solution. This is because of the amino group which reinforces the nucleophilic

nature of the nitrogen atom in the ring. The effect of the amino group is shown in Figure

60.
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Figure 60 Reaction mechanism for DMAP in cross linking reactions

The percentage yields of the crude products were very similar, and all were about 90 %,
the yields obtained were as expected. The reaction was a fairly clean reaction as all the
unwanted by-products were removed in the aqueous work up. The recrystallisation yields

were lower on average by 20 %, which is most likely due to poor technique.

The six analogues that were prepared all reacted in the same manner. When the acyl
chloride was added an exothermic reaction took place, the colour of the solution turned
from an almost clear solution to an orange colour. For a couple of the reactions, a small
amount of white fumes was given off. This was probably HCI that had formed as it forms
white fumes upon contact with atmospheric humidity. When the DCM was evaporated off
the crude product, in all cases, was a light orange and white solid. The final crystallised

products were all white crystals.

The H and ®C NMR spectra were taken for each compound (see section 3.2.2), after
analysis and interpretation they were all positively characterised. The *H NMR was difficult
to interpret the signals from the aromatic hydrogens due to the slow rotation of the C-N of
the amide bond at room temperature. In addition to this, the melting points were

determined. Elemental analysis was not carried out due to time constraints.
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A range of 2-isopropylaniline amide derivatives was prepared and characterised

successfully. The reaction can be deemed successful on a 0.5g scale.

3.3.2.1.2 Ester derivatives

Ester derivatives of 2-isopropylphenol were prepared via a DMAP catalysed acylation
reaction in the same manner as the amide derivatives prepared in section 3.2.2. The

general structure of the compounds produced can be seen in Figure 61.
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Figure 61 General structure of ojk01 ester derivatives

The reaction conditions are exactly the same as the acylation of 2-isopropylamine, except

the starting material was 2-isopropylphenol.
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Figure 62 Reaction scheme of ojk01 ester derivatives
The crude product %yields for each reaction were all high. The %yields after

recrystallisation was quite low, especially when compared to the %yields from the 2-

isopropylaniline derivatives.

The reaction between the alcohol and the acyl chlorides was an exothermic reaction, which
produced a change in the solution from clear to a slight yellow tinge. As with the amine
acylation, there were white fumes given off. When the DCM was evaporated off a clear

light yellow oil was left, this was the case for all the reactions.
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Recrystallisation using EtOH/H,0 was unsuccessful for ojk0104, as when the solution was
cooled the product was separated from the EtOH/H,0 solution as a separate liquid layer.
The product was then recovered by diluting the mixture with DCM and using molecular
sieves to dry the solution. The EtOH and DCM were then evaporated off. The
recrystallisation was then repeated using MeOH/H,0 which was cooled to approximately -

15°C which yielded the final product.

Several 2-isopropylphenol ester derivatives were prepared and characterised successfully;

the recrystallisation proved to be difficult and resulted in poor purified %yields.
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3.3.2.2 Calcium signalling results discussion

The ojk01 library consists of an isopropylphenyl group linked to a substituted phenyl ring
via an amide or an ester functional group from the 2-position. The differences in
compounds synthesised arise in the substitutions of the linked phenyl ring except for
0jk0107 and 0jk0108 which have an extra carbon atom between the linking group and the
phenyl ring. All the compounds in the ojk01 library have been screened for modulation of
TRPA1 expressed in HEK293 cells using the agonist and antagonist calcium signalling assays
described in section 2.2. From this screening, three compounds were found to have an
effect on TRPA1, highlighted green in Figure 25 these were 0jk0107, 0jk0109 and ojk0111,
these compounds then were assayed over their effective concentration range in order to
develop a concentration effect curve for both their agonist and inhibitory effects. From the
results of the screening and the subsequent detailed assays for 0jk0107, 09 and 11 several
trends with regards to structure activity relationship between this library of compounds

and TRPA1 have emerged and will be discussed below.
N o]
H

0jk0107
Partial agonist of TRPA1
and inhibited TRPA1

oo o

0jk0109 0jk0110
Partial agonist of TRPA1 No modulation of TRPA1 observed
and inhibited TRPA1

0jk0108
No modulation of TRPA1 observed

Figure 63 Comparison of amide and ester derivatives of ojkO1 chemical structures.

One of the first trends observed was for the compounds which were found to have an effect
on TRPAL1 all linked the two phenyl groups with an amide groups, and their ester analogs
did not show any effect, at least not at the concentration range tested which was limited

by insolubility of the test compound in the assay media at higher concentrations. See



section 3.2.1.1 for details. See Figure 63 for the structures of the active amides and the
non-active esters. This trend was only observed for 0jk0107 and 0jk0109 and their ester
counterparts as the other amides did not show any activity towards TRPA1. It can be
determined that while the substitution on the second phenyl ring is of importance with
regards to TRPA1 interaction the nature of the linking group has an effect on the interaction
with TRPA1. The reason for the difference in activity between the amides and esters is
possibly due to the differences in polarity of the two functional groups, the amide being
more polar and capable of forming hydrogen bonds and the ester group being the least
polar and is not able of forming hydrogen bonds. Another possible reason for the ester
compounds not showing any modulation of TRPA1 may be due to the compounds being
hydrolysed by non-specific esterases upon penetrating the plasma membrane, in a similar
way to how the calcium indicator Fluo-3AM is broken down. However, hydrolysis of the
ester compounds would affect the antagonist assay more than the agonist assay due to the
incubation time of the compounds in the antagonist assay. This trend is apparent in chapter
4 (discussed in section 4.3.1) were the amine linked compounds FFA, MFA and DFC
displayed modulation of TRPA1 while ketoprofen, a ketone linked compound showed
significantly lower interaction with TRPA1, see Figure 64 for structures. This may be due to
in part to the ability of the amine linking group to form hydrogen bonds and the ketone
linking group not being able to form hydrogen bonds. The ability to form hydrogen bonds
via a polar amide linking group may be a significant factor in the modulation of TRPA1 by

the 0jk06 and 0jk07 compounds which will be discussed in section 3.3.3.

COOH

COOH COOH Cl o
H H H
cl o
Flufenamic acid Mefenamic acid Diclofenac Ketoprofen

Figure 64 Chemical structures of fenamic acid related NSAIDs that have been reported to activate TRPA1(141).
Another trend to be observed was that of the chain length as there was a distinct difference
between the interaction with TRPA1 between 0jk0105 and ojk0107. From the structures in
Figure 65, it can be seen that 0jk0107 has a carbon atom between the amide linking group
and the second phenyl ring whereas 0jk0105 has a direct amide link between the two

phenyl rings. From the results, seen in section 1.1.1.1, 0jk0105 does not show any
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modulation of TRPA1 whereas 0jk0107 shows a partial agonist response and a trend
towards full inhibition of cinnamaldehyde activation of TRPA1. As previously mentioned
the only difference between these two compounds is the extra carbon atom in the linker
between the two phenyl groups in 0jk0107, this slight change in structure allows o0jk0107

to have a greater interaction with TRPA1.

Qo QAL

0jk0107
Partial agonist of TRPA1, also
inhibited TRPA1

0jk0105
No modulation of TRPA1 observed

Figure 65 Chemical structures of 0jk0105 and ojk0107

This trend can be taken one step further when, for example, 0jk0703 is considered, see
Figure 66 for structures. Ojk0703 has an extra atom in the chain linking the two phenyl
rings, which is in the form of the ether group when compared to 0jk0107. Comparing the
TRPA1 assay results, see Figure 67 for comparison graph, of the three compounds in Figure
66 a trend is observed with increasing linking group chain length an increase in the efficacy
and potency occurs. Qjk0703, which has the longest linker group, has the greatest efficacy
and potency followed by 0jk0107, which has the second longest linker group, and then
0jk0105 which has the shortest linker group and has not shown any interaction with TRPA1
over the concentrations tested. When including o0jk0703 in this trend the other structural
differences must be considered and what effect they may have on its interaction with
TRPA1, these structural differences include the extra methyl groups on both the phenyl
rings, the orientation of the amide group with regards to the isopropyl group and lastly the

extra atom in the linking group is an oxygen atom and not a carbon atom like in 0jk0107.

~o. B0 o

0jk0703 0jk0107 0jk0105
Full agonist of TRPA1 Partial agonist of TRPA1 No modulation of
and inhibited TRPA1 and inhibited TRPA1 TRPA1 observed

Figure 66 Chemical structure comparison of 0jk0703, 0jk0107 and 0jk0105
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The effect of increasing linker group length
on the activation of TRPA1-HEK293 cells
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Figure 67 Comparison of concentration effect curves for 0jk0105, ojk0107and 0jk0109 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
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NPB NPEB
5-nitro-2-(phenylamino)benzoicacid 5-nitro-2-(phenethylamino)benzoicacid
EC50 = 14uM EC50 = 6uM

NPPB
5-nitro-2-((3-phenylpropyl)amino)benzoic acid
EC50 =0.37uM

Figure 68 Chemical structures of TRPA1 agonist NPB, NPEB and NPPB.
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The effect of the other structural differences between o0jk0703 and the ojk01 compounds
on the interaction with TRPA1 cannot be fully determined however the trend described in
this section has also been seen with regards to NPPB by Liu et al. (142), when they reported
that NPPB showed an increased potency with regards to TRPA1 activation over analogues
of NPPB with shorter linking groups, see Figure 68 for details. Liu et al. report that NPPB
shows no antagonist properties towards TRPA1, therefore, the trend observed for the
agonist potency for NPPB, NPEB and NPB was not investigated with regards to inhibition of
TRPA1. However, 0jk0105, 0jk0107 and 0jk0703 have all been assayed using the antagonist
assay, and the same trend was observed in the agonist assays. This inhibitory trend shows

that as the linking group increases in length the potency of the inhibition of TRPA1

o Ny
/TI;[N\Q(H\ \( ?@wﬂ\

increases.

~
HC-030031 0jk0703
Ring 1, linking group, Ring 1, linking group,
(0] O

A A

H H

ojk0107 0jk0105
Ring 1, linking group, Ring 1, linking group,

Figure 69 Chemical structure comparison of HC-030031, 0jk0703, 0jk0107 and 0jk0105. First ring structure highlighted
in blue, linking group highlighted in red (part of the imidazole ring of HC-030031 has been included), the second ring has
been highlighted in green.

Compound Linking group length IC50, uM

HC-030031 5 atoms 4

0jk0703 5 atoms 23

0Ojko107 3 atoms 81

0jk0105 2 atoms Inhibition not
observed

Table 22 Linking group length and IC50 values of compounds shown in Figure 37
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HC-030031 is a potent specific TRPA1 antagonist, it has a similar structure to the ojk01,
0jk06 and o0jk07 compounds as in it contains two ring structures that are linked through an
amide group(99). Figure 69 shows the structures of HC-030031, ojk0703, 0jk0107 and
0jk0105 and highlights three groups, the red group highlights the linking group. As can be
seen in Figure 69 HC-030031 and 0jk0703 have a 5 atom length linking group, 0jk0107 has
a 3 atom length linking group and ojk0105 has a 2 atom length linking group, the trend for
the IC50 values for each of the compounds follows the linking group length with the longest
linking group having the most potent inhibitory response. However, it appears that the
site(s) of interaction on the TRPA1 protein that HC-030031, 0jk0703, 0jk0107 interact with
seem to favour longer compounds, this trend is backed up in part by Liu et al. (142). with

what they reported for NPPB, NPEB and NPB.

o o,

0jk0105 0jk0103
No modulation of TRPA1 observed No modulation of TRPA1
observed
o o e]]
H H
Cl
0jk0109 0jk0111
Partial agonist of TRPA1 Full agonist of TRPAL
and inhibited TRPA1 and inhibited TRPA1

Figure 70 Chemical structures and modulation of TRPA1 of 0jk01 chloro derivatives and ojk0105

Agonist effect of 0jk01 chloro compounds
agonist effect on TRPA1-HEK293 cells
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Figure 71 Comparison of concentration effect curves for 0jk0103, 0jk0105, ojk0107and 0jk0109 on TRPA1-HEK293 cells.
Data points are means+SEM of N = 3 experiments
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The next trend observed in the assay results from the ojk01 library is the effect of chlorine
groups on the second phenyl ring. From Figure 70, the structures for ojk0105, 0jk0103,
0jk0109 and 0jk0111 can be seen as well as a general description of their respective
interactions with TRPA1 that have been described in full in results section 3.2.2. Ojk0105
shows no interaction with TRPA1 neither does 0jk0103 which has a p-chloro group.
Interestingly ojk0109, which has an m-chloro group interacts with TRPA1 with activation
and inhibition being observed. Finally, 0jk0111, which has a 2,4-dichlorophenyl structure
interacts with TRPA1 as a full agonist and in an inhibitory capacity. Unfortunately, the o-
chloro derivative was not synthesised and tested due to the availability of reagents and
time restraints. The data suggests that the position of the chloro group on the second
phenyl ring has a significant effect on the interaction with TRPA1. Therefore, it can be
assumed that chloro group may be vital to the binding between TRPA1 and
0jk0109/0jk0111 and that the para position places the chloro group just far enough away
from the site of interaction for 0jk0103 to have an effect on TRPA1l. With regards to
0jk0111, a question arises in the form of does the p-chloro group contribute to the
response observed? So is the p-chloro group synergising with the o-chloro group to
produce a potent response or is the o-chloro group solely responsible for the response?
The answers to these questions can only be postulated without knowing the response of
the ortho monochloride analogue, which as previously mentioned has not been tested due
to time restraints. From the results of this series of compounds, it can be determined that
the ortho and meta positions are key for the binding of the chloro derivatives in the ojk01

compound library.

Also, it must be noted the importance of the linking amide group over the ester group as
all of the ester derivatives of the compounds shown in Figure 63 showed no response in
the calcium signalling assays. This revelation reveals a potential mechanism through which
the active 0jk01 compounds interact with TRPA1. An amide bond is capable of forming H-
bonds whereas an ester group cannot; it may be that the H-bonding of the amide bond is
crucial to the modulation of TRPA1 and that the two phenyl rings anchor the amide bond
in place for binding. It may be the case that the substitutions on the second methyl ring
have an electronic effect on the amide bond allowing greater binding with TRPA1. Using

this theory, the responses observed for the chloro derivatives can be made sense of with
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regards to the closeness of the chloro group to the amide group, for example, the p-chloro
derivative shows no response, and this is due to the distance of the chloro group from the
amide bond, and therefore the electronic effect on the amide group from the chloro group
is relatively weak. Next is 0jk0109 where the chloro group is a bit closer to the amide group
and therefore its electronic effect on the amide group is slightly greater than in 0jk0103
which is reflected in a greater response being observed. Finally, is 0jk0111 which has a
chloro group as close as is possible to the amide group in the ortho position which can have
the greatest electronic effect on the amide group which is reflected in 0jk0111 having the

most potent response of the series.

The 0jk01 compounds have shown a range of activity towards TRPA1 and when screened
against TRPM8 showed no activity. Compounds similar in structure have been synthesised
and assayed against TRPA1 and TRPMS8 by Ortar et al. (132). The reported results show
some similarities as well as some key differences to the results reported in section 3.2.2,
the following section will discuss the two sets of results with regards to key similarities and

key differences.

The first key difference is that Ortar et al.(178) tested against the rat variant of TRPA1,
TRPMS8 and TRPV3 whereas | tested against the human variant of TRPA1 and TRPMS8. TRPA1
is remarkable in the sense that its most distinctive feature i.e. activation by covalent
modification by reactive electrophiles, is highly conserved throughout ~500 million years
of animal evolution yet other functions and interactions of TRPA1 differentiate between
species drastically(57). The differences of TRPA1 between species has been somewhat of a
stumbling block in terms of drug development as rodent studies, which the pharmaceutical
industry relies heavily upon are not suitable as it has been reported in several studies and
reviewed by Chen and Kym (179), that TRPA1 species differences even in species which are
deemed to be fairly similar, e.g. rats and humans, show very different functionalities.
Menthol has been shown to be an activator of mouse TRPA1 at low concentrations, and a
blocker at high concentrations, whereas in human TRPA1 menthol only acts as an activator
and in non-mammalian TRPA1 menthol has no effect at all(55). Caffeine is another example
as it has been reported to activate mouse TRPA1l yet inhibit activation in human
TRPA1(136). The potent and selective human TRPA1 inhibitor A967079 (A96) also displays

differences in activity between species as reported by Nakatsuka et al. (180) in which they
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detailed how A96 was a human TRPA1 antagonist yet showed no effect on western clawed
frog TRPA1. In this study, they utilised this difference to identify two amino acid residues
which were crucial to A96’s inhibitory action. These were serine-873 and threonine-874 in
human TRPA1 which when mutated to reflect western clawed frog TRPA1, A96 showed no
inhibitory effect. As can be seen, the interactions between TRPA1 and agonists and
inhibitors vary dependent on the species of TRPA1 but in Nakatsuka et al.’s case, it has been
shown that examining species differentiation can reveal a great deal. So with this in mind
there is one key difference between the results reported in section 3.2.2 and Ortar et al.
results this is that the ojkO1 ester compounds tested showed no modulation of human
TRPA1 and certain amides displayed both activation and inhibition of human TRPAL.
Whereas, Ortar et al. reported that the ester compounds in their library were more potent
agonists and inhibitors than their amide counterparts in rat TRPA1l. As previously
mentioned the amide linking group of the 0jk01 compounds may be vital to the binding to
TRPA1 due to its ability to H-bond. Whereas, the ojk01 ester derivatives displayed no
activity in human TRPA1 assays. Therefore, comparing my results with Ortar et al. suggests
the binding site in human TRPA1 may contain amino acid residues capable of hydrogen
bonding but in rat TRPA1 the amino acid residue binds better with an ester functional
group. Another point to note with regards to the comparison of results is that Ortar et al.
(132) reported that thymol in their system was a weak rat TRPA1 activator with an EC50 =
~287 uM, which in comparison to other literature values reported ranging from 6 to
127 uM(130) and my value of 58 uM this could be due to species differences in TRPA1 but
may also highlight issues with regards to Ortar et al’'s(132) methods or the cell line that has

been used for their assay.

Another difference in between Ortar et al. and the results shown in section 3.2.2 is that
the series of compounds synthesised by Ortar et al. all have a p-cymene base structure
whereas the 0jk01 compounds series all have a 2-isopropylphenyl base structure. The
addition of the extra methyl para to the isopropyl group in the first ring may aid in the
binding to TRPA1 and is potentially a reason why many of the ojk01 compounds showed no
interaction with TRPA1. On the other hand, the heightened interaction with TRPA1 due to

the extra methyl may be due to an increase in lipophilicity allowing it to penetrate the
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plasma membrane and therefore increasing the intracellular concentration of the assay

compound.
Increasing linking group length
Increasing potency of response
?
i 9
N i O fj\/\/\/\/@
H N N
0 AT H
5b 5d 5f
TRPA1 efficacy 59.3% TRPA1 efficacy 212.3% TRPA1 efficacy 93.4%
TRPA1 EC50 11.3uM TRPA1 EC50 6.5uM TRPA1 EC50 0.8uM
TRPA1 IC50 17.9uM TRPA1 IC50 3.9uM TRPA1 IC50 1.4uM

Figure 72 TRPA1 active compounds from Ortar et al. 2012(132) ordered from left to right increasing in linking group
length. Efficacy calculated as percent of AITC (100 uM), IC50 against effect of AITC (100 uM)

The amide derivatives which Ortar et al. assayed showed a similar trend to what has been
reported in this section. An increase in chain length between phenyl rings shows an
increase in the potency of response observed. Ortar et al. reported assay results for three
compounds (shown in Figure 72) the potency of the agonist and inhibitory response can be
seen to increase with increasing chain length between the p-cymene ring and second
phenyl ring. This trend comes with some considerations. Firstly, the extra phenyl group for
5b and 5d must be taken into account. Secondly, 5f has a seven carbon long chain between
the amide group and the phenyl ring which is a massive increase in the chain length
compared to the ojk01, 0jk0703, 5b and 5d. Therefore, the results of Ortar et al., the NPPB
assay results by Liu et al. (142)and the results reported in this chapter all suggest that an
increasing chain length between two phenyl rings results in an increasing potency of

interaction with TRPA1.
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3.3.3  Thymol and carvacrol acetamide linked

derivatives (ojk06 and ojk07)

The results reported in section 3.2.3 with regards to the synthesis and calcium signalling

assay results shall be discussed in detail in the following sections.

3.3.3.1 Synthesis of 0jk06 and ojk07 derivatives results discussion

NaOH, H,0,
120°C, 3h

EDC,
DCM, 12h, rt

Figure 73 Reaction scheme for the synthesis of 0jk06 and o0jk07 compounds

The ojk06 and ojk07 acetamide compounds were prepared in a two-step reaction,
summarised above in Figure 73. The first step was an Sy2 type reaction in which the
alkylated phenol (carvacrol for ojk06 and thymol for ojk07) was coupled to chloroacetic
acid to form the phenoxyacetic acid intermediate. The intermediate was then purified using
a standard aqueous workup which produced an off-white powder. The intermediate was
then coupled to the aniline derivative of choice using the carbodiimide crosslinker ethyl-
(N’,N’-dimethylamino)propylcarbodiimide hydrochloride (EDC). As can be seen in Figure 74
EDC reacts with the carboxylic acid group to form an active O-acylisourea intermediate that
is displaced by a nucleophilic attack from the amine group. The aniline derivative and the
phenoxyacetic acid intermediate form an amide bond and an EDC by-product is released

as a water soluble urea derivative.

The method used to synthesise the 0jk06 and ojk07 compounds was a suitable method
which produced pure products at decent yields. There was no effect on the synthesis results
due to the different phenol starting materials or due to the different aniline derivatives
used in step 2. The only real difficulty with this method was in removing the thymol and
carvacrol starting materials in step 1 which was overcome by repeating the extraction
process. The carbodiimide crosslinker reaction proved to be a successful method and

allowed for an easy purification.
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Figure 74 Carbodiimide crosslinking reaction mechanism
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3.3.3.2 Calcium signalling results discussion
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Figure 75 Chemical structures, TRPA1 efficacies, EC50 and IC50 values of 0jk06 and 0jk07 compounds.
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In Figure 75, the structures and results from the calcium signalling assays can be seen for
both the 0jk06 and 0jk07 compound libraries. Each of the compounds from these libraries
gave a significant response in each of the agonist and antagonist assays against TRPA1-
HEK293 cells all the responses observed had a greater potency than for their parent
compound; for 0jk06 this is carvacrol and for ojk07 this is thymol. The efficacy of activation,
however, is a different story for the ojk06 library as only ojk0601 (efficacy 99.2 %) had a
greater efficacy than the carvacrol (efficacy 90 %) parent compound. The ojk07 library only
0jk0708 (efficacy 70 %) had an efficacy lower than the thymol (efficacy 91%) parent
compound. As mentioned in section 3.3.2, the responses observed for all the ojk06 and
0jk07 compounds are assumed to be via direct interaction with the TRPA1 protein. The
following sections, section 3.3.3.3 through to section 3.3.3.5 will go on to discuss the trends
observed with regards to structure and theorise how these compounds bind with TRPA1 to
produce both the activation responses and inhibitor responses observed. Firstly, the trends
observed within each library shall be discussed. Then a comparison of the 0jk06 and ojk07
libraries shall be carried out and the effect of the position of the linking group will be

discussed in detail.

3.3.3.3 Ojk06 discussion

The 0jk06 library comprises 5 compounds based on carvacrol which has been linked via the
phenol group to another phenyl group, with the linking group taking the form of an
acetamide functional group. The 5 derivatives differ due to the substituents on the second
phenyl ring see Figure 76 for the general structure of the o0jk06 compounds. This section

compares the results obtained for the ojk06 library.



g Ri  0jk0601 R, =Me, R, =H

P H i 0jk0607 Ry = H, R, = Me
0jk0608 Ry = Cl, R, = H
0jk0609 R; = i-Pr, R, = H

General structure of ojk06
red = carvacrol moeity
blue = acetamide linking group

Figure 76 General structure of 0jk06 compounds

3.3.3.3.1 0jk06 ortho position comparison

Two of the compounds assayed have substituents in the ortho position. One has an o-
methyl group, 0jk0607, and the other has an o-isopropyl group, ojk0606. Comparison
graphs for concentration effect curves from both the agonist and antagonist calcium
signalling assays can be seen in Figure 77. As can be seen, the methyl derivative, ojk0607,
shows greater efficacy (72% compared to the 62 % reported for 0jk0606). The greater
agonist response for 0jk0606 with regards to efficacy is reflected by the potency as the
methyl derivative, 0jk0607, is more potent with an EC50 = 29 uM compared to the isopropyl
derivative which has an EC50 = 35 uM. The activation of TRPA1 by these two compounds is
fairly similar with not much difference in efficacy and potency however it is clear that
0jk0607, the o-methyl derivative, is a better agonist. From this, it can be said that the
isopropyl group due to its greater steric effect slightly blocks the binding mechanism. The
results from the agonist assay of 0jk0606 and 0jk0607 may lead to the thinking that the
effect of an alkyl substituent in the ortho position of the second ring does not have a great

effect on the activation of TRPA1 by the generic 0jk06 structure.
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Figure 77 Above: Comparison of assay results for 0jk0606 and 0jk0607. Below: Comparison of concentration effect
curves for 0jk0606 and 0jk0607 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3 experiments

The results from the antagonist assay tells a slightly different story as from the comparison
graph and the IC50 values that are shown in Figure 77 it can be seen that the o-isopropyl
derivative, 0jk0606 is a much more potent inhibitor of TRPA1 with an IC50 = 7 uM
compared to the o-methyl derivative, 0jk0607, which has an IC50 = 37 uM. It must also be
noted that ojk0607 is the weakest inhibitor of the 0jk06 and ojkO7 compounds.
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To conclude this comparison, the o-methyl derivative is a more potent and efficacious
TRPA1 agonist, yet the o-isopropyl derivative is the more potent TRPA1 inhibitor. The
difference between the activation profiles shows that there is not much difference
between the two derivatives which highlights that the alkyl groups in the ortho position of
the second phenyl ring do not have a great effect on the activation. On the other hand, the
difference between the inhibitory profiles shows that alkyl substituents in the ortho
position of the second phenyl ring have a drastic effect on TRPA1 inhibition. This possibly
indicates to the activation and inhibition by these compounds occurring at different sites

along the TRPA1 protein.
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3.3.3.3.2 0jk06 alkyl para comparison
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Figure 78 Above: Comparison of assay results of 0jk0601 and o0jk0609. Below: Comparison of concentration effect
curves for 0jk0601 and o0jk0609 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3 experiments

0jk0601 and 0jk0609 both have alkyl substituents in the para position of the second phenyl
ring, 0jk0601 has a methyl group, and 0jk0609 has an isopropyl group, structures can be
seen Figure 78. The comparison graphs for both their agonist and antagonist concentration
effect curve can be seen in Figure 78. It can be seen that similarly to the comparison of

0jk0606 and ojk0607 the methyl derivative, 0jk0601, is a more potent and efficacious

derivatives on TRPA1-HEK293 cells

=6~ HC-030031
== 0jk0601
== 0jk0609

Log(antagonist) / M
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agonist of TRPA1 than the isopropyl derivative, 0jk0609. Whereas, the isopropyl derivative,
0jk0609, is a more potent inhibitor than the methyl derivative, 0jk0601. This trend could
be put down to the differences in lipophilicity with the activation site of TRPA1 favouring
the less lipophilic methyl derivatives and the inhibition site of TRPA1 favouring the more
lipophilic isopropyl derivatives. Alternatively, this could be due to steric factors and that a
larger, bulkier group is more beneficial binding to the inhibitor site and vice versa for the
activation site of TRPA1. With this comparison, it can be seen that the difference in agonist
profiles are greater than that of the ortho derivatives in section 3.3.3.3.1, yet the difference
in the inhibitor profiles of the para derivatives are lesser than that of the ortho derivatives.
This leads to the idea that alkyl derivatives in the para position have more of an effect on
how the compounds activate TRPA1 than in the ortho derivatives and that alkyl derivatives
in the ortho position have a greater effect on how the compounds inhibit TRPA1 than in

the para position.

3.3.3.3.3 0jk06 chloro derivative
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Efficacy = 78.8%
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Figure 79 Assay results for 0jk0608

One of the compounds in the ojk06 library has a p-chloro group on the second phenyl
group, the structure of this compound, 0jk0608 can be seen in Figure 79. When compared
to the other two other 0jk06 compounds with groups in the para position an assessment
of the effectiveness of the chloro group can be made with regards to activation and
inhibition of TRPA1, comparison graphs for both the agonist and antagonist concentration
effect curves can be seen in Figure 80. As can be seen from Figure 80 the chloro derivative,
0jk0608, fits right in the middle with regards to efficacy and potency of its agonist response

when compared to the other ojk06 para derivatives. In the antagonist assay, the potency
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of inhibition was only slightly less than that for the p-isopropyl derivative, 0jk0609. The
chloro group in terms of size is only slightly bigger than the methyl group and if there is any
steric hindrance from the group in the para position as suggested in section 3.3.3.3.2 then
the agonist response for the chloro derivative, ojk0608 would be slightly less than that
observed for 0jk0601, which is exactly what has been observed however this trend cannot
be truly confirmed without testing derivatives with much more varying sizes of groups in

the para position.

Agonist effect of ojk06 para
derivatives on TRPA1-HEK293 cells
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Figure 80 Comparison of concentration effect curves for 0jk0601, 0jk0608 and o0jk0609 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
This assessment does not take into account the electronic effects of the chloro group which
has an inductive electron withdrawing effect whereas the methyl and isopropyl groups
have an inductive electron donating effect. If the electronic effects of the substituent
groups had a substantial effect on the activation of TRPA1 and steric effects had a very little

effect then ojk0608, chloro derivative, would either be the greatest agonist or the weakest

138



agonist of TRPA1 out of the three dependent on the how they interact. However, this is not
the case, and 0jk0608’s agonist response fits somewhere between the small methyl group
and the larger isopropyl group. Also, as previously mentioned in section 3.3.3.3, the
lipophilicity of the compounds may affect the activation of TRPA1 as was discussed by Lee
et al.(130) with regards to the activation of TRPA1 by alkylated phenols. This seems not to
be the case with regards to the para derivatives of 0jk06 as the chloro derivative which is a
lot less lipophilic than both the methyl and the isopropyl derivatives and is more potent

than the isopropyl and less potent than the methyl.

Dismissing the electronic effects and the lipophilicity of these compounds in order to place
confidence in the hypothesis that the greater the steric effects of the para substituent the
lower the activation of TRPA1 will be. This disregards any synergy between the properties
of 0jk0608 which, place it just behind 0jk0601 in terms of activation efficacy and potency
of TRPA1. Without further testing of different derivatives which disprove or confirm this

hypothesis no conclusion can be drawn.

The results of the antagonist assay, however, pose a slightly different question in that they
do not conform to the steric effect trend discussed above which as previously suggested in
section 3.3.3.3.2. This may be due to the compounds interacting with a different site in
order to inhibit TRPAL. This different site may be more receptive to the inductive electron
withdrawing effects of the chloro derivative as it is almost as potent as ojk0609 with
regards to its antagonist effect. Alternatively, it may be that ojk0608 inhibits by an
alternative site altogether, for example, A96 and AP-18 have been shown to inhibit TRPA1
via the TM5 menthol activation site(180), the same activation site as carvacrol and thymol
which 0jk06 and o0jk07 compounds are based on. The structure of these antagonists can be
seen in Figure 81(181). As can be seen from the structures of A96 and AP-18 they both
contain an aryl halide moiety similar to that of ojk0608. HC-030031 does not inhibit via
interaction the TM5 menthol site as reported by Xiao et al. (55), but may bind to the same
site as caffeine in human TRPA1(137). This has so far not been reported, but itis reasonable
to assume as HC-030031 is based on the caffeine structure. The ojk06 compounds may
interact with the same site as caffeine and potentially HC-030031 given the similarities in
structure and ojk0608 with its chloro group may inhibit at the same site and also be able to

interact with TRPA1 via the same binding site as A96 and AP-18.
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Figure 81 Comparison of 0jk0608 with specific potent TRPA1 antagonists A96 and AP18(104,182)

3.3.3.3.4 Comparison of ojk06 methyl derivatives

So far the effects of different substituents in the same position on the second phenyl ring
has been discussed, and similar trends have been observed between the ortho and para
positions with the substituents in the para position proving to have a more drastic effect
on the activation potential of TRPAL. In this section the differences between the same
substituent group in different ring positions will be assessed firstly the methyl derivatives

shall be compared followed by the isopropyl derivatives.

140



H

Syel é&

ojk0601 0jk0607

Efficacy = 72.0%
EC50 = 28.6uM
IC50 = 37.3uM*

*Value assumes full inhibition

Agonist effect of 0jk06 methyl
derivatives on TRPA1-HEK293 cells

100+

-]
o
L

=#= Carvacrol
=@ 0jk0601
== 0jk0607

%Cal Response
» o
o o
'l 'l

N
o
L

o

-6 -5 -4 -3

Log(agonist) / M

Inhibitory effect of 0jk06 methyl
derivatives on TRPA1-HEK293 cells

=0= HC-030031
=&~ 0jk0601
=®= 0jk0607

% Cinnamaldehyde Response
o
o
1

Log(antagonist) / M

Figure 82 Above: Comparison of assay results of 0jk0601 and o0jk0607. Below: Comparison of concentration effect
curves for 0jk0601 and 0jk0607 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3 experiments

The two methyl derivatives 0jk0601, p-methyl, and 0jk0607, o-methyl, have been
compared in Figure 82. From this comparison, it can be seen that the para derivative is a
more potent and efficacious TRPA1 agonist and a more potent inhibitor than the ortho
derivative. The effect of the position of the methyl group does not completely negate any
of the modulation properties of the compound with regards to TRPA1 however it does

affect the magnitude of modulation. It can only be postulated to the reason why this is the

141



case at the moment, it may be the case that the o-methyl group sterically hinders the
hydrogen bonding of the amide group which is key to the binding of the compound or it
may be that the p-methyl group is in a better position to bind to a key part if the binding
site. With regards to electronic effects, both groups are inductive electron donating groups
and any potential effect on the amide bond will be similar except that the o-methyl group

will have a stronger effect due to the closer proximity.
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3.3.3.3.5 Comparison of 0jk06 isopropy! derivatives
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Figure 83 Above: Comparison of assay results of 0jk0606 and 0jk0609. Below: Comparison of concentration effect
curves for 0jk0606 and 0jk0609 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3 experiments

The results from 0jk0606, o-isopropyl derivative, ojk0609, p-isopropyl derivative, are
compared in Figure 83. Both compounds show very similar agonist and antagonist
potencies and only differ significantly with regards to the efficacy of the agonist response
with the ortho derivative having the greater efficacy. The differences of the methyl

derivatives, discussed in section 3.3.3.3.4, show a more substantial differences in responses
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which could be due steric and electronic effects based on ring position, if this is the case
then the responses observed for the isopropyl derivatives would be much more
pronounced as the steric and electronic effects would be greater, yet this is not the case. It
must be stated that both 0jk0606 and ojk0609 have the highest EC50 values and lowest
efficacies of the 0jk06 and 0jk07 compounds, this could be due to the general bulkiness of
the isopropyl group which is having a negative effect on the agonist response rather than
ring position. With regards to the antagonist results it appears that the isopropyl group has
an impact on the binding of the compound and that the para position allows for slightly
greater binding, with 0jk0609 being the most potent TRPA1 inhibitor out of the ojk06 and
0jk07 compounds and is only slightly less potent than HC-030031 which in my system has
a calculated IC50 of 4 uM. When the structures of the ojk06 isopropyl derivative are
compared it can be seen that they share similarities to the HC-030031 structure see Figure
84. They both share the same isopropyl phenyl ring structure which is linked to another
ring structure via an alkyl amide linking group. The difference between the ojk0609 and
that of HC-030031 is the ring structure; ojk0609 has a 2-methyl-5-isopropyl phenyl ring and
HC-030031 has a purine ring structure. The similarities between these two compounds may
be the determining factor of the TRPA1 inhibition. This further backs up the possibility that
the 0jk06 compounds inhibit TRPA1 via the same binding site as HC-030031, potentially

through the caffeine binding site reported by Nagatomo et al.(137).

0w Mo N

O
HC-030031 ojk0609
IC50 = 4uM Efficacy = 42%
Highlighted to signify the EC50 = 36uM
core structural similarites to ojk0609 IC50 = 5uM

Figure 84 Chemical structure comparison of 0jk0609 with TRPA1 antagonist HC-030031. The core structure of both
compounds has been highlighted red.
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3.3.34 Ojk07 discussion

The 0jk07 library comprises 5 compounds based on thymol which has been linked via the
phenol group to another phenyl group, with the linking group taking the form of an
acetamide functional group. The 5 derivatives differ due to the substituents on the second
phenyl ring see Figure 85 for the general structure of the 0jkO7 compounds. This section

now compares the results obtained for the ojk07 library.

0jk0703 R, = Me, R, = H
0jk0705 R, = H, R, = i-Pr
| 0jk0706 R, = H, R, = Me
0jk0707 R, = Cl, R, = H
Ry 0jk0708 R, = i-Pr, R, = H

General structure of ojk07
red = thymol moeity
blue = acetamide linking group

Figure 85 General structure of 0jk07 compounds
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3.3.3.4.1 0jk07 ortho comparison
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Figure 86 Above: Comparison of assay results of 0jk0705 and o0jk0706. Below: Comparison of concentration effect
curves for 0jk0705 and 0jk0706 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3 experiments

The comparison of the 0jk07 ortho derivatives in Figure 86 shows a similar story to the
comparison of the same 0jk06 derivatives in that the o-methyl derivative, 0jk0706, is the
more potent TRPA1 agonist and the o-isopropyl derivative, 0jk0705 is the more potent
TRPA1 inhibitor. The efficacy of both compounds are very similar with the more potent
agonist ojk0706, methyl derivative, being slightly greater. The difference in the agonist

potency is greater than that observed for the 0jk06 compounds and the difference in the
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potency of inhibition is much lesser than that observed for the ojk06 compounds, this is
possibly due to ojk07 compounds in general being more potent agonists and ojk06
compounds being the more potent inhibitors this will be discussed in greater detail in
section 3.3.3.5. Overall the trend observed for the ojkO6 compounds is observed for the
0jk07 compounds with regards to the ortho ring position derivatives with slight differences

which are most likely due to the orientation of the second ring based on the linking group.

3.3.3.4.2 0jk07 para alkyl comparison
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Figure 87 Above: Comparison of assay results of 0jk0703 and o0jk0708. Below: Comparison of concentration effect
curves for 0jk0703 and 0jk0708 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3 experiments
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The comparison of the ojk07 alkyl para derivatives can be seen in Figure 87. The same trend
appears for these compounds as shown for their ojk06 counterparts. The p-methyl
derivative, 0jk0703, is a more potent and efficacious TRPA1 agonist than the isopropyl
derivative, 0jk0708, and the isopropyl derivative is a more potent TRPA1 inhibitor. The
potency of the p-isopropyl derivative, ojk0708, is a lot lower than the p-methyl, 0jk0703,
and is similar to that of its 0jk06 counterpart 0jk0609. This shows that the p-isopropyl group
lowers the potency of these compounds by a substantial amount even in the more agonist
favourable thymol configuration. The exact reason for this cannot be fully confirmed, but
the most likely reason is due to the increased size of the isopropyl group over the methyl

group.

With regards to the results from the antagonist assay, it can be seen that the p-isopropyl
derivative, 0jk0708, is a more potent inhibitor of TRPA1 than the p-methyl derivative,
0jk0703. These results are in line with what was observed for the ortho derivatives of ojk07
i.e. the o-isopropyl derivative of ok07 was a more potent inhibitor of TRPA1 than the o-
methyl derivative. Likewise, this also fits with the observations for the ojk06 compounds,
see section 3.3.3.3. These results show that isopropyl group of the second phenyl ring has
a beneficial effect on the inhibition of TRPA1 regardless of ring position. Also, the results
show that the isopropyl group of the second phenyl ring has a negative effect on the agonist
properties of both the ojk06 and 0jk07 compounds with the group in the para position

having the greatest effect.

3.3.3.4.3 0jk07 p-chloro comparison

RAS!

0jk0707
Efficacy = 95.6%
EC50 = 32.4uM
IC50 = 6.3uM

Figure 88 Assay results for 0jk0707.

148



The 0jk07 p-chloro derivative, 0jk0707, is fairly similar in its potency of activation of TRPA1
to 0jk0708, the p-isopropyl derivative, but has a greater efficacy than ojk0703, p-methyl
derivative. With regards to its full agonist profile of TRPA1, 0jk0707 falls somewhere
between 0jk0703 and 0jk0708 as can be seen by the concentration effect comparison graph

in Figure 89. This shares some similarities to what was observed with the o0jk06 compounds.
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Figure 89 Comparison of concentration effect curves for 0jk0703, 0jk0707 and 0jk0708 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments

The antagonist assay results show that 0jk0707 has the greatest potency of inhibition of
TRPA1 out of all the 0jkO7 compounds. It was suggested in section 3.3.3.3.3 that the p-
chloro derivative 0jk0608 may inhibit TRPA1 via a different binding site due to its
similarities to A96 and AP-18 and this may be the case for 0jk0707. The difference in IC50
values between the 0jk07 para derivatives does suggest that 0jk0707 inhibits via a different
binding site. The alternate binding site for the chloro derivatives will be discussed further
in section 3.3.3.5. Alternatively, the differences may be due to the differences in the

electronic effect of the substituent group as the methyl group has the lowest inductive
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electron donating effect, the isopropyl has a greater inductive electron donating effect, and
the chloro group has a strong inductive electron withdrawing effect. The strength and type
of electronic effect may reflect the potency of the inhibition observed with a strong
electron withdrawing group having the strongest inhibitory effect, this has been observed

and discussed further in chapter 4.

3.3.3.4.4 0jk07 methyl ring position comparison

YL 5%

0jk0703 0jk0706
Efficacy = 94.8% Efficacy = 102.7%
EC50=6.1uM EC50=17.5uM
IC50 = 23.4uM IC50 = 20.9uM

Figure 90 Comparison of assay results of 0jk0703 and ojk0706.

When the results for 0jk0703, p-methyl derivative, and 0jk0706, o-methyl derivative,
are compared there is not much difference in the two sets of results except for the EC50
values. Ojk0703 is a much more potent agonist than ojk0706 which shows that the
position of the methyl group does have a significant effect on how the compound binds
to the TRPA1 protein. This trend was also observed for the 0jk06 compounds in section
3.3.3.3.4 although the responses of the 0jk06 compounds were not as potent, a similar
difference in EC50 values was apparent. The 0jk0706 compound has a slightly more
potent antagonist response. However, the IC50 values are fairly similar and taking into
account the error in the results it can be determined that the position of the methyl
group has no effect on the inhibitory mechanism. This was not the case for the ojk06
methyl derivatives were a significant difference in IC50 values was observed, this
suggests that the orientation of the linking group affects the interactions of the second
phenyl ring, therefore, the methyl groups for the ojk07 do not have an effect on the
binding. The orientation of the linking group will be discussed further in section 3.3.3.5.
The differences between the comparisons of the methyl derivatives from the ojk06
group and the ojk07 group also suggest that activation of TRPA1 and the inhibition of

TRPA1 by these compounds occurs at different binding sites.
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Figure 91 Comparison of concentration effect curves for 0jk0703 and o0jk0706 on TRPA1-HEK293 cells. Data points are
means+SEM of N = 3 experiments
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3.3.3.4.5 0jk07 isopropyl ring position comparison
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Figure 92 Above: Comparison of assay results of 0jk0705 and o0jk0708. Below: Comparison of concentration effect
curves for 0jk0705 and 0jk0708 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3 experiments

The isopropyl derivatives of the ojk07 group have been compared in Figure 92. The ortho
derivative is a slightly more potent agonist and has a higher efficacy than the para
derivative. However, the para derivative is a more potent inhibitor of TRPA1 than the ortho

derivative. The differences in the responses of the two compounds show that the position
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of the isopropyl group on the second phenyl ring has a slight effect on the way it interacts
with the TRPA1 protein. Although the effect of the methyl group position produced a bigger
difference in the potency of the agonist response, but there is a bigger difference in efficacy
observed for the isopropyl derivatives. This suggests that the methyl group may be
important to the binding of the compound, whereas the isopropyl group affects the affinity
of the compound to the receptor site and therefore the efficacy of the compound. When
comparing the differences of the isopropyl derivatives of the ojk07 group to the ojk06
group, similar trends were observed except the differences in responses for the ojk06

isopropyl derivatives were not as great.

3.3.3.5  0jk06 vs. 0jk07

In section 3.3.3.3 and section 3.3.3.4 the compounds of o0jk06 and ojk07 groups were
compared to each other. In this section, the two groups of compounds will be compared
against one another, in order to determine the effect of the position of the linking
acetamide group on the modulation of TRPA1l. Comparison graphs for each of the
derivatives can be seen in Figure 94. Generally, the 0jk07 compounds, which are based on
thymol, are greater agonists of TRPA1 than the ojk06 compounds, which are based on
carvacrol, and that ojk06, are more potent inhibitors of TRPA1 than ojk07, thymol based.
This follows the trend observed for the thymol and carvacrol assays carried out in chapter
5 which saw thymol being the greater agonist and carvacrol the greater inhibitor of TRPA1.
These data suggest that the phenol or the ether group of thymol/carvacrol and o0jk06/0jk07
respectively are important to influence how the compounds bind to the TRPA1 receptor.
The reason for the differing responses may be due to the proximity of the phenol/ether
group to the isopropyl group. In the thymol based compounds, the phenol/ether group is
close to the isopropyl compared to the carvacrol based compounds where it is further
away. Being closer to the isopropyl group may be beneficial to activation and have a

negative effect on inhibition.

The differences between the two groups may lay in the lowest energy conformation of the
compounds due to the position of the linking groups. It may be the case that the ojk07
compounds, due to the proximity of the isopropyl group on the first ring, have a more
planar structure and that the ojk06 compounds show a more angled structure with regards
to how the two phenyl rings align. The structures of the linking groups and how they align
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to the two phenyl groups may be the reason why there is a difference between the two
groups with regards to activation and inhibition. The complex calculations required to give
an indication to the lowest energy conformations for these compounds is out of the scope

of this research.

The responses observed for the two chloro derivatives, 0jk0608 and ojk0707, show very
similar inhibitory responses which disagree with the general trends observed; this may be
due to the TRPA1 binding site that these two molecules interact with. As previously
mentioned in section 3.3.3.3.3 the structure of the chloro derivatives closely matches that
of known TRPA1 antagonists A96 and AP-18 which have been shown to act through the
TMS5 menthol binding site(55). This further backs up the idea proposed in section 3.3.3.3.3
that these compounds act through a different binding site to the rest of the 0jk06 and ojk07

compounds.
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Figure 93 Comparison of concentration effect curves for 0jk06 and their 0jk07 counterparts on TRPA1-HEK293 cells.
Data points are means+SEM of N = 3 experiments
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Figure 94 Comparison of concentration effect curves for 0jk06 and their 0jk07 counterparts on TRPA1-HEK293 cells.
Data points are means+SEM of N = 3 experiments

3.3.3.5.1 TRPMS& Modulation

All of the ojk01, ojk06 and 0jk07 compounds were screened for modulation of TRPMS8-
HEK293 cells using the same calcium signalling assay as for the TRPA1-HEK293 cells. The
only hit was for 0jk0606 which was found to inhibit TRPMS8 channels. The results of the
screening indicate that the effects of these compounds on TRPA1 are selective to TRPA1

over TRPMS. This is a significant finding because TRPMS8 is similar in structure and function
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and both share common modulators such as menthol and thymol, the parent compound

for many of this series.

A full concentration effect curve was then constructed, and 0jk0606 was found to fully
inhibit the agonist effect of WS-5 on TRPM8 with an IC50 value of 29 uM. The potency of
0jk0606 is slightly higher than known TRPMS8 antagonists BCTC, thio-BCTC and capsazepine
(IC50=0.8, 4 and 18 uM respectively)(183). Further work is required to determine the key
structural features that allow for the inhibition of TRPMS8 by 0jk0606.

3.3.4  Summary and Conclusion

To conclude this chapter an array of novel compounds, based on the TRPA1 agonist's
thymol and carvacrol, have been synthesised using two different pathways. They have then
been assayed for interaction with the ion channel, TRPA1, expressed in HEK293 cells. The
synthesis pathways used to produce the compounds in this chapter are based on simple
reactions that when utilised in a certain order produced novel compounds, the routes used
are simple and produced products of high yield and purity. The compounds synthesised
have been assayed in three different cell systems; TRPA1-HEK239 cells, TRPM8-HEK293
cells and mock transfected-HEK293 cells. All compounds showed no response in the mock
transfected-HEK293 cells which determined the responses observed in the TRPA1 and
TRPMS8 systems are through the TRPA1 and TRPMS8 protein. In the TRPM8-HEK293 cells,
only ojk0606 was found to inhibit the activation of TRPM8 by WS-5 all of the other
compounds from the ojk01, ojk06 and ojk07 groups showed no activity with regards to
TRPMS, this determines that the responses observed in the TRPA1-HEK293 cells are via
TRPA1. The results using the TRPA1-HEK293 cell system showed a more varied array of
results. Of the ojk01 group, only three compounds showed any modulation of TRPA1 these
were 0jk0107, 0jk0109 and ojk0111 all three displayed activation and desensitisation of
TRPA1. From the analysis of the results obtained from the ojkO1 compounds it was seen
that the linking group was important to the binding of the compounds to the TRPA1
receptor sites as the ester compounds showed no modulation whatsoever while all the
active compounds had amide linking groups. Ojk0109 and ojk0111 were both chloro
derivatives and the position of the chloro group on the second phenyl ring proved to have

an influence over the gating of TRPA1. Also, the length of the linking group was speculated
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to have an effect on the potency of activation and inhibition. The ojk06 and ojk07
compounds were all TRPA1 agonists which then desensitised any further activation. A
detailed structure-activity relationship study was carried out and identified key structural
features which had an effect on the potency and efficacy of the TRPA1 interaction. The
results from this research have met the aims as it has highlighted certain key points to be

considered for future TRPA1 drug development.

157



4The effect of fenamic acid

derivatives on TRPA1

4.1Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are one of the most frequently prescribed
classes of drugs around the world. NSAIDs are recognised as having very effective anti-
inflammatory, antipyretic and pain relieving effects. Usage of NSAIDs can date back 3,500
years since the discovery of the pain relieving, soothing effect of bark from the willow
tree(184). Salicylic acid, the extract from willow bark responsible for its therapeutic effects,
was altered to acetylsalicylic acid, marketed by Bayer AG in 1897 as Aspirin, which it is
commonly referred to today. It wasn’t until 1959 when another drug was synthesised with
similar therapeutic properties as aspirin. This was ibuprofen discovered by John Nicholson
from the Boots Company. lbuprofen was the first non-aspirin NSAID brought to market.
Since then NSAIDSs have proved to be a successful treatment for mild pain relief, as today
there are approximately 50 other non-aspirin NSAIDs available to patients. Together

NSAIDS are the most commonly prescribed drug worldwide(185).

NSAIDs are commonly prescribed for mild to moderate pain relief in inflammatory diseases
such as rheumatoid arthritis. NSAIDs as a class of drug can be subdivided into 7 main groups
see Table 23. As diverse as NSAIDs appear to be, with differing pharmacokinetic and
pharmacodynamics properties, they all share the same mode of action. They all inhibit
cyclooxegenase enzymes, blocking prostaglandin production producing the analgesic,
antipyretic and anti-inflammatory therapeutic effect but at the risk of gastric

bleeding(186).
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Group Name

Representative chemical structure

Brand Name examples

Salicylates o Aspirin, Diflunisal,
)k Salsalate
0]
O OH
Aspirin
Arylalkanoic acids 0 Diclofenac,

N

0 Indomethacin, Tolmetin
W,
OH
Ketorolac
2-arylpropionic acids 0 Ibuprofen, Naproxen,
(profens) OH Ketoprofen, Flurbiprofen
Ibuprofen

N-arylanthranilic acids or

fenamic acids

H COOH

Mefenamic acid

Flufenamic acid.
Mefanamic acid,

Meclofenamic acid

Pyrazolidine derivatives

SOy

Phenylbutazone

Phenylbutazone

Oxicams

OH O /|
X

X N~ °N
H

S/N\

/7 \

@]

Piroxicam

Piroxicam, Meloxicam,

Droxicam
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Sulfonanilides O Nimesulide

Nimesulide

Table 23 7 classes of NSAIDs

Of these seven groups of NSAIDs one in particular, the fenamic acids, have shown varied
activity on ion channels. Mefanamic and Flufenamic acid (MFA and FFA respectively) were
first found to have therapeutic effects similar to ibuprofen and aspirin in the early 1960s
by Winder et al.(187,188). Since then many other derivatives of fenamic acid have been
found to act upon COX enzymes in the same way to produce a similar therapeutic effect; a
selection can be seen in Figure 95. Fenamic acids, despite lower effectiveness compared to
other NSAIDs, have been commonly used to treat pain and inflammation associated with
musculoskeletal and joint disorders with local application. Oral use of fenamic acids was
discontinued in the 1980s due to the variability of absorption(189). With these drawbacks
and the fact that fenamic acids still showed similar side effects to other NSAIDs, their use

was somewhat limited.

COOH

o0

2-(phenylamino)benzoic acid

COOH COOH Cl COOH
H H H
Cl

Flufenamic acid Mefenamic acid Meclofenamic acid
COOH
H
COOH N COOH
H H
T peas
N A cl cl
Niflumic acid DCDPC Tolfemaic
acid

Figure 95 Selection of marketed NSAIDs based on the fenamic acid structure
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Interest in fenamic acid, with flufenamic acid leading the way, has been regenerated due
to the discovery that fenamic acid compounds have an effect on calcium and sodium
uptake in lymphoid cells suggesting interactions with ion channel proteins(190). In the last
15 years, the identities of these channels have been discovered; so far these include CI,
Na*, K" and non-selective cation channels. The effect that fenamic acids have on this broad
spectrum of channels varies depending on which derivative is used and is very much based
on chemical properties of the derivative as to whether it acts as an agonist or inhibitor with

regards to a certain ion channel.

Flufenamic acid has been the most frequently studied with regards to the effect of fenamic
acids on ion channel proteins. It seems when other fenamic acids have been studied such
as niflumic acid and mefenamic acid, flufenamic acid tends to have a more potent effect.

The following is a discussion of the effects that FFA has on different TRP channels.

FFA was found to activate an alpha-adrenoreceptor-activated and Ca**-permeable non-
selective cation channel in rabbit portal vein smooth muscle(191). The identity of the
channel responsible was later found to be TRPC6; when expressed in HEK293 cells FFA
concentrations of 100 uM doubled the amplitude of the current prior to exposure to
FFA(192). The activation effect of FFA on TRPC6 has been replicated and studied in more
detail by Foster et al. who showed that intracellular calcium increases in TRPC6-HEK293
expression systems was due to direct interaction with FFA, and mutations in the TRPC6
protein abolished the effect caused by FFA(193). They also showed Niflumic acid (NFA) had
no observable effect on TRPC6-HEK293 cells indicating a very specific interaction between
FFA and TRPC6. Interestingly another report has shown FFA to have an inhibitory effect on
TRPC6 with an IC50 value of 17 uM when expressed in HEK293 cells(194). The contradictory
results presented by these two studies show that more research is necessary to fully
elucidate the nature of FFA interaction with the TRPC6 channel. One possible explanation
is the formation of heterotetramers that can form between TRPC6 and TRPC3/TRPC7 as
FFA has been shown to inhibit both TRPC3 and TRPC7. Inoue et al. have shown that 100 uM
FFA inhibits TRPC3 and TRPC7 by 60 and 90 % respectively(192). It has also been shown
that FFA inhibits TRPC3-like currents from rabbit ear arterial myocytes(195).

TRPC3/6/7 form one subdivision of the TRPC family due to their sequence similarity,
another subdivision can be formed due to sequence similarity, this family is TRPC1/4/5.

161



TRPC5 was first found to interact with FFA by Lee et a/.(196). They found that 100 uM FFA
reduced TRPC5 current by 92 %. More recently FFA and other fenamic acid derivatives were
found to inhibit TRPC4 and 5. It was also shown that one derivative did not inhibit but
activated the channel. This was the 2-(2’-methoxy-5'methylphenyl)aminobenzoic acid

derivative (see Figure 96 for the structure)(152).

o COOH

ZT

2-((2-methoxy-5-methylphenyl)amino)benzoic acid

Figure 96 TRPC4/5 inhibitor

TRPM2 has been found to be the most abundant TRP channel in the brain and indicated to
play a role in cell death caused by oxidative stress(197). It has been shown by several
groups that fenamic acids inhibit TRPM2, with FFA being the most potent inhibitor tested,
followed by NFA and then MFA. FFA has been found to inhibit TRPM2 (expressed in HEK293
cells) activation by 90 % at dose concentrations of 50 uM and at 200 uM (197,198). It is of
interest to note that extracellular acidification enhances the inhibitory effect of FFA and
other fenamic acids. This effect can be potentially explained by the effect a decrease in pH
has on the acidic group of the fenamic acids allowing them to diffuse across the cell
membrane more readily, therefore increasing intracellular concentration and greater
interaction between the channel and fenamic acid. Another explanation has been put forth
that acidic pH modifies the TRPM2 channel in such a way that is favourable towards
interaction with fenamic acids(197). More recently the same interactions have been
observed by Klose et al. who reported an IC50 of 155 uM for TRPM2 inhibition by FFA. In
addition it was reported that TRPM3 was also inhibited by fenamic acids with FFA reported
to have an IC50 of 33 uM; both TRPM2 and M3 were expressed in HEK293 cells(194).

TRPM4 and TRPM5 do not conduct Ca* but instead are activated by internal Ca**. Despite
their similarities with regards to Ca®' interaction TRPM4 and 5 have vastly different
functions in the body. TRPM4 is associated with insulin secretion, immune response, neural
blast discharge in breathing related neurons and cardiac dysfunctions(199). TRPM5 on the

other hand has a role to play in taste receptor cells(200). FFA has been found to inhibit both
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channels. It is TRPM4 that is of most interest due to the potency of the inhibition that FFA
has on the channel not just in heterologous expression systems such as HEK293 cells
(IC50 = 2.8 uM) but also in native tissue, such as rat cardiomyocytes. TRPM4 has been
inhibited by FFA with a calculated IC50 value of 6 uM(201). These IC50 values are
significantly lower than those found for TRPM5. The IC50 for FFA in TRPM5-HEK293 cells is
25 uM, tenfold higher than that for TRPM4(202). The high potency of FFA on TRPM4 may
lend its self to being a useful pharmacological tool in the study of TRPM4 channels.
Interestingly the plasma concentrations of FFA, ranging from 4-12 uM after application, are
sufficiently high to have an effect on TRPM4, which is ubiquitously expressed(203). The
effect of FFA on TRPM4 may explain some of the physiological effects caused by FFA.

TRPM7 and M8 have been reported to interact with FFA. It has been reported by three
separate groups in three different cell lines, rat brain microglia, human breast cancer cell
line MCF-7 and in mouse renal tubule, that 100 uM of FFA reduces TRPM7-like currents by
50 %. However, it must be noted that no direct interaction between TRPM7 and FFA has
been reported(204-206). Hu et al. have reported the partial inhibition of TRPMS8

heterologously expressed in Xenopus oocytes by 100 uM of FFA(141).

It has been reported that concentrations of 100 uM FFA inhibit TRPV1 by 57-75 % when
heterologously expressed in Xenopus oocytes. The same report shows TRPV3 inhibition by
FFA at 100 uM by 57-67 % when expressed in Xenopus oocyte(141). The mechanosensitive
TRPV4 channel expressed in HEK293 cells was found to be inhibited by common fenamic
acids with FFA proving to be the most potent followed by NFA and then MFA. FFA was
found to inhibit TRPV4 with an IC50 of 41 uM(194).

The effect of fenamic acids on TRP channels has shown a trend of inhibition with TRPC6
being the exception. TRPA1 is also another exception, as it has been reported that a variety
of different fenamic acids and other NSAIDs activate TRPAL. FFA and NFA both stand out
as being the most potent TRPA1 agonists with EC50 values of 24 uM and 28 uM respectively
for TRPA1 expressed in WI-38 fibroblast. FFA and NFA are slightly more potent than MFA
which has been reported to have an EC50 value of 61 uM in the same system. FFA was also
shown to activate TRPA1 in HEK293 cells with an EC50 value of 57 uM. FFA and NFA were
found to be the most potent agonists of TRPA1 when tested alongside other common
NSAIDs, see Table 24 for a summary of results(141). TRPA1l is believed to be
163



thermosensitive and be activated by noxious cold temperatures (below 17°C). It is of
interest to note that a study has shown that warming from 23 to 39°C prevents TRPA1
activation by FFA at a concentration of 300 uM(207).
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NSAID compounds | EC50 ( uM) in TRPA1 expressing WI-38 cells
FFA 2413
NFA 2813
MFA 6115
Nifedipine 15748
Diclofenac 210422
Flurbiprofen 342+6
Indomethacin 470+54
Ketoprofen 500462
Controls
compounds
Ally isothiocyanate 50+5
Acrolein 8519
Cinnamaldehyde 400141

Table 24 Effect of common NSAIDs on TRPA1 as reported by Hu et al.(141)

4.1.1  Aims and hypothesis

So far fenamic acids (particularly FFA) have been shown to interact with a wide variety of
TRP channels. It has also been shown that FFA is a strong activator of TRPA1 with an EC50
of 24 uM when expressed in WI-38 fibroblasts. Alongside FFA only NFA and MFA have been
studied with regards to their effect on TRPAL. | aim to therefore expand on these initial
results by assaying a series of ten fenamic acid derivatives on TRPA1 expressed in HEK293
cells in a structure activity relationship (SAR) study. It has been shown in TRPC4/5 that small
changes in structure can drastically alter the functional effect a compound has on the
TRPC4/5 as the 2-(2’-methoxy-5'methylphenyl) aminobenzoic acid was reported to
stimulate TRPC4/5 instead of blocking activity as with other fenamic acids(152). It is
therefore hypothesised that structural modification of the fenamic acid skeleton may

directly alter the nature of interaction and/or the potency of interaction with TRPAL1.
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4.2 Results

In this section the results for the calcium signalling assays have been described in detail.

All the compounds assayed have been tested against mock-transfected HEK293 cells, at the
highest concentration used in the agonist and antagonist assays, to determine any effects
that the compound has on HEK293 cells. There was no response observed in the mock-
transfected HEK293 cells for all of the compounds assayed. Therefore the responses
observed in the TRP gene transfected HEK293 cells can be deemed to be via gene product
of the plasmid the HEK293 cells have been transfected with (see Figure 97 for data traces

of responses for selected test compounds from each of the three compound groups).

Calcium signalling trace for controls using mock transfected HEK293

40000 cells
©
[
8
@ 35000
(%]
g
& 30000
)
[
>
(@]
O 25000
=
Z
>
2 20000 M % :
2 WMMWMW\NWA'
"~ 15000
0 20 40 60 . 80 100 120 140 160
Time,s
NDGA M4N N1 Calcium lonophore

Figure 97 Raw data traces for a selection of test compounds on mock transfected HEK293 cells

4.2.1 Issues with the calcium signalling assay

method

In section 3.2.1 any issues with the calcium signalling method and subsequent corrective

actions have been explained.
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4.2.2 Fenamic acid and associated NSAIDs

COOH
H
Fenamic acid
COOH

COOH COOH Cl o]
H H H
F3C N N N OH
cl
Flufenamic acid Mefenamic acid Diclofenac Ketoprofen

Figure 98 Chemical structures of fenamic acid and related NSAIDs
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Efficacy / % of full
EC50
Cinnamaldehyde IC50/ uM
/ uM
response
Fenamic acid 71.36 96 151.50
Flufenamic acid 24.04 107.3 7.86
Mefenamic acid 33.77 109.2 8.46
Diclofenac 60.97 63.1 13.87
Ketoprofen 111.20 44.0 ND

Table 25 Summary of fenamic acid NSAIDs response on TRPA1-HEK293 cells

Fenamic acid and fenamic acid based NSAIDs have been analysed in full for both agonist
and antagonist response in calcium signalling assays using TRPA1 transfected HEK293 cells

as per the method in section 2.2; their structures can be seen in Figure 98 above.

EC50 values of Fenamic acid and related

o O

NSAIDs
140
120
100
2
3 80
o
B 60
w
4
2
0

Fenamicacid Flufenamic ~ Mefenamic  Diclofenac  Ketoprofen
acid acid

Figure 99 EC50 values calculated from agonist calcium signalling assay. Error bars represent 95 % Confidence interval of
non-linear regression analysis
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TRPA1 efficacy for Fenamic acid and related
NSAIDs

120.0

100.0
80.0
60.0
40.0
20.0

0.0

Fenamicacid Flufenamic Mefenamic Diclofenac Ketoprofen
acid acid

TRPAL1 efficacy
(% of 100 uM Cinna response)

Figure 100 Efficacy of Fenamic acid and related NSAIDs on TRPA1-HEK293 cells compared to max response (100 uM) of
the TRPA1 agonist Cinnamaldehyde

All 5 of the compounds have been assayed for their activation of TRPA1 in transfected
HEK293 cells at a minimum of 6 concentration points ranging 1 uM to 300 uM (allowing for
solubility) in triplicate. Each concentration was tested in duplicate for each replicate assay
carried out. All 5 compounds showed a concentration dependent increase in intracellular
calcium upon exposure to the assay compound which was fully inhibited by the TRPA1
specific antagonist HC-030031. Therefore it can be assumed that the increase in
intracellular calcium is due to the activation and the subsequent gating of TRPA1 causing
an influx of calcium into the cells. The EC50 values calculated for these compounds can be
found in Figure 99 above. Flufenamic acid (FFA) was found to be the most potent agonist
with a calculated EC50 value of 24 uM, and the least potent compound was Ketoprofen

with an EC50 value of 111 puM.
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4.2.2.1 Fenamic acid

COOH

ZT

Fenamic acid

Figure 101 Chemical structure of fenamic acid
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Figure 102 Agonist (above) and antagonist (below) concentration effect curves for Fenamic acid on TRPA1-HEK293 cells.
Data points are means+SEM of N = 3 experiments
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Fenamic acid, the parent structure for all the compounds analysed in this chapter has been
assayed using both the agonist and antagonist calcium signalling assays, outlined in section
2.2 to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration

effect curves can be seen in Figure 102.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031;
therefore this response can be attributed to the gating of TRPA1 channels. The agonist
concentration effect shows an almost complete sigmoidal curve over the testing
concentration range of 1 uM to 400 uM, testing at greater concentrations was not carried
out due to the insolubility of fenamic acid in the test medium at higher concentrations
causing light scattering to occur and affecting the fluorescent response. From the non-
linear regression analysis, the best fit curve, the variable slope four parameter curve,
indicates that the response at 400 uM is just at the plateau point. The calculated EC50 was
71 uM, with an initial response occurring at 10 uM and a maximum response of 70 %Cal
occurring at 400 uM which is the assumed plateau point. The efficacy of fenamic acid has
been calculated at 96 % of the maximum response of Cinnamaldehyde (100 uM).

Therefore, fenamic acid can be deemed to be a full agonist of TRPA1.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde in my system) was observed with
increasing concentration of pre-dosed fenamic acid. Fenamic acid was tested over the
concentration range of 1 uM to 400 uM. Fenamic acid was not soluble in the assay media
with concentrations greater than 400 uM therefore a response was not recorded. The first
significant reduction in response to cinnamaldehyde occurred at the 30 uM concentration
point when the response was reduced by 23 %. The maximum reduction in response to
cinnamaldehyde occurred at 400 uM when the response was reduced by 65 %. Full
inhibition was not observed over the concentration range tested. Whether fenamic acid
inhibits TRPA1 fully or partially cannot be fully elucidated from the data presented,
however non-linear regression analysis of the data points can fit a curve from which a
prediction can be made. The first non-linear regression analysis assumes full inhibition. This
is the normalised variable response curve, the curve has a good fit with an R? = 0.8962 this

curve calculates an IC50 value of 151 uM. The second non-linear regression model, the
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variable slope four parameter model, fits the curve to the data points with a variable Hill
slope i.e. not fixed to -1.0 and doesn’t assume full inhibition. This curve showed a greater
degree of fit with an R®> = 0.9107, however this is only a slightly better fit than the
normalised model. The curve for this model predicts a partial agonist response with a
predicted IC50 value of 63 uM. With the data presented it is difficult to conclude the full

nature of the inhibitory response observed for fenamic acid.

From this analysis of the agonist and antagonist assays of fenamic acid on TRPA1-HEK293
cells, it can be determined that fenamic acid is a full agonist of TRPA1 which after the initial
activation of TRPA1 inhibits further activation via a desensitisation effect. Fenamic acid is
the parent compound to all the other compounds assayed in this chapter and provides a
good basis of comparison for the calcium signalling results of the derivatives of fenamic

acid to be analysed.
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4.2.2.2 Flufenamic acid

H
F3C\©/N

Flufenamic acid

COOH

Figure 103 Chemical structure of flufenamic acid
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Figure 104 Agonist (above) and antagonist (below) concentration effect curves for Flufenamic acid on TRPA1-HEK293
cells. Data points are means+SEM of N = 3 experiments

173



Flufenamic acid (FFA) has been assayed using both the agonist and antagonist calcium
signalling assays to assess the compound’s effect on TRAP1-HEK293 cells; the resulting
concentration effect curves can be seen in Figure 104 above. In the antagonist assay, a
concentration dependent reduction in the cinnamaldehyde response was observed

suggesting that FFA desensitised TRPA1 to further activation by cinnamaldehyde.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed, which was inhibited fully by the TRPA1 specific inhibitor HC-030031 therefore
this response can be attributed to gating of TRPA1 channels. An increase in intracellular
calcium corresponding to activation of the TRPA1 channel was first seen at the 5 uM
concentration which gave a response of 20 %Cal. The response plateaued between the
50 uM and 100 uM concentration levels. The plateau was found to occur at 80 %Cal this
maximum result gave FFA an efficacy of 107 % of the maximum response of
cinnamaldehyde. Therefore FFA can be deemed a full agonist of TRPA1. Non-linear
regression analysis was carried out with the variable slope four parameter model producing

the best fit curve. This curve gave a calculated EC50 value of 24 uM.

The antagonist concentration effect shows a complete sigmoidal curve over the testing
concentration range of 1 uM to 150 puM. The first significant reduction in response to
cinnamaldehyde occurred at the 5 uM concentration point when the response was reduced
by 32 % and the maximum reduction in response to cinnamaldehyde occurred at 100 uM
when the response is reduced by 96 % which can be deemed to be full inhibition of TRPA1.
Non-linear regression analysis was carried out and the best fit curve used the normalised

variable slope model which calculated an IC50 of 8 uM.
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4.2.2.3 Mefenamic acid

COOH

ZT

Mefenamic acid

Figure 105 Chemical structure of mefenamic acid
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Figure 106 Agonist (above) and antagonist (below) concentration effect curves for Mefenamic acid on TRPA1-HEK293
cells. Data points are means+SEM of N = 3 experiments
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Mefenamic acid (MFA) has been assayed using both the agonist and antagonist calcium
signalling assays to assess the compound’s effect on TRPA1-HEK293 cells. The resulting

concentration effect curves can be seen in Figure 106 above.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed, which was inhibited fully by the TRPA1 specific inhibitor HC-030031 therefore
this response can be attributed to gating of TRPA1 channels. MFA was assayed over the
concentration range of 1 uM to 400 pM with a close to complete sigmoidal curve,
concentrations above 400 uM could not be tested due to solubility issues. An increase in
intracellular calcium corresponding to activation of the TRPA1 channel was first seen at
10 uM with a response of 22 %Cal. The maximum response was observed at the 400 uM
concentration point with a response of 79 %Cal. Non-linear regression analysis was used
with two different models being fit to the data points. The best fit curve was the variable
slope four parameter curve which predicts a plateau to occur at concentrations just above
400 uM with an efficacy of 109 % of the maximum cinnamaldehyde response. The best fit

curve also calculates an EC50 of 34 pM.

In the antagonist assay, a concentration dependent reduction in the cinnamaldehyde
response was observed suggesting that MFA desensitised TRPA1 to further activation by
cinnamaldehyde. The antagonist concentration effect shows a complete sigmoidal curve
over the testing concentration range of 0.1 uM to 150 uM. The first significant reduction in
response to cinnamaldehyde occurred at the 1 uM concentration point when the response
was reduced by 21 % and the maximum reduction in response to cinnamaldehyde occurred
at 150 uM when the response was reduced by 96 %, which is deemed to be full inhibition
of TRPA1. MFA completely inhibits the agonist response of cinnamaldehyde on TRPA1.
Non-linear regression analysis was used to determine the best fit curve, which was
calculated using the normalised variable slope model. The best fit curve calculates an IC50

of 10 uM.
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4.2.2.4 Diclofenac

COOH
Cl

ZT

Cl
Diclofenac

Figure 107 Chemical structure of Diclofenac
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Figure 108 Agonist (above) and antagonist (below) concentration effect curves for Diclofenac on TRPA1-HEK293 cells.
Data points are means+SEM of N = 3 experiments
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Diclofenac (DFC) was assayed using both the agonist and antagonist calcium signalling
assays to assess the compound’s effect on TRAP1-HEK293 cells, the resulting concentration

effect curves can be seen in Figure 108 above.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed, which was inhibited fully by the TRPA1 specific inhibitor HC-030031 therefore

this response can be attributed to gating of TRPA1 channels.

DFC was assayed over the concentration range of 1 uM to 400 uM, over which a complete
sigmoidal curve was observed. An increase in intracellular calcium corresponding to
activation of the TRPA1 channel was first seen at the 30 uM concentration with a response
of 11 %Cal. The maximum response was observed at the 200 uM concentration point with
a response of 46 %Cal. The response can be seen to plateau between the 100 and 200 uM
concentration points; this plateau corresponds to an efficacy of 63%. Non-linear regression
analysis using the two models outlined in section 2.2.6 was carried out, the best fit curve
was the variable slope four parameter curve. The best fit curve confirms that DFC is a partial

agonist of TRPA1 and has also calculated an EC50 of 61 uM.

In the antagonist assay, a concentration dependent reduction in the cinnamaldehyde
response was observed suggesting that DFC desensitised TRPA1 to further activation by
cinnamaldehyde. The antagonist concentration effect shows a complete sigmoidal curve
over the testing concentration range of 1 uM to 150 uM. The first significant reduction in
response to cinnamaldehyde occurred at the 10 uM concentration point when the
response was reduced by 44 % and the maximum reduction in response to cinnamaldehyde
occurred at 150 puM when the response was reduced by 91 %, which is deemed to be
complete inhibition of TRPA1l. DFC completely inhibits the agonist response of
cinnamaldehyde on TRPA1. Non-linear regression analysis was carried out, and the best fit
curve was produced using the normalised variable slope model which calculated an IC50 of

11 pM.
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4.2.2.5 Ketoprofen
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Ketoprofen

Figure 109 Ketoprofen
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Figure 110 Agonist concentration effect curves for ketoprofen on TRPA1-HEK293 cells. Data points are means+SEM of
N=3 experiments

Ketoprofen has been assayed using both the agonist and antagonist calcium signalling
assays to assess the compound’s effect on TRPA1-HEK293 cells; the resulting concentration

effect curve can be seen in Figure 110 above.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed, which was inhibited fully by the TRPA1 specific inhibitor HC-030031 therefore
this response can be attributed to gating of TRPA1 channels. Ketoprofen was assayed over
the concentration range of 1 uM to 400 uM, over which a complete typical sigmoidal curve
was observed. An increase in intracellular calcium corresponding to activation of the TRPA1
channel was first seen at the 50 uM concentration point with a response of 10%Cal. The
response then plateaued between the 100 and 200 puM concentration points. The

maximum response observed was at the 200 uM concentration point with a response of
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32 %Cal. This maximum response corresponds to an efficacy of 44%, therefore indicating
that ketoprofen acts as a partial agonist of TRPA1. Non-linear regression analysis was
carried out, and the best fit curve was produced using the variable slope four parameter

model which calculated an EC50 of 111 uM.

In the antagonist assay, no inhibition of the activation of TRPA1 by cinnamaldehyde was
detected. When assayed using the antagonist calcium signalling assay ketoprofen showed
no inhibition of the activation of TRPA1 by cinnamaldehyde up to a concentration of

400 pM, concentrations greater than this could not be tested due to issues with solubility.

4.2.3 Preliminary Screening
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Figure 111 Chemical structure of synthesised fenamic acid derivatives

A preliminary screen was carried out on all of the in-house synthesised fenamic acid
derivatives seen in Figure 111. The compounds screened have previously been screened
for TRPC4/5 modulation and details on the synthesis can be found within the published
article by Jiang et al. (152). The preliminary screening comprised of each compound being
tested at a 50 pM concentration level in both agonist and antagonist calcium signalling
assays on TRPA1 transfected HEK293 cells. Any compounds that showed any kind of
significant response were taken forward to be assayed in full. For the agonist assay, a
significant response was deemed to be an increase in intracellular calcium equal or greater
than 10 % of the calcium ionophore response. For the antagonist assay, a significant
response was deemed to be a decrease in cinnamaldehyde response by equal or greater

than 10 %.
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Average Agonist Average Antagonist
Response at 50 uM SEM Response at 50 uM SEM
%Cal %Cinna Response

SLEO5 15 4.0 ND -
SLEO7 11 3.9 ND -
SLEO8 35 2.7 ND -
SLE10 30 2.2 ND -
SLE12 16 4.1 ND -
SE01 ND - 18 8.9
SE02 ND - 51 22.2
SE04 62 6.0 54 19.2
SE05 ND - 59 23.1
SE06 ND - 70 13.1

Table 26 Preliminary Screening results table. ND: Response Not Detected

The calcium signalling preliminary screening was carried out as per the method in section
2.2 each compound was tested in triplicate, in both agonist and antagonist assays, an
average response was calculated and reported in Table 26. Of the ten derivatives tested 6
gave a positive hit as a potential agonist these were; SLEO5, SLEQ7, SLEOS, SLE10, SLE12 and
SEO4 the structures of these derivatives can be seen in Figure 111. The antagonist assay
gave positive hits for 5 of the ten derivatives these were SE0Q1, SE02, SE04, SEO5 and SE06.
Of the five antagonist hits only one derivative gave a hit in the agonist assay this being SE04.
The other four potential antagonists did not show a positive response in the agonist

preliminary screen.
4.2.4  Calcium signalling results for synthesised

fenamic acid derivatives

From the preliminary screening in section 4.2.3 the following derivatives: SLEO5, SLEQ7,
SLEOS8, SLE10, SLE12 and SEO4 were selected to be assayed over a range of concentrations
using the agonist calcium signalling method. The following derivatives: SEOQ1, SE02, SEQ4,
SEO5 and SE06 were selected to be assayed over a range of concentrations using the

antagonist calcium signalling method.
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4.2.4.1 SLEOS
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Figure 112 Chemical structure of SLEO5
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Figure 113 Agonist concentration effect curves for SLEO5 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

From the preliminary screening SLEO5 displayed potential agonist properties towards
TRPA1. Figure 113 above shows the result of a full concentration effect profile carried out
using the agonist calcium signalling assay method, detailed in section 2.2, with TRPA1-

HEK293 cells.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. SLEO5 was
tested over the concentration range of 1 uM to 300 uM; over this range a partial sigmoidal
response was observed. Greater concentrations could not be tested due to solubility issues,
and therefore a full concentration effect curve could not be constructed. The first
significant response was observed at the 10 uM concentration point with a response of

12 %Cal. The maximum response was observed at 300 uM with a response of 34 %Cal. The
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concentration effect curve does not reach a maximum plateau within the concentration
range assayed and therefore an accurate determination of the TRPA1l agonist
characteristics cannot be made. However, non-linear regression analysis was carried out
using the two models described in section 2.2.6. The best fit curve was produced using the
variable slope four parameter model. The curve predicts a partial agonist response for

SLEO5 with an efficacy of 55 %. The curve also calculates an EC50 of 77 uM.

4.2.4.2 SLEO7/
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Figure 114 Chemical structure of SLEO7
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Figure 115 Agonist concentration effect curve for SLEO7 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

From the preliminary screening SLEO7 displayed potential agonist properties towards
TRPA1. Figure 115 above shows the result of a full concentration effect profile carried out
using the agonist calcium signalling assay method, detailed in section 2.2 with TRPA1-

HEK293 cells.
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In the agonist assay a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. SLEO7 was
tested over the concentration range of 1 uM to 300 UM, over this range a partial sigmoidal
curve was observed, further testing at higher concentrations was not possible due to the

insolubility of SLEO7 in the assay media at higher concentrations.

The first significant response was observed at the 100 uM concentration point with a
response of 19 %Cal. The maximum response was observed at 300 uM with a response of
27 %Cal, the concentration effect curve does not reach a maximum plateau within the
concentration range assayed and therefore an accurate determination of the TRPA1l
agonist characteristics cannot be fully made. However, predictions can be made by fitting
a curve to the data points of the two non-linear regression models the variable slope four
parameter model produced the best fitting curve. The best fit curve predicts a partial
agonists response for SLEO7 with TRPA1, with an efficacy of 44 % of the maximum

cinnamaldehyde response (100 uM). The curve also calculates an EC50 of 93 puM.

4.2.4.3 SLEOS
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Figure 116 Chemical structure for SLEO8
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Figure 117 Agonist concentration effect curve for SLEO8 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

From the preliminary screening SLEO8 displayed potential agonist properties towards
TRPA1. Figure 117 above shows the result of a full concentration effect profile carried out
using the agonist calcium signalling assay method, detailed in section 2.2, with TRPA1-

HEK293 cells.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. SLEO5 was
tested over the concentration range of 1 uM to 300 uM, over this range an almost complete
sigmoidal curve was observed, testing at greater concentrations was not possible due to

the insolubility of SLEO8 in the assay media at higher concentrations.

The first significant response was observed at the 3 uM concentration point with a response
of 19 %Cal. The maximum response was observed at 300 uM with a response of 66 %Cal.
Non-linear regression analysis was carried out using the two models described in section
2.2.6. The best fit curve was produced using the variable slope four parameter model. The
curve agrees that at the 300 uM concentration point a maximum plateau does form. This
gives SLEOS8 an efficacy value of 91 % of the maximum cinnamaldehyde response as this
efficacy is close to the maximum cinnamaldehyde response it can be deemed that SLEOS is

a full agonist of TRPA1. The curve calculates an EC50 of 36 uM.

4.2.4.4 SLEIO
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Figure 118 Chemical structure for SLEO10
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Figure 119 Agonist concentration effect curve for SLEO10 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

From the preliminary screening SLE10 displayed potential agonist properties towards
TRPA1. Figure 119 above shows the result of a full concentration effect profile carried out
using the agonist calcium signalling assay method, detailed in section 2.2, with TRPA1-

HEK293 cells.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. SLEO10 was
tested over the concentration range of 1 uM to 300 uM, over this range an almost complete
sigmoidal response was observed, greater concentrations were not tested due to the
insolubility of SLEO10 in the assay media at higher concentrations. The first significant
response was observed at the 3 uM concentration point with a response of 16 %Cal. The
maximum response was observed at 300 uM with a response of 54 %Cal. Non-linear
regression analysis was carried out using the two models, the best fit curve was produced
using the variable slope four parameter model. This model predicts a partial agonist
response which plateaus just after the 300 UM concentration point with an efficacy of 75 %

of the maximum cinnamaldehyde response. The curve also calculates an EC50 of 38 uM.
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4.2.4.5 SLEI2
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Figure 120 Chemical structure for SLE012
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Figure 121Agonist concentration effect curve for SLEO12 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

From the preliminary screening SLE12 displayed potential agonist properties towards
TRPA1. The Figure 121 above shows the result of a full concentration effect profile carried
out using the agonist calcium signalling assay method, detailed in section 2.2, with TRPA1-

HEK293 cells.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. SLE12 was
tested over the concentration range of 1 uM to 300 uM, over this range a full typical
sigmoidal concentration response curve was not observed. Greater concentrations could

not be tested due to the insolubility of SLE12 in the assay media at higher concentrations.
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The first significant response was observed at the 10 uM concentration point with a
response of 14 %Cal. The maximum response was observed at 300 uM with a response of
53%Cal, the concentration effect curve does not reach a maximum plateau within the
concentration range assayed and therefore an accurate determination of the TRPA1l
agonist characteristics cannot be made. However, non-linear regression analysis has been
carried out in order to give an indication as to the full effect of SLE12 on TRPA1. Of the two
models used, described in section 2.2.6, the best fit curve was produced using the
normalised variable slope model with an R?value of 0.8172 which can be deemed a good
degree of fit and therefore reliable. Using this model fits the bottom and top of the curve
to 0 and 72%Cal respectively, which reflects a full agonist response in my system by
cinnamaldehyde activation of TRPA1. From the data points it is clear that SLE12 will have a
close to full agonist response as a minimum. The other model used, the variable slope four
parameter model, has not produced a reliable curve as the equations have not defined a
value for the top of the curve within in the calcium ionophore response. Therefore, the
exact efficacy of SLE12 cannot be predicted, however due to the goodness of fit for the
normalised variable slope curve and the trend of the data up to 300 UM, it can be predicted,
with confidence that SLE12 is a full agonist of TRPA1. The best fit curve calculates an EC50
value of 144 pM.

4.2.4.6 SEOI
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Figure 122 Chemical structure for SE01
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Figure 123 Antagonist concentration effect curve for SEO1 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

From the preliminary screening SEQ1 displayed potential antagonist properties in relation
to TRPA1. The Figure 123 above shows the result of a full concentration effect profile
carried out using the antagonist calcium signalling assay method, detailed in section 2.2,

with TRPA1-HEK293 cells.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed SEO1. SEO1 was tested over the concentration range of 1-
150 uM over this range a typical reversed sigmoidal curve was observed. The first decrease
in the cinnamaldehyde response was observed at 10 uM with a decrease in
cinnamaldehyde response of 45%. The greatest reduction in the cinnamaldehyde response
occurred at the 150 uM concentration point with a reduction of 97 %, which is deemed to
be full inhibition of the cinnamaldehyde response. The best fit non-linear regression
analysis model was the normalised variable slope model which has an R? value of 0.9570,

the calculated IC50 value for this model is 13 pM.
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4.2.4.7 SEO2
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Figure 124 Chemical structure for SE02

Inhibitory effect of SE02
on TRPA1-HEK293 cells

o

(7]

c

o

o 1004 &

[72)

o

©  go- 5

[

T

>

< 60 IC50 = ND
E

©c 401

£

©

c 20+

=

(&)

° 0 | | | | | | | | | ]
& -6 -5 -4 -3 -2

Log(antagonist) / M

Figure 125 Antagonist concentration effect curve for SEO2 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

From the preliminary screening SEQ2 displayed potential antagonist properties in relation
to TRPA1. The Figure 125 above shows the result of a full concentration effect profile
carried out using the antagonist calcium signalling assay method, detailed in section 2.2,

with TRPA1-HEK293 cells.

SEO2 was tested over the range of 1 uM to 300 uM, over this range the response of 30 uM
of cinnamaldehyde (EC50 concentration of cinnamaldehyde) slightly decreased with
increasing concentration of pre-dosed SE02. The response observed is a very weak
inhibitory response with the maximum reduction observed at the 300 UM concentration

point with a reduction in the cinnamaldehyde response of 20 %. The inhibitory response of
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SEO02 at greater concentrations could not be carried out due to the poor solubility of SE02

in the assay media. SE02 may inhibit TRPA1 fully but at high millimolar concentration levels.

4.2.4.8 SEO4
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N
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Figure 126 Chemical structure for SE04
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Figure 127 Agonist (above) and antagonist (below) concentration effect curves for SEO4 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
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From the preliminary screening SE04 displayed potential for both agonist and antagonist
properties in relation to TRPA1l. The Figure 127 above shows the result of a full
concentration effect profile carried out using the agonist and antagonist calcium signalling

assay method, detailed in section 2.2, with TRPA1-HEK293 cells.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. SE04 was tested
over the concentration range of 1 uM to 400 uM, over this range a full sigmoidal response

was observed.

The first significant response is observed at 5 uM with a response of 14 %Cal. The response
plateaued between 50 uM and 100 uM with the maximum response being observed at
100 uM with a response of 65 %Cal, this maximum response was 90% of the maximum
response observed for cinnamaldehyde suggesting that SE04 acts as a full agonist of TRPAL.
Non-linear regression analysis was carried out using the two models described in section
2.2.6. The best fit curve was produced using the variable slope four parameter model which
had an R?value of 0.8708. This curve displays a maximum plateau which agrees with the

calculated efficacy from the data points and also calculates an EC50 value of 12 uM.

The antagonist assay for SEO4 was carried out over a concentration range of 1-200 uM,
over which a full concentration effect curve was constructed. SEO4 decreased the activation
response of cinnamaldehyde on TRPA1-HEK293 cells in a concentration dependent
manner. The first significant reduction was observed at the 10 uM concentration point with
a reduction in the cinnamaldehyde response of 31 %. The cinnamaldehyde response was
completely inhibited at the 100 uM response with a total reduction of 94 %. Non-linear
regression analysis was carried out, using the models described in section 2.2.6, to fit a
curve to the data points. The best fit curve was carried out using the normalised response

variable slope model which has an R? value of 0.9189 and gave a calculated IC50 of 23 puM.
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4.2.4.9 SEO5
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Figure 128 Chemical structure for SE05
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Figure 129 Antagonist concentration effect curve for SEO5 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

From the preliminary screening SEQ5 displayed potential antagonist properties in relation
to TRPA1. The Figure 129 above shows the result of a full concentration effect profile
carried out using the antagonist calcium signalling assay method, detailed in section 2.2,

with TRPA1-HEK293 cells.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed SE05. SEO5 was tested over the concentration range of 1-
300 uM. Over this range SEO5 had a small inhibitory response on the activation of TRPA1
by cinnamaldehyde, a full concentration curve was not completed as greater
concentrations could not be tested due to the insolubility of SEQ5 in the assay media at
higher concentrations. The first significant reduction in the cinnamaldehyde response was

observed at 100 uM with a reduction of 17 %. The maximum reduction was observed at
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the 300 uM concentration point when the cinnamaldehyde response was reduced by 25 %.
From the data, it is unclear as to how SEO5 may inhibit TRPA1 at higher concentrations.
Non-linear regression analysis was carried out, however both models used showed a poor

fit to the data.

4.2.4.10 SEO6
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Figure 130 Chemical structure for SEO6
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Figure 131 Antagonist concentration effect curve for SEO6 on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

From the preliminary screening SE06 displayed potential antagonist properties in relation
to TRPA1. The Figure 131 above shows the result of a full concentration effect profile

carried out using the antagonist calcium signalling assay method, detailed in section 2.2,

with TRPA1-HEK293 cells.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing

concentration of pre-dosed SE06. SEO6 was tested over the concentration range of 1-
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300 uM over this range an almost complete sigmoidal concentration effect curve was
observed. Greater concentrations could not be tested due to the insolubility of SEQ6 in the

assay media at higher concentrations.

The first reduction in the cinnamaldehyde response was observed at the 10 uM
concentration point with a 15 % reduction in the cinnamaldehyde response. The maximum
reduction in the cinnamaldehyde response was observed at the 300 UM concentration

point with a reduction of 78 %.

Non-linear regression analysis has been carried out using the two models described in
section 2.2.6 in order to predict the nature of SE06’s inhibitory response at greater
concentrations than those tested. Both curves fit the data to the same degree both with R?
values of 0.83, the variable slope four parameter curve predicts full inhibition which
matches with a visual assessment of the data points. Therefore it can be deemed that SE06
inhibits TRPA1 activation by cinnamaldehyde fully. The calculated IC50 from the normalised

curve variable slope model is 62 uM.

195



4.3 Discussion

The results reported in section 4.2 shall be discussed in this section and any structure

activity relationships shall also be explored.

431 Fenamic acid and related NSAIDs
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H

Fenamic acid

EC50 = 71uM

Efficacy = 96%

IC50 = 151uM

COOH
COOH COOH ol o
H H H
cl 0o

Flufenamic acid Mefenamic acid Diclofenac Ketoprofen
EC50 = 24uM EC50 = 34uM EC50 = 61uM EC50 = 111uM
Efficacy = 107% Efficacy = 109% Efficacy = 63% Efficacy = 44%
IC50 = 8uM IC50 = 10uM IC50 = 11uM IC50 =ND

Figure 132 Chemical structures and summary of assay results of fenamic acid and related NSAIDs
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Figure 133 Comparison of agonist concentration effect curves for fenamic acid based NSAIDs on TRPA1-HEK293 cells.
Data points are means+SEM of N = 3 experiments
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Figure 134 Comparison of antagonist concentration effect curves for fenamic acid based NSAIDs on TRPA1-HEK293 cells.
Data points are means+SEM of N = 3 experiments

As can be seen in section 4.2.2, a selection of fenamate NSAIDs have been assayed using

the agonist and antagonist calcium signalling methods (see section 2.2). Alongside the

NSAIDs, fenamic acid, the parent molecule for these NSAIDs has also been assayed. The

comparison graphs for their respective agonist and antagonist concentration effect curves

on TRPA1-HEK293 cells can be seen in Figure 133 and Figure 134. What can immediately

be seen is the range in efficacy and potency of their agonist responses. The results from

the antagonist tell a different story as FFA, MFA and DFC all display a similar antagonist

response, which is much greater than their parent molecule fenamic acid.

Compounds

EC50 ( uM) on TRPA1 expressing
WI-38 fibroblasts(141)

EC50 ( uM) on TRPA1-HEK293 cells

from results section 4.2.2

Flufenamic acid | 24 24
Mefenamic acid | 61 34
Diclofenac 210 61
Ketoprofen >500 111

Table 27 Comparison table for EC50 values from Hu et al. 2010(141) and reported results from section4.2.2

Firstly, the results reported must be compared to that of Hu et al.(141) who first reported

the activation of TRPA1 by fenamate NSAIDs. They reported that FFA, MFA, DFC and

Ketoprofen activated human and rat TRPA1 expressed in a variety of different systems in a
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concentration dependent manner. They reported EC50 values of FFA, MFA, DFC and
ketoprofen for endogenously expressed human TRPA1 in WI-38 fibroblasts, which can be
seen in Table 27. They also reported the EC50 of FFA for human TRPA1 transfected HEK293
cells, which was 57 uM. The only comparison between the two TRPA1l systems is the
response for FFA. In the HEK293 system FFA’s potency was more than double that recorded
in the WI-38 fibroblast system. The results that | have reported in section 4.2.2 can be seen
in Table 27. When compared to the results reported by Hu et al.(141) it can be seen that
my results follow a similar trend with regards to the order of potency. The EC50 for FFA in
my TRPA1-HEK293 cells is slightly more potent than that reported by Hu et al.(141) in
TRPA1-HEK293 cells. There seems to be no significant difference between my TRPA1-
HEK293 system and that of Hu et al. as the EC50 values for FFA do not differ by a significant
margin. However, it seems that TRPA1 in my system is slightly more sensitive to the agonist
effect of DFC and ketoprofen as there seems to be a significant difference in EC50 values
between my system and the TRPA1 WI-38 fibroblast system of Hu et al.(141), the reason
for this is unclear as there is no significant difference in the results obtained for FFA and

MFA.

My results confirm the validity of the results reported by Hu et al.(141) and in doing so
validate my assay method as a reliable system to determine the effects of chemical

compounds on human TRPAL1.

From the agonist and antagonist results for the four NSAIDs and fenamic acid several key
points can be made with regards to their structure activity relationship with TRPA1. The
importance of the N-phenylanthranilic acid structure to the activation of TRPA1 is clear as
fenamic acid, FFA, MFA, all show a full and potent agonist response, whereas ketoprofen
shows a partial agonist response with a low potency. Ketoprofen and fenamic acid differ in
structure a fair amount as can be seen from Figure 132. One of the key differences being
the functional group of the linker between the two phenyl groups. Fenamic acid has an
amine group linking the two rings which is capable of hydrogen bonding as both an
acceptor and a donor whereas ketoprofen has a ketone linker group which is only a
hydrogen bond acceptor. It may be that the greater versatility of hydrogen bonding of the
amine group allows for a greater interaction with TRPA1 resulting in a more potent and

efficacious response. It must also be noted that the ketone group of ketoprofen can also
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react with nucleophiles and it maybe that ketoprofen covalently binds to TRPA1 cysteine
residues causing channel gating. This was discussed with regards to the amide and ester
linker groups for the 0jk01 compounds in chapter 3, with a similar trend being observed in
that the hydrogen bonding amide compounds achieved a greater agonist response than

the ester compounds on TRPA1-HEK293 cells.

However, having compared fenamic acid and ketoprofen purely based on the nature of the
linking group the position of the carboxylic acid must also be considered and the effect it
has on any binding that takes place. It appears that the position of the carboxylic acid group
may have an effect on the activation of TRPA1 by DFC. DFC’s carboxylic acid group is a
phenylacetic acid group which separates the acid group and the phenyl ring by one carbon
atom as opposed to fenamic acid which has a benzoic acid group, where the acid group is
directly bonded to the phenyl ring. This separation, in DFC, between the acid group and the
phenyl ring means that the electron withdrawing effect of the acid group will not be able
to take place, which may be the reason why DFC has a lower efficacy and potency of
activation than the N-phenylanthranilic acid NSAIDs. The effect of the chloro groups that
DFC has and whether they contribute to its lower efficacy has not yet been considered. In
chapter 3 the effect of chloro groups was discussed with regards to the ojkO1 chloro
derivatives. It was shown that chloro groups that are ortho and meta to the linking group
increased the potency and efficacy of TRPA1 activation. DFC has two chloro groups; both
are ortho to the amine linking group which based on the chapter 3 can be presumed to
have a positive effect on the agonist response for DFC. Therefore, there is strong evidence
which indicates that the benzoic acid group of the N-phenylanthranilic acid compounds is
key to the TRPA1 agonist response, however without a direct comparison to a benzoic acid

derivative of DFC (see Figure 135 for structure) this cannot be proved definitively.

phenylacetic acid group benzoic acid group

Diclofenac Benzoic acid derivative of DFC
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Figure 135 Chemical structure of DFC and benzoic acid derivative of DFC

In Table 28 the LogP values of the five compounds assayed can be seen. It is of interest to
note that the more potent agonists and antagonists such as flufenamic acid and mefenamic
acid have a higher LogP value. The lower potency of DFC and ketoprofen compared to FFA
and MFA maybe due to a lower LogP value. It may be the case that TRPA1 activation occurs

inside the cell and a lower plasma membrane penetration would lead to lower potency.

Compound LogP
Fenamic acid 4.4
Flufenamic acid 5.25

Mefenamic acid 5.12

Diclofenac 4,51

Ketoprofen 3.12

Table 28 LogP values for fenamic acid based NSAIDs, values taken from PubChem

Hu et al. (141) commented on FFA desensitising TRPA1 after initial activation, yet they did
not report any comprehensive results. | have reported full concentration effect curves for
the desensitisation of TRPA1 by fenamic based NSAIDs, and the results show that
desensitisation may occur through an independent mechanism of activation. The results
from the antagonist assay show that FFA, MFA, DFC have a strong desensitising effect on
TRPA1, fenamic acid has also been shown to have a desensitising effect but was found to
be a lot less potent. Ketoprofen was not found to have a desensitising effect on TRPA1 over
the concentrations tested. The comparison of the concentration effect curves from the

antagonist assay can be seen in Figure 134.

With regards to the discussion above it was mentioned that the lower LogP value of DFC
meant that it was unable to cross the plasma membrane to the same degree as FFA and
MFA and therefore was found to be a weaker agonist of TRPA1. However, the results from
the antagonist assay do not show the same degree of difference in response between DFC
and FFA. This may be due to several factors, firstly the site of interaction with TRPA1 which
produces the desensitisation may be outside of the cell, therefore there is no need for DFC
to pass through the plasma membrane. Secondly, it could be that the incubation time which
is part of the method allows DFC to fully dissolve across the plasma membrane and reach

its equilibrium and therefore the full desensitisation effect of DFC has been recorded.
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Thirdly, it could be the case that DFC has a greater binding affinity to the TRPA1 site at
which desensitisation occurs than FFA and MFA but this is masked because of DFCs inability

to fully diffuse across the plasma membrane.

FFA and DFC may both desensitise through the same mechanism as A96 and AP-18 to
inhibit TRPA1 as all compounds have aryl halide groups, except FFA which has a
trifluoromethyl group bonded to a phenyl ring. Similarly, to the chloro derivatives of ojk01,
0jk06 and ok07 which have been discussed in chapter 3. As for MFA, it may desensitise
through the same mechanism as FFA and DFC or it could be through a different mechanism
altogether. At this point it is unsure and further research is required. What can be
concluded from these results is that alterations to the core fenamic acid structure increases

the TRPA1 desensitisation effect.

4.3.2 Novel synthetic derivatives of fenamic acid

In results section 4.2.3, a group of novel synthesised derivatives of fenamic acid were
screened for agonist and antagonist properties in calcium signalling assays using TRPA1-
HEK293 cells. From this screening process, several of the compounds were found to have
an agonist response and several others were found to show an antagonist response against
TRPA1. All of the compounds screened can be seen in Figure 136, with the agonist hits
circled in green and the antagonist hits circled in red. These compounds have been
previously tested on TRPC4/5 and TRPM2 and have shown that slight variations in the
structure have a great effect on the modulations on these channels. The results found in
section 4.2.4 also show that small variations in chemical structure have a great effect on

the modulation of TRPA1(152,208).
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Figure 136 Chemical structures and assay result summary for fenamic acid derivatives

The following sections will discuss the results obtained from these novel synthetic fenamic
acid derivatives with regards to structure activity relationships, comparisons to the NSAIDs
TRPA1 assay results (discussed in section 4.3.1) and to similar results reported in the

literature.

4.3.2.1 Comparison of methyl fenamic acid derivatives

The effect on TRPA1 by the methyl derivatives of fenamic acid have been shown in Figure
137. From the results, it can be seen that fenamic acid has the highest efficacy of the four
compounds and is the only one to have a desensitising effect after the initial activation. The
ortho methyl derivative, SLEO7, has the lowest potency and efficacy. This may be due to
the effect of the methyl group on the amine linker; it may prevent hydrogen bonding due
to the steric effects of the methyl group; also it will reduce the conformational freedom of
the amine linker therefore preventing conformations which may be beneficial to binding.
The efficacy and potency increases as the distance between the methyl group and the
amine group increases with SLE010, the para methyl derivative, being the most potent of
the four compounds. Yet still SLEO10 has a lower efficacy than fenamic acid, the reason for
the difference in efficacy between these two compounds is unclear, as previously discussed
in section 4.3.1 differences in efficacy may arise from the ability of the compound to cross
the plasma membrane, in this instance this is not the case as both fenamic acid and SLE010

will have very similar LogP values, with SLE010 being slightly more lipophilic.
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saclheacioacilivas

Fenamic acid SLEOS SLEO7 SLEO10

EC50 = 71uM EC50 = 77uM EC50 = 93uM EC50 = 38uM
Efficacy = 96% Efficacy = 55% Efficacy = 44% Efficacy = 75%
IC50 = 151uM IC50 = ND IC50 = ND IC50 = ND

Figure 137 Chemical structures and summary of assay results for methyl derivatives fenamic acid

Agonist effect of fenamic acid methyl
derivatives on TRPA1-HEK293 cells

100
Q
(2]
c 80+
g_ - Fenamic acid
o 604 —— SLE10
14
— A~ SLEO5
© 40+
© SLEO7
=

20 -

0

Log(agonist) / M

Figure 138 Comparison of agonist concentration effect curves for methyl derivatives of fenamic acid on TRPA1-HEK293
cells. Data points are means+SEM of N = 3 experiments

4.3.2.2 Comparison of di-substituted fenamic acid derivatives

COOH O/ H COOH
COOH " COOH H N
AL
Fenamic acid Mefenamic acid SEOQ4 SEO2
EC50 = 71uM EC50 = 34uM EC50=12uM EC50 =ND
Efficacy = 96% Efficacy = 109% Efficacy = 90% Efficacy = ND
IC50 = 151uM [C50 = 10uM [C50 = 23uM IC50 =ND

Figure 139 Chemical structures and summary of assay results for di-substituted derivatives of fenamic acid
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Two dimethyl derivatives, mefenamic acid and SE04, have been shown to modulate TRPA1.
Comparisons of their agonist and antagonist concentration effect curves can be seen in
Figure 140 and Figure 141. Both of the dimethyl derivatives show a greater potency of
activation and desensitisation of TRPA1 than the parent molecule, fenamic acid. In
comparison to the results found for the monomethyl derivatives (see Figure 137) it appears
that the dimethyl arrangement has a synergistic effect on the modulation of TRPA1. The
results suggest that the 2,3-dimethyl arrangement gives a greater desensitisation effect,

whereas in the 2,5-dimethyl arrangement yields a greater agonist effect on TRPA1.

In addition to the two dimethyl derivatives SE02, a 2-methyoxy-5-methyl derivative, has
been tested on TRPA1-HEK293 cells results can be seen alongside the two dimethyl
derivatives in Figure 139. A comparison of the SE02 and SE04 antagonist concentration
effect curves can be seen in Figure 141. It can be seen that SE02 only has a small reduction
on the activation of TRPA1 by cinnamaldehyde at the concentrations tested. SE02 did not
show a response when carrying out the preliminary screen (see section 4.2.3) and is
deemed not to activate TRPA1. SE04 is the most potent agonist of TRPA1 and has one of
the strongest desensitising effects. The only difference between the two compounds is that
SE02 has a 2-methoxy group and SE04 has a 2-methyl group instead. As previously
mentioned in section 4.3.1 and chapter 3 the nature of the linking group and its ability to
hydrogen bond is crucial to the modulation of TRPA1 by these double phenyl ring
structures. It appears that the greater bulk of the methoxy group of SE02 may have a
negative effect on the amine group with regards to its interaction with TRPA1. The results
from SLEO7 which is a 2-methyl derivative seem to confirm this hypothesis as the agonist
response observed by SLEQ7 is weaker than that of fenamic acid and SEQ2, with its larger

2-methoxy group, does not activate TRPA1 at all.
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Agonist effect of di-substituted derivatives
of fenamic acid on TRPA1-HEK293 cells
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Figure 140 Comparison of agonist concentration effect curves for dimethyl derivatives of fenamic acid on TRPA1-HEK293
cells. Data points are means+SEM of N = 3 experiments

Inhibitory effect of di-substituted fenamic acid
derivatives on TRPA1-HEK293 cells
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Figure 141 Comparison of antagonist concentration effect curves for dimethyl derivatives of fenamic acid on TRPA1-
HEK293 cells. Data points are means+SEM of N = 3 experiments
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Agonist effect of methyl derivatives
of fenamic acid on TRPA1-HEK293 cells
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Figure 142 Comparison of agonist concentration effect curves for SEO4 vs. methyl derivatives of fenamic acid on TRPA1-
HEK293 cells. Data points are means+SEM of N = 3 experiments

4.3.2.3 Comparison of fenamic acid derivatives with substitutions

in the meta position

Ly SooH L g0 H CooH ., CooH ., COOH
1sacihsachitactihsasiacas
SLEOS SLEOS8 SEO6 SEO1 Flufenamic acid
EC50 = 76.5uM EC50 = 35.6uM EC50 = ND EC50=ND EC50 =24.3uM
Efficacy = 54.8% Efficacy = 90.8% Efficacy = ND Efficacy = ND Efficacy = 107%
IC50 =ND IC50 =ND IC50 = 62.2uM IC50 =13.2uM IC50 =7.7uM

Figure 143 Chemical structures and summary of assay results for derivatives of fenamic acid with substitutions in the
meta position

Of the ten fenamic acid derivatives screened four all had substitutions in the 3-position,
meta to the amine group. Including flufenamic acid, these five derivatives display an
interesting range of effects on TRPAl. From being a full agonist of TRPA1 with no
desensitisation such as SLEO8 to SEQ1 which is a potent antagonist of TRPAL. It is clear from
the results that substitutions in the meta position strongly influences how the compound

modulates TRPA1.

SLEO5 and Flufenamic acid are both very similar in terms of size; both methyl and

trifluoromethyl group are almost the exact same size. The difference between the two
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molecules lies solely in the differing electronic effects of their substitutions. The methyl
group of SLEO5 is an electron donating group which occurs through an inductive effect,
whereas the trifluoromethyl group of FFA is an electron withdrawing group which also
occurs through an inductive effect. SLEOS is a weak partial agonist of TRPA1 and FFA is a

potent full agonist which potently desensitises TRPA1.

On the other hand, SEO1 and FFA have substitutions which are similar in terms of electronic
effects but differ with regards to the steric effects. SEO1 has the smaller fluoro group which
has an electron withdrawing effect which occurs through inductive effects, and FFA has the
larger trifluoromethyl group which has an electron withdrawing effect which occurs
through inductive effects. SEO1 is a potent inhibitor of TRPA1 and shows no activation,
whereas FFA is a potent agonist TRPA1 which also potently desensitises TRPA1 to further
activation. It may be the case that the greater size of the trifluoromethyl group allows FFA
to interact with the agonist binding site of TRPA1 yet still, due to the electronic effects of
the group, is able to interact with TRPA1 in a way that desensitises the channel to further
activation. SEO1, with its smaller fluoro group is not able to interact with the agonist binding
site of TRPA1 but maintains its ability to have an inhibitory effect. Taking into account the
nitro derivative, SE06, then the reasoning of the greater steric bulk of the trifluoromethyl
group of FFA allows it to activate TRPA1 does not agree with the results. However, the case
of SE06 is not as simple as it may first seem as the nitro group is an electron withdrawing
group which occurs via both inductive and resonance effects, it is also weakly acidic due to
the tautomerism of nitro groups to an azinitro form. With these considerations, any binding
interaction with TRPA1 by SEQ6 is even more complex. However, it may be the case that
the nitro group is a highly polar group and therefore it is repelled from a potentially

hydrophobic agonist binding pocket.
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Figure 144 Comparison of agonist concentration effect curves for meta substituent derivatives of fenamic acid on TRPA1-
HEK293 cells. Data points are means+SEM of N = 3 experiments

Inhibitory effect of meta substituent derivatives
of fenamic acid on TRPA1-HEK293 cells
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Figure 145 Comparison of antagonist concentration effect curves for meta substituent derivatives of fenamic acid on
TRPA1-HEK293 cells. Data points are means+SEM of N = 3 experiments
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4.3.2.4 Comparison of fenamic acid derivatives with para

substitutions
 coor ., GOOH ., COOH
/O/ ~o HOOC
SLEO10 SLEO12 SEQ5
EC50 = 38uM EC50 = 144uM EC50 =ND
Efficacy = 75% Efficacy = ~100% Efficacy = ND
IC50 =ND IC50 =ND IC50 =ND

Figure 146 Chemical structures and summary of assay results for derivatives of fenamic acid with para substitutions

The para derivatives of fenamic acid have been shown to have a range of different
responses on TRPA1 (summarised in Figure 146). Both SLEO10 and SLEQ12 show agonist
response with no desensitisation on TRPA1. SLEO12 is a lot less potent than SLEQ10 and the
parent fenamic acid compound. This may be due to the steric effects of the ethoxy group.
In contrast, SEO5 shows only a weak inhibitor response at high micromolar concentrations;
the second carboxylic acid group may make it difficult for the compound to penetrate the

plasma membrane in order to bind with TRPA1 due to an increased hydrophilic nature.

Agonist effect of para substituent derivatives
of fenamic acid on TRPA1-HEK293 cells
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Figure 147 Comparison of agonist concentration effect curves for para substituent derivatives of fenamic acid on TRPA1-
HEK293 cells. Data points are means+SEM of N = 3 experiments

209



4.3.2.5 Comparison of phenoxy fenamic acid derivatives
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|C50 = 151uM IC50 =ND IC50 = ND IC50 =ND

Figure 148 Chemical structures and summary of assay results for phenoxy derivatives of fenamic acid

Of the fenamic acid derivatives that have been assayed for TRPA1 activity, three are
phenoxy derivatives. A summary of the results for these compounds can be seen in Figure
148. A comparison of the agonist concentration effect curves can be seen in Figure 149.
From these results, it can be seen that the 2-methoxy group of SE02 has a negative impact
on the compounds ability to interact with TRPA1. This has been discussed in section 4.3.2.2
when SE02 was compared to the 2,5-dimethyl derivative SE04, and it was determined that
the 2-methoxy group was responsible for SE02 not affecting TRPA1 in the calcium signalling
assays. This was thought to be because the group hinders the amine’s ability to hydrogen
bond efficiently with the binding site due to its negative effect on the conformational
freedom of the amine linker. The other two phenoxy derivatives only share SE02’s inability
to inhibit or desensitise TRPA1, both SLEO8 and SLE012 have been found to activate TRPA1
is a concentration dependent manner. It appears that the phenoxy groups in general have
a negative effect on inhibition or desensitisation of TRPA1 and dependent on the size and
position of the group alter the TRPA1 agonist potential of the compound. The results for
SLEO12 show a lower potency than its parent compound fenamic acid, this may be due to
the position of the ethoxy group and the interactions that the electronegative oxygen atom
can or cannot carry out, or the size of the group. SLEO8 on the other hand, has a greater
potency with regards to activation of TRPA1 than its parent compound. This may be due to
the electronic effects of the group and as seen with FFA which has a trifluoromethyl group
in the same ring position enhances the activation of TRPA1 over fenamic acid. What is
interesting is that SLEO8 has not been seen to have a desensitising effect after the initial
activation like FFA exhibits. These results do show that electronegative groups in the 3-

position seem to enhance the nature of the binding with TRPA1.
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Agonist effect of phenoxy derivatives
of fenamic acid on TRPA1-HEK293 cells
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Figure 149 Comparison of agonist concentration effect curves for phenoxy derivatives of fenamic acid on TRPA1-HEK293
cells. Data points are means*SEM of N = 3 experiments
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4.4Summary and Conclusion

In this results chapter several fenamic acids and closely related NSAIDs have been assayed
for activity against human TRPA1-HEK293 cells in calcium signalling assays. The results
obtained from these compounds displayed similar trends to those reported by Hu et
al.(141), therefore this confirms the validity of their results and confirms that my assay
method is fit for purpose. My results also characterised the nature of the desensitising
effect of these compounds unlike Hu et al.(141) who mentioned desensitisation of TRPA1
briefly. My results showed FFA and MFA to be potent agonists which desensitised TRPA1,
with increased potency. It may be the case that the mechanism of activation is related to
the desensitisation effect. DFC showed that at concentrations lower than ~30 uM it acted
purely as an inhibitor of TRPA1; above this concentration DFC was shown to act as a partial
agonist, possibly due to a lower LogP value than FFA and MFA. It was also determined that
the N-phenylanthranilic acid structure is key to the interaction with TRPA1 as ketoprofen
which has a ketone linker group and a phenylacetic acid group was found to be a poor

agonist of TRPA1 and showed no antagonism of the channel either.

Following on from the results reported for the fenamic acid like NSAIDs a group of ten
fenamic acid derivatives, previously assayed for TRPC4/5 and TRPM2 activity, were assayed
for TRPA1 activity(152,208). The results obtained for these derivatives show that small
changes in the substitutions on the phenyl ring can have a large effect on the interaction
with TRPA1L. For example, SEO1 the 3-fluoro derivative showed a strong inhibitory effect on
TRPA1 whereas FFA was a strong agonist of TRPA1 with a subsequent desensitising effect.
The effect of the 2-methoxy group of SE02 was shown to interrupt any potential activities

with TRPA1 hypothesised to be due to the group's effect on the amine linking group.

The results that have been reported in this chapter detail how biologically diverse fenamic
acid based compounds are, especially with regards to TRP channel modulation. With
regards to TRPA1 modulation, these compounds have shown that small changes in the
structure have a diverse effect on the activation and inhibition of the channel. The
compounds that have been tested show potential to be used as pharmacological tools in

research to further understand the complexities of TRPA1. Also, due to the fact that there
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are several fenamic acid based licensed drugs some of these compounds, SE01 for example,

may provide a good starting point to develop a drug that targets TRPA1.
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5The activation of TRPA1 by

NDGA and Terameprocol

5.1Introduction

51.1 Nordihydroguaiaretic acid

The use of plants for medicinal purposes has occurred throughout human history.
Civilisations across the world have been utilising the herbs and plants at their disposal to
treat all kinds of ailments. In recent times the physiological effects of herbal remedies have
been studied and key active ingredients discovered to be effective treatments. This method
of research is a proven drug discovery route with the most famous example being salicylic
acid, an extract of willow tree bark, and its derivative aspirin, which is one of the most used
drugs worldwide. Today many people still look to herbs and plants as medical therapies,
the World Health Organisation in 1985 estimated that 65-80 % of the world’s population
relies on herbs for their medical needs(209). It is clear that much can still be learned from
the natural world. One recent example is the use of the plant Larrera tridentata to treat a
myriad of ailments throughout indigenous civilisations around the Central America and the
south-west of Northern America, where the plant can most commonly be found. It has
been thought that one of the extracts of Larrera tridentata, Nordihydroguaiaretic acid
(NDGA) may be responsible for the therapeutic effect that medicinal preparations of
Larrera tridentata may have(210). Many studies have reported the physiological effects of
NDGA and highlighted its strong antioxidant, antineoplastic, antiviral and anti-

inflammatory properties(210).
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Figure 150 Larrera tridentata in its natural environment, image taken from
https://essenceofthedesert.wordpress.com/photos/larrea-tridentata-5/

Larrera tridentata is commonly known as creosote bush on account of its strong odour. In
the United States it is known as chapparal or greasewood (Figure 150). It grows abundantly
throughout the desert areas of northern Mexico, and the south-west states of the USA such
as Arizona, California, Nevada, Texas and New Mexico, (see Figure 151 for where the
creosote bush can be commonly found in the USA)(210). It has been an important medicinal
plant for many of the indigenous tribes of North America. They used a variety of methods
to extract and prepare the creosote bush to use as treatments for many ailments such as
chicken pox, skin sores, diabetes, kidney and gallbladder stones, cancer, colds and
rheumatism(211). The most common preparation was an aqueous extraction of the leaves
referred to as chaparral tea, which is reported to effectively dissolve kidney and gallbladder

stones(211)(210).
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Figure 151 The distribution of Larrera tridentata the USA, image taken from
http://plants.usda.gov/maps/large/LA/LATRT.png

Many different natural products can be extracted from the creosote bush’s leaves in good
yield; approximately 50 % of the leaves’ dry weight is extractable matter. The leaves are
shiny with a thick resin coating, which discharges a strong odour, which is reminiscent of
creosote hence its common name, and a sour flavour. NDGA is extracted from the leaves,
accounting for 5-10 % of the leaves’ dry weight, alongside multiple flavonoid aglycones,
essential oils, halogenic alkaloids and several lignans(212). NDGA is found in the thick resin
that coats the leaves and serves to protect the leaves, due to its possible antimicrobial
properties. In addition it protects against UV radiation and water loss, both of which are

important to the survival of the species in the harsh desert conditions.
OH
HO O
O OH

OH
Nordihydroguiaretic acid
(NDGA)

Figure 152 NDGA structure
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The structure of NDGA can be seen in Figure 152. It is a polyphenol-bearing o-dihydroxy
structure, or catechol structure. NDGA has been highlighted as a strong antioxidant. When
compared to other known antioxidants, such as uric acid, glutathione, penicillamine and
mannitol, NDGA was found to be more efficient at scavenging the reactive oxygen species
(ROS) ONOO', '0,, *OH and 0,(213). The two catechol groups act as reducing agents and
therefore one molecule of NDGA can reduce four equivalent ROS. The strong antioxidant
properties of NDGA suggests that it may be used in the fight against cardiovascular disease
as regulation of free radical levels can potentially play a role in the development of disease
in the vasculature. Several groups have noted the vasoprotective effects of NDGA. They
have observed the enhanced expression of endothelial nitric oxide synthase (eNOS) in
cultured endothelial cells when treated with NDGA. Increases in the bioavailability of eNOS

have been observed to substantially reduce endothelial dysfunction (214-217).

NDGA has recently been identified to have a significant role in cancer therapy. NDGA
application has shown inhibition of growth in a variety of cell lines and animal
models(210,218-221) and has been shown to suppress lung cancer growth in cell
lines(222). The nature of the mechanism through which NDGA is anti-tumorigenic has yet
to be fully elucidated. /In vivo studies have shown that NDGA suppresses tumour growth by
inhibiting metabolic enzymes as well as RTK phosphorylation, which is overexpressed in

some cancer cell lines(223).

Due to NDGA’s antioxidant properties research has been carried out to find out its
effectiveness in treating neurological disorders such as cerebral ischemia and Alzheimer’s
disease as it is believed free radicals are responsible for neuronal injury(224). A study has
shown the effectiveness of NDGA in preventing neuronal injury of cultured hippocampal
neurons from rats(225). The study concluded that NDGA’s neuroprotective role was likely

linked to its lipoxygenase inhibition and antioxidant properties.

Although NDGA has been used for centuries in herbal medicines and later on in the 20t

century as a food preservative, the FDA has generally regarded it as safe until 1968. The

use of Larrera products appears to be harmless however strong doses have been associated

with dermatitis, nephrotoxicity, biliary toxicity, and hepatotoxicity in humans(226-228).

Structural modification of NDGA has been seen to reduce the toxicity, for example, the

recorded LD50 of NDGA in mice is 75mg/kg, yet the tetramethylated derivative of NDGA,
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Terameprocol (M4N)(see Figure 153 for structure) as it is commonly known, is well

tolerated by mice with an LD50 dose of 1000mg/kg(226).

U l
O/
O\

Teremeprocol
(M4N)

Figure 153 Structure of Terameprocol
Due to the toxicity of NDGA its potential for therapeutic use is limited, however research
interests have shifted towards M4N, which shows similar properties to NDGA but is far less
toxic. M4AN has been shown to inhibit the secretion of cytokines, chemokines and

inflammatory lipids from activated macrophages in the same way as NDGA does(229-231).

5.1.2 TRPM7 overview

TRPM7, also referred to as TRP-PLIK, ChaK1 or LTRPC7 is a Mg2+ and Ca2+ permeable ion
channel, which is covalently bound to an alpha-type Ser/Thr protein kinase domain(232). It
has been found to be vital in magnesium homeostasis. It has been found to be expressed
in all cells throughout the human body(43,233,234). TRPM7 is 1863 amino acids in length
and has been postulated to form a four member multimeric TRPM7 channel complex, the
same as the majority of TRP channels(232). Similarly, to the majority of TRP channels,
TRPM7 comprises six TM helices with TM5 and TM6 believed to form the channel pore, see
Figure 154. TRPM7 shares most similarity to TRPM6, with 49 % primary amino acid
sequence similarity. TRPM6 has also been found to be crucial for systemic Mg2+

homeostasis in humans(235).
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Figure 154 Left: Structure of TRPM7 protein subunit. Right: Top down view of TRPM7 channel with pore domain formed
between TM5 and TM6. Image altered from Paravicini et al. 2012(232)

The most notable feature of TRPM7 (and TRPMG6) is the protein kinase domain found in the
C-terminus. The kinase domain is an alpha kinase that can phosphorylate serine and
threonine residues located on alpha helices. A summary of the TRPM7 subunit can be seen
Figure 154. Crystallography analysis has shown that the structure of this kinase domain is
remarkably similar to that of cAMP-dependent protein kinase A, as it consists of two lobes

next to the nucleotide binding site(236).

TRPM7 is a constitutively active channel regulated by intracellular Mg2+ and Mg-ATP. A
potential selectivity filter made up of tyrosine and a negatively charged glutamic acid
residue can be found in the pore forming loop (E1047 and Y1049 in mouse TRPM7)(237).
TRPM7 is regulated by G-protein coupled receptors linked to PLC which acts to cleave PIP2
to produce diacylglycerol and inositol triphosphate. Activation of PLC and PIP2 hydrolysis
reduces TRPM7 activity(43). The interaction of the kinase domain with the channel domain,

with regards to pore regulation, is poorly understood.

It has been shown that TRPM7 has a role in cellular growth and development, as

experiments that have altered the activity of TRPM7 have produced profound effects on
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cell growth and development(234). As mentioned previously the channel is involved in

Mg2+ homeostasis(238).

Confirmation of in vitro results in in vivo studies has proved difficult due to the apparent
necessity of TRPM7 for maintaining cellular function. TRPM7 gene deletion in mice is lethal
with death occurring before embryonic day 7.5(239). Due to TRPM7 being widely expressed
and its potential involvement in cellular growth and development as well as Mg
homeostasis it has been researched with regards to the channels involvement in cancer,
ischemic stroke and hypertension. For a full review of the pathophysiologic roles of TRPM7

see Park et al. (240).

5.1.3 TRPM7 inhibitors

To date, there are not nearly as many inhibitors of TRPM7 as there are for other TRP
channels, particularly the thermo-TRPs. Interest in TRPM7 has been growing in recent years
due to it regulating cell proliferation in several cancers and its association with ischemic
cell death and vascular smooth muscle cell function(240). As such the number and range
of known TRPM7 inhibitors is growing. Some of these inhibitors also have an effect on other

TRP channels, including TRPA1. The following is a list of known TRPM7 inhibitors.

- Sphingosine and Fingolimod
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Figure 155 Chemical structures of Sphingosine and Fingolimod

Qin et al. (241) have reported that sphingosine and fingolimod inhibit TRPM7. Using patch
clamp techniques, they found that sphingosine and fingolimod inhibited TRPM7
expressed in HEK293 cells with an IC50 of 0.59 and 0.72 uM respectively. These results
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were confirmed in endogenous TRPM7 cardiac fibroblasts. These two compounds have

also been found to activate TRPM2(242).

- 2-aminoethoxydiphenylborate (2-APB)
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Figure 156 Chemical structure of 2-APB
Micromolar concentration levels of 2-APB were found to have a strong inhibitory effect on
TRPM7 activation in CHOK1, HEK293 and MDCT expression systems(205). 2-APB has been
reported to be a TRPM2 inhibitor and highlighted as a good tool for studying the function
of TRPM2(198).

- 5-lipoxygenase inhibitors
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Figure 157 Chemical structures of 5-lipoxygenase inhibitors; NDGA, AA-861 and MK886
Several 5-lipoxygenase inhibitors, NDGA, AA861 and MK886 have been found to be
potent blockers of the TRPM7(243). Using patch clamp cell-based assay methods, Chen et
al.(243) found that these three compounds potently inhibit TRPM7 channel function in
HEK293 cells overexpressing TRPM7 and natively TRPM7 expressing HEK293 cells. They
determined that TRPM7 inhibition of these compounds is independent of their 5-

lipoxygenase inhibition.

- Nafamostat mesylate
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Figure 158 Chemical structure of Nafamostat mesylate
Nafamostat mesylate was found to inhibit TRPM7 function when overexpressed in HEK293
cells with an IC50 of 15 uM(244). This inhibitory function was confirmed in a natural

expression system, cultured hippocampal neurons, with an IC50 of 27 uM.
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- NS8593

NS8593

Figure 159 Chemical structure of NS8593

A range of modulators of K¢;2.1-2.3 channels were found to inhibit TRPM7. Chubanov et
al.(233) developed an aequorin bioluminescence-based assay to observe TRPM7 channel
activity and found that NS8593 was the most potent inhibitor of TRPM7 from the

compounds tested with an IC50 of 1.6 uM.

- Waixenicin A

Waixenicin A

Figure 160 Chemical structure of Waixenicin A
Waixencin A is a natural compound from a Hawaiian soft coral which has been reported by
Zierler et al. (245) to block TRPM7 function when expressed in HEK293 cell lines. Waixencin
A was found to block TRPM7 function in patch clamp experiments with an IC50 value of
12 uM. The found waixencin A after screening a chemical library of marine organism-

derived extracts.
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- Quercetin

OH O

Quercetin

Figure 161 Chemical structure of Quercetin
Quercetin is a bioflavonoid which has been proposed to have anti-cancer properties(246—
248). Kim et al. (249) sought to determine the nature of the apoptotic mechanisms
responsible for the effects of quercetin on AGS cells, which are a commonly used human
gastric adenocarcinoma cell line. Quercetin was found to inhibit MAPK signalling pathways
and in addition was found to inhibit the function of TRPM7 expressed in AGS cells and when

overexpressed in HEK293 cells.

- Midazolam

Midazolam

Figure 162 Chemical structure of Midazolam
Midazolam is a benzodiazepine class anaesthetic. It has been reported that it inhibits
cancer cell proliferation through the inhibition of TRPM7(250). Midazolam was found to
significantly inhibit the growth and proliferation of FaDU human hypopharyngeal
squamous cell carcinoma cells. This effect was found to be benzodiazepine receptor

independent but TRPM7 dependent.

This list shows the variety of TRPM7 inhibitors that have been identified, from long aliphatic

chains in sphingosine, fingolimod and AA-861, to aromatic compounds such as MK886,

224



nafamostat mesylate and quercetin. It appears that there are no specific structural
components that are required for TRPM7 inhibition which is similar to what has been
observed for other TRP channels. This further highlights the TRP channels as being complex
channels that have a wide array of modulators. Some of the TRPM7 inhibitors have been
found to modulate other TRP channels with 2-APB and sphingosine been observed to
modulate TRPM2. Several of the compounds share structural similarities to known TRPA1
modulators. MK886 is similar to the structure of the TRPA1 specific antagonist HC-030031.
NDGA and quercetin both share structural similarities to phenolic compounds that activate
TRPA1. NDGA in particular is of interest with regards to TRPA1 modulation due to its
diphenyl structure which is similar to the ojk06, 0jkO7 and NPPB structures discussed in
chapter 3. NDGA contains a 4 atom linker group between its two phenyl groups which is

similar in length to the 0jk06 and o0jkO7 compounds as well as NPPB(142).

5.1.4 Inhibition of TRPM7 by carvacrol

Carvacrol is a known TRPA1 agonist, which activates the channel via a non-covalent
traditional ligand binding mechanism(130). Parnas et al.(251) reported that carvacrol
inhibited TRPM7. They demonstrated this in whole cell patch clamp recordings on
mammalian TRPM7 heterologously expressed in HEK cells and ectopically expressed in a
primary culture of CA3-CA1 hippocampal brain neurons. In the same report they showed
that carvacrol inhibited the TRPL channel and decided to examine carvacrol on TRPM7
which shares similar features. TRPM7 has been shown to be constitutively active in the
absence of Mg-ATP(234). Carvacrol was observed to inhibit the active state of TRPM7
expressed in HEK293 cells with an IC50 of 306 uM(251). Other TRPA1 agonists were also
assayed for inhibition of TRPM7 these include cinnamaldehyde, menthol and borneol,

which were all observed to have a small inhibitory effect on TRPM7.

Parnas et al. (251) proceeded to determine that the inhibitory effect of carvacrol on TRPM7
was sufficient to block the channels functional effects. They did this by directly monitoring
the synaptic vesicle recycling of TRPM7-GFP expressing synapses and control synapses.
They found that application of carvacrol, at a concentration of 500 uM, significantly
decreased the vesicle release in TRPM7-GFP neurons and had no effect in the control

neurons. From the results they suggested that TRP channels may share common
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mechanisms of channel modulation. In section 5.1.3 a list of several TRPM7 inhibitors has
been compiled. Some of these inhibitors have already been reported to have TRPA1 activity

and several have been highlighted as possible TRPA1 modulators.

5.1.5 Hypothesis and Aims

It has been discussed in section 5.1.4 that carvacrol, a TRPA1 agonist, inhibits TRPM7. From
a review of the literature and the list of TRPM7 inhibitors, NDGA stood out as a potential
TRPA1 modulator due to its similarity to carvacrol and its similarities to the thymol and
carvacrol based compounds synthesised and assayed in chapter 3. It is therefore
hypothesised that NDGA may modulate TRPA1 possibly through the same mechanism as
other alkylated phenol compounds. M4N a semi-synthetic methylated derivative of NDGA
shares almost all of NDGA biological functions but is far less toxic than NDGA. Therefore,

MA4N was also assayed for TRPA1 modulation.

The assay results on TRPA1-HEK293 cells for NDGA and M4N required further investigation
to understand the underlying mechanism of action. Firstly, the relationship between the
phenol and methoxy functional groups was investigated by comparing the responses for
thymol, its methylated derivative. Secondly, | aimed to determine if the potent TRPA1
agonist response by NDGA and M4N was due in part to the symmetrical nature of these
compounds. Therefore a group of NDGA and M4N non-symmetrical derivatives, N1-N8,

were assayed for TRPA1 modulation.
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5.2Results

In this section the results for the calcium signalling assays have been described in detail.

All the compounds assayed have been tested against mock-transfected HEK293 cells, at the
highest concentration used in the agonist and antagonist assays, to determine any effects
that the compound has on HEK293 cells. There was no response observed in the mock-
transfected HEK293 cells for all of the compounds assayed. Therefore the responses
observed in the TRP gene transfected HEK293 cells can be deemed to be via gene product
of which the HEK293 cells have been transfected with (see Figure 163 for data traces of

responses for selected test compounds from each of the three compound groups).

Calcium signalling trace for controls using mock transfected HEK293

cells
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Figure 163 Raw data traces for a selection of test compounds on mock transfected HEK293 cells

5.2.1 Issues with the calcium signalling assay

method

In section 3.2.1 any issues with the calcium signaling method and subsequent corrective

actions have been explained.
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5.2.2 NDGA
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Figure 164 Chemical structure of NDGA

Agonist effect of NDGA
on TRPA1-HEK293 cells

100+

EC50 = 23 uM

% Cal Response

0 * L L L L]

-6 -5

'
~
]
H
w

Log(agonist) / M

Figure 165 Agonist concentration effect curve for NDGA on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

NDGA has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curve can be seen in Figure 165 above.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031,
therefore this response can be attributed to the gating of TRPA1 channels. NDGA was
tested over the concentration range of 0.1 to 400 uM, over this range a typical sigmoidal
response was observed. The first significant response was observed at 1 uM with a mean

%Cal response of 11. The maximum response was observed at the 200 uM concentration
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point with a mean %Cal response of 67. The maximum plateau was observed to occur
between the 50 and 100 uM. Non-linear regression analysis was carried out using two
different curve fit calculations the best fit was the variable Hill slope four parameter curve
which calculated an EC50 value of 23 uM. An efficacy of 92% of the maximum response of
cinnamaldehyde (100 uM) on TRPA1-HEK293 cells was calculated. In the antagonist assay
no reduction in the response of cinnamaldehyde on TRPA1-HEK293 cells over the

concentration range of 1-400 uM of NDGA.

From this analysis of the agonist and antagonist assays of NDGA on TRPA1-HEK293 cells, it
can be determined that NDGA is a full agonist of TRPA1 which, unlike Thymol and other
agonists tested in chapters 3 and 4, does not show any inhibition or desensitisation of

TRPA1 data not shown.

5.2.3  Terameprocol
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Figure 166 Chemical structure of Terameprocol
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Figure 167 Agonist concentration effect curve for Terameprocol on TRPA1-HEK293 cells. Data points are means+SEM of
N = 3 experiments

MA4N has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect
curve can be seen in Figure 167 above. In the agonist assay a concentration dependent
increase in intracellular calcium was observed. This response was inhibited fully by the
TRPAZ1 specific inhibitor HC-030031, therefore this response can be attributed to the gating
of TRPA1 channels. M4N was tested over the concentration range of 0.1 to 20 uM, over
this range a typical sigmoidal response was observed. The first significant response was
observed at 1 uM with a mean %Cal response of 20. The maximum response was observed
at the 20 uM concentration point with a mean %Cal response of 72. The maximum plateau
was observed between 7 and 10 uM. Non-linear regression analysis was carried out using
two different curve fit calculations the best fit was the variable Hill slope four parameter
curve which calculated an EC50 value of 4 uM. An efficacy of 99% of the maximum response
of cinnamaldehyde (100 uM) on TRPA1-HEK293 cells was calculated. In the antagonist
assay no reduction in the response of cinnamaldehyde on TRPA1-HEK293 cells over the

concentration range of 1-200 uM of M4N, data not shown.

From this analysis of the agonist and antagonist assays of M4N on TRPA1-HEK293 cells, it
can be determined that M4N is a full agonist of TRPA1 which unlike Thymol and other
agonists tested in chapters 3 and 4, does not show any inhibition or desensitisation of

TRPA1, data not shown.
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5.2.4  Thymol
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Figure 168 Chemical structure of Thymol
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Figure 169 Agonist (above) and antagonist (below) concentration effect curves for Thymol on TRPA1-HEK293 cells. Data
points are means*SEM of N = 3 experiments
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Thymol has been assayed using both the agonist and antagonist calcium signalling assays
to assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect
curves can be seen in Figure 169 above. In the agonist assay a concentration dependent
increase in intracellular calcium was observed. This response was inhibited fully by the
TRPAZ1 specific inhibitor HC-030031 therefore this response can be attributed to the gating
of TRPA1 channels. Thymol was tested over the concentration range of 1 to 200 uM, over
this range a typical sigmoidal response was observed. The first significant response was
observed at 30 uM with a mean %Cal response of 18. The maximum response was observed
at the 200 uM concentration point with a mean %Cal response of 66. The maximum plateau
occurred between the 100 and 150 pM. Non-linear regression analysis was carried out
using two different curve fit calculations the best fit was the variable Hill slope four
parameter curve which calculated an EC50 value of 44 uM. An efficacy of 91% of the

maximum response of cinnamaldehyde (100 uM) on TRPA1-HEK293 cells was calculated.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed thymol. Thymol was tested over the concentration range of 10-
1000 uM over this range a typical inhibition curve was observed. The first decrease in the
cinnamaldehyde response was observed at 100 uM with a decrease in cinnamaldehyde
response of 54.1 %. The greatest reduction in the cinnamaldehyde response occurred at
the 400 uM thymol concentration point with a reduction of 95%, which is deemed to be
full inhibition of the cinnamaldehyde response. The plateau was observed between the 200
and 400 uM points. The data points have been fitted with two different non-linear
regression analyses, the best fit curve was a four parameter variable slope curve which

gave a calculated IC50 value of 101 uM.

From this analysis of the agonist and antagonist assays of Thymol on TRPA1-HEK293 cells,
it can be determined that Thymol is a full agonist of TRPA1 which after the initial activation

of TRPA1 inhibits further activation via a desensitisation effect.
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5.2.5 Carvacrol
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Figure 170 Chemical structure of Carvacrol
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Figure 171 Agonist concentration effect curve for Carvacrol on TRPA1-HEK293 cells. Data points are means+SEM of N = 3
experiments

Concentration, | Mean reduction | SEM
UM of
cinnamaldehyde

response, %

100 59.7 7.08

400 97.5 3.57

Table 29 Antagonist responses for Carvacrol on TRPA1-HEK293 cells. N = 3 experiments

Carvacrol has been assayed using both the agonist calcium signalling assays to assess the
compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect curve can be

seen in Figure 171 above. In the agonist assay a concentration dependent increase in
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intracellular calcium was observed. This response was inhibited fully by the TRPA1 specific
inhibitor HC-030031 therefore this response can be attributed to the gating of TRPA1
channels. Carvacrol was tested over the concentration range of 1 to 400 uM, over this range
a typical sigmoidal response was observed. The first significant response was observed at
30 uM with a mean %Cal response of 13. The maximum response was observed at the
200 uM concentration point with a mean %Cal response of 65. The maximum plateau was
observed between the 150 and 200 uM concentration point. Non-linear regression analysis
was carried out using two different curve fit calculations the best fit was the variable Hill
slope four parameter curve which calculated an EC50 value of 69 uM. An efficacy of 90 %
of the maximum response of cinnamaldehyde (100 uM) on TRPA1-HEK293 cells was

calculated.

With regards to an antagonist calcium signalling assay of carvacrol, a full concentration
effect curve was not carried out. However, two concentration points have been tested,
firstly 100 uM, the IC50 concentration for thymol and secondly, 400 uM, the thymol
concentration point at which full inhibition for cinnamaldehyde was first observed. The
results for this can be seen in Table 29 above. Carvacrol at 100 uM reduced the
cinnamaldehyde response by 60 % which was greater than the result obtained for thymol
(54%). The result at the 400 puM concentration showed a 98 % reduction in the

cinnamaldehyde response which can be deemed to be full inhibition.

From this analysis of the agonist and antagonist assays of carvacrol on TRPA1-HEK293 cells,
it can be determined that carvacrol is a full agonist of TRPA1 which after the initial

activation of TRPA1 inhibits further activation via a desensitisation effect.

5.2.6 NDGA and Terameprocol derivatives

A range of non-symmetrical compounds similar to the structure of NDGA and M4N have
been assayed using the agonist and antagonist calcium signalling methods outlined in

section 2.2. The results for each test compound is detailed below.
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5.2.6.1 N1

N1

Figure 172 Chemical structure of N1
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Figure 173 Agonist and antagonist concentration effect curves for N1 on TRPA1-HEK293 cells. Data points are
means+SEM of N = 3 experiments
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N1 has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect
curves can be seen in Figure 173 above. In the agonist assay, a concentration dependent
increase in intracellular calcium was observed. This response was inhibited fully by the
TRPAZ1 specific inhibitor HC-030031 therefore this response can be attributed to the gating
of TRPA1 channels. N1 was tested over the concentration range of 10 to 400 uM, over this
range a typical sigmoidal response was observed. The first significant response was
observed at 150 uM with a mean %Cal response of 24. The maximum response was
observed at the 400 uM concentration point with a mean %Cal response of 53. The
maximum plateau occurred between 100 and 150 pM. Non-linear regression analysis was
carried out using two different curve fit calculations the best fit was the variable Hill slope
four parameter curve which calculated an EC50 value of 163 uM. An efficacy of 73% of the

maximum response of cinnamaldehyde (100 uM) on TRPA1-HEK293 cells was calculated.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentrations of pre-dosed N1. N1 was tested over the concentration range of 3-400 uM.
Over this range a typical inhibition curve was observed. The first decrease in the
cinnamaldehyde response was observed at 10 uM with a decrease in cinnamaldehyde
response of 19 %. The greatest reduction in the cinnamaldehyde response occurred at the
400 UM concentration point with a reduction of 78%. Full inhibition of the cinnamaldehyde
response was not observed as testing above a concentration of 400 uM of N1 was not
possible as above 400 uM the compound was not completely soluble in the assay media.
However, the trend of the data points looks to indicate a full inhibition at higher
concentration levels, this is reflected in the curve of best fit which indicates full inhibition
at approximately 1000 uM. The curve of best fit was chosen from 4 different models of
non-linear regression analysis, the best model was the normalised variable four parameter
slope model as it had the highest R? value, which was 0.739, the other 3 models were very
similar to the one chosen but had slightly lower R* values. The calculated IC50 from the

normalised variable 4 parameter curve is 104 uM.
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From this analysis of the agonist and antagonist assays of N1 on TRPA1-HEK293 cells, it can
be determined that N1 is a full agonist of TRPA1 which after the initial activation of TRPA1

inhibits further activation fully via a desensitisation effect.
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5.2.6.2 N2
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Figure 174 Chemical structure of N2
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Figure 175 Agonist and antagonist concentration effect curves for N2 on TRPA1-HEK293 cells. Data points are
means+SEM of N = 3 experiments
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N2 has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect
curves can be seen in Figure 175 above. In the agonist assay, a concentration dependent
increase in intracellular calcium was observed. This response was inhibited fully by the
TRPAZ1 specific inhibitor HC-030031 therefore this response can be attributed to the gating
of TRPA1 channels. N2 was tested over the concentration range of 10 to 400 uM, over this
range a typical sigmoidal response was observed. The first significant response was
observed at 50 uM with a mean %Cal response of 14. The maximum response was observed
at the 400 uM concentration point with a mean %Cal response of 58. The maximum plateau
occurred between the 200 and 400 uM concentration points. Non-linear regression
analysis was carried out using two different curve fit calculations the best fit was the
variable Hill slope four parameter curve which calculated an EC50 value of 85 uM. An
efficacy of 80 % of the maximum response of cinnamaldehyde (100 uM) on TRPA1-HEK293

cells was calculated.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed N2. N2 was tested over the concentration range of 1-400 uM
over this range a typical inhibition curve was observed. The first decrease in the
cinnamaldehyde response was observed at 10 uM with a decrease in cinnamaldehyde
response of 18 %. The greatest reduction in the cinnamaldehyde response occurred at the
400 uM concentration point with a reduction of 89%. Full inhibition of the cinnamaldehyde
response was not observed as testing above a concentration of 400 uM of N2 was not
possible as above 400 uM the compound was not completely soluble in the assay media.
However, the trend of the data points looks to indicate a full inhibition at higher
concentration levels, this is reflected in the curve of best fit which indicates full inhibition
at approximately 600 uM. The curve of best fit was chosen from 4 different models of non-
linear regression analysis, the best model was the normalised variable four parameter slope
model as it had the highest R? value, which was 0.8558, the other 3 models were very
similar to the one chosen but had slightly lower R* values. The calculated IC50 from the

normalised variable 4 parameter curve is 57 uM.
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From this analysis of the agonist and antagonist assays of N2 on TRPA1-HEK293 cells, it can
be determined that N2 is a full agonist of TRPA1 which after the initial activation of TRPA1

inhibits further activation fully via a desensitisation effect.

5.2.6.3 N3

OH

HO

N3

Figure 176 Chemical structure of N3
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Figure 177 Agonist (above) and antagonist (below) concentration effect curves for N3 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments

N3 has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect
curves can be seen in Figure 177 above. In the agonist assay a concentration dependent
increase in intracellular calcium was observed. This response was inhibited fully by the
TRPAZ1 specific inhibitor HC-030031 therefore this response can be attributed to the gating
of TRPA1 channels. N3 was tested over the concentration range of 10 to 400 uM, over this
range a full sigmoidal agonist response was not observed, however the data trends towards
a full sigmoidal concentration effect curve. The first significant response was observed at

30 uM with a mean %Cal response of 12. The maximum response was observed at the
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400 uM concentration point with a mean %Cal response of 42. As previously mentioned a
maximum plateau was not observed however non-linear regression analysis has been used
to fit a curve to the data points which can be used to predict a maximum plateau point.
Two models have been used to fit a curve the first assumes a 100 % efficacy, which is the
normalised variable slope model, this predicts a maximum plateau around the 15mM
concentration. The second model does not assume a 100 % efficacy, this is the variable
slope four parameter model, and a maximum value of 55 %Cal was predicted, with a 75 %
efficacy, this was assumed to occur at the 1000 uM concentration point. Of the two models,
the best fit curve was from the variable slope four parameter model which had a greater
R? value of 0.8505 and tighter 95 % confidence intervals than the normalised variable slope
model. The calculated EC50 value for N3 using the variable slope four parameter model

was 123 uM. N3 can be deemed to be a partial agonist of TRPA1.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed N3. N3 was tested over the concentration range of 1-400 uM.
Over this range a typical inhibition curve was observed. The first decrease in the
cinnamaldehyde response was observed at 10 uM with a decrease in cinnamaldehyde
response of 38 %. The greatest reduction in the cinnamaldehyde response occurred at the
400 pM concentration point with a reduction of 92 %, this can be deemed to be full
inhibition of the cinnamaldehyde response. A plateau has not been achieved as testing
beyond the concentration of 400 uM was not possible due to the insolubility of N3 in the
assay media at higher concentrations. However it can be assumed with a reasonable level
of certainty that higher concentrations will yield full inhibition of the cinnamaldehyde. Non-
linear regression analysis was carried out to produce a curve of best fit, out of the models
used the normalised variable slope model was the best fit with an R? value of 0.7675, this
value shows an adequate level of fit to the data points it is slightly lower when compared
to the other compounds tested this is due to the responses at the 30 uM and the 50 uM
concentration points which were slightly lower and higher, respectively, than the curve of
best fit, however these points have not been deemed to be outliers and therefore have

been included. The calculated IC50 using the normalised variable slope model is 27 uM.
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From this analysis of the agonist and antagonist assays of N3 on TRPA1-HEK293 cells, it can
be determined that N3 is a full agonist of TRPA1 which after the initial activation of TRPA1

inhibits further activation fully via a desensitisation effect.
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5.2.6.4 N4
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Figure 178 Chemical structure of N4
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Figure 179 Agonist (above) and antagonist (below) concentration effect curves for N4 on TRPA1-HEK293 cells. Data
points are means*SEM of N = 3 experiments
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N4 has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 179 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. N4 was tested
over the concentration range of 10 to 400 uM, over this range a typical sigmoidal response
was observed. The first response was observed at 50 uM with a mean %Cal response of 10.
The maximum response was observed at the 400 uM concentration point with a mean %Cal
response of 33. A maximum plateau can be observed between the 200 and 400 uM
concentration points, however this plateau cannot be fully confirmed as testing above
400 puM was not possible due to the insolubility of N4 in the assay media at higher

concentrations.

Non-linear regression analysis was carried out using two different curve fit calculations the
best fit was the variable Hill slope four parameter curve with an R* value of 0.8225, the
normalised variable slope model showed a similarly good fit with an R? 0.7986. These two
models predict different activity profiles for N4 the normalised variable slope model
predicts a full agonist, as is the nature of the model which fits the data to a full agonist
response (i.e. the maximum response for cinnamaldehyde). This model predicts an EC50
value of 435 uM. The variable slope four parameter model predicts a partial agonist
response with an EC50 value of 130 uM and an efficacy of 45 %. As both of these models
have very similar R? values, it is difficult to decipher which model reflects the interaction
between N4 and TRPA1. However, the normalised variable slope model shows a broader
concentration effect curve ranging from the first response at 50 uM to the maximum
predicted response at approximately 15mM, whereas the variable slope four parameter
has a much narrower range which is more in line with other compounds tested and
therefore more plausible. The variable slope four parameter has therefore been chosen as
the best curve fit model due to a greater R® value and a more believable concentration

effect range, the final EC50 value for N4 is 130 uM with an efficacy of 45 %.

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing

245



concentration of pre-dosed N4. N4 was tested over the concentration range of 10-400 uM
over this range a typical inhibition curve was observed. The first decrease in the
cinnamaldehyde response was observed at 30 uM with a decrease in cinnamaldehyde
response of 30 %. The greatest reduction in the cinnamaldehyde response occurred at
400 pM with a reduction of 93 %, which is deemed to be full inhibition of the
cinnamaldehyde response. This full inhibition could not be confirmed at greater
concentrations due to the insolubility of N4 in the assay media at higher concentrations,
however the data trends heavily towards full inhibition at concentrations of 400 uM and
above. The best fit non-linear regression analysis model was the normalised variable slope

model which has an R? value of 0.9037, the calculated 1C50 value for this model is 51 M.

From this analysis of the agonist and antagonist assays of N4 on TRPA1-HEK293 cells, it can
be determined that N4 is a partial agonist of TRPA1 which after the initial activation of

TRPA1 inhibits further activation fully via a desensitisation effect.
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5.2.6.5 N5

N5

Figure 180 Chemical structure of N5
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Figure 181 Agonist (above) and antagonist (below) concentration effect curves for N5 on TRPA1-HEK293 cells. Data
points are means+SEM of N = 3 experiments
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N5 has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 181 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. N5 was tested
over the concentration range of 50 to 600 UM, over this range a typical sigmoidal response
was observed. The first significant response was observed at 400 uM with a mean %Cal
response of 41. The maximum response was observed at the 600 uM concentration point
with a mean %Cal response of 49. A maximum plateau was not observed within the data
range tested however the best fit curve, created using the variable slope four parameter
model, predicts a plateau forming at the 600 uM concentration point. As previously
mentioned the best fit curve was created using the variable slope four parameter with an
R?value of 0.8929 the calculated EC50 from this curve fit model is 314 uM and an efficacy
of 68 % of the maximum cinnamaldehyde response. N5 can therefore be deemed to be a

low potency partial agonist of TRPA1.

In the antagonist assay a slight concentration dependent decrease in the response of 30 uM
of cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed N5. N5 was tested over the concentration range of 1-400 uM
over this range no significant trend in the reduction of the cinnamaldehyde response was
observed. The first decrease in the cinnamaldehyde response was observed at 10 uM with
a decrease in cinnamaldehyde response of 20 %. The greatest reduction in the
cinnamaldehyde response occurred at the 100 uM concentration point with a reduction of
30 %. After the 100 uM concentration point there was no further reduction in the
cinnamaldehyde response, in fact the average reduction in cinnamaldehyde response for
the 200 uM and 400 uM was less than at the 100 uM with 24% and 24% reductions
respectively. As the inhibition observed was so small over the concentration range tested
fitting a curve to the data points gave no further insight into the inhibitory interactions

between N5 and TRPA1.

From this analysis of the agonist and antagonist assays of N5 on TRPA1-HEK293 cells, it can
be determined that N5 is a partial agonist of TRPA1 which after the initial activation of
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TRPA1 has a slight inhibitory effect on further activation via either a desensitisation or a

direct antagonistic effect.

5.2.6.6 N6

HO

N6

Figure 182 Chemical structure of N6
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Figure 183 Agonist (above) and antagonist (below) concentration effect curves for N6 on TRPA1-HEK293 cells. Data
points are means*SEM of N = 3 experiments

N6 has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 183 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. N6 was tested
over the concentration range of 50 to 600 UM, over this range a typical sigmoidal response

was observed. The first significant response was observed at 100 uM with a mean %Cal
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response of 11. The maximum response was observed at the 600 uM concentration point
with a mean %Cal response of 64. A maximum plateau was not observed within the data
range tested however the best fit curve, created using the variable slope four parameter
model, predicts a plateau forming at the 600 uM concentration point. As previously
mentioned the best fit curve was created using the variable slope four parameter with an
R?value of 0.9506 the calculated EC50 from this curve fit model is 294 uM and an efficacy
of 88% of the maximum cinnamaldehyde response. N6 can therefore be deemed to be a

low potency full agonist of TRPAL.

In the antagonist assay a small concentration dependent decrease in the response of 30 uM
of cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed N6. N6 was tested over the concentration range of 1-400 uM
over this range no great significant reduction in the cinnamaldehyde response was
observed only a small downward trend in cinnamaldehyde response was observed. The
first decrease in the cinnamaldehyde response was observed at 30 uM with a decrease in
cinnamaldehyde response of 21 %. The greatest reduction in the cinnamaldehyde response
occurred at the 400 pMwith a reduction of 27%. Full inhibition of the cinnamaldehyde
response was not observed over the concentration range tested. Non-linear regression
analysis using a normalised model yielded curves which were not sensible i.e. they
predicted full inhibition at concentrations above 1M. The variable four parameter slope,
which is not normalised to a full inhibitory effect, predicted a partial antagonistic effect
however it was a poor fit for the data points, with an R* value of 0.4135, and therefore not

very reliable. Without a reliable curve an IC50 value cannot be assigned.

From this analysis of the agonist and antagonist assays of N6 on TRPA1-HEK293 cells, it can
be determined that N6 is a full agonist of TRPA1 which after the initial activation of TRPA1
has a slight inhibitory effect on further activation via either a desensitisation or a direct

antagonistic effect.

251



5.2.6.7 N7

N7

Figure 184 Chemical structure of N7
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Figure 185 Agonist (above) and antagonist (below) concentration effect curves for N7 on TRPA1-HEK293 cells. Data
points are means*SEM of N = 3 experiments

N7 has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 185 above.
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In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. N7 was tested
over the concentration range of 100 to 600 UM, over this range a typical sigmoidal response
was observed. The first significant response was observed at 50 uM with a mean %Cal
response of 10. The maximum response was observed at the 600 uM concentration point
with a mean %Cal response of 49. A maximum plateau was not observed within the data
range tested however the best fit curve predicts a plateau at around 700 uM. Non-linear
regression analysis was carried out using two different curve fit calculations the best fit was
the variable Hill slope four parameter curve which calculated an EC50 value of 139 uM. An
efficacy of 68 % of the maximum response of cinnamaldehyde (100 uM) on TRPA1-HEK293

cells was calculated, therefore N7 can be deemed a partial agonist.

In the antagonist assay no decrease in the response of 30 uM of cinnamaldehyde (EC50
concentration of cinnamaldehyde) even at the top concentration of 600 uM. Therefore, N7

does not have a desensitising effect on TRPA1.

From this analysis of the agonist and antagonist assays of N7 on TRPA1-HEK293 cells, it can
be determined that N7 is a partial agonist of TRPA1 which does not show a desensitisation

effect after the initial activation.
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5.2.6.8 N8

O/\o

N8

Figure 186 Chemical structure of N8
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Figure 187 Agonist (above) and antagonist (below) concentration effect curves for N8 on TRPA1-HEK293 cells. Data
points are means*SEM of N = 3 experiments
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N8 has been assayed using both the agonist and antagonist calcium signalling assays to
assess the compound’s effect on TRPA1-HEK293 cells. The resulting concentration effect

curves can be seen in Figure 187 above.

In the agonist assay a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. N8 was tested
over the concentration range of 10 to 600 uM. The first significant response was observed
at 400 uM with a mean %Cal response of 14. The maximum response was observed at the
600 UM concentration point with a mean %Cal response of 14. As can be seen, the agonist
response of N8 over the concentration range tested is very small, predictions as to what
the trend will be after the 600 uM concentration is difficult to determine, however the
400 pM and 600 uM responses are very similar which may indicate a plateau. This plateau
at such a low response agrees with the variable slope four parameter non-linear regression
analysis model which was the best fit model. Therefore it can be considered that N8 has
low efficacy and potency (efficacy of 20 % of the maximum response of cinnamaldehyde

and an EC50 value of 248 uM).

In the antagonist assay a concentration dependent decrease in the response of 30 uM of
cinnamaldehyde (EC50 concentration of cinnamaldehyde) was observed with increasing
concentration of pre-dosed N8. N8 was again tested over the concentration range of 10-
600 uM. The first decrease in the cinnamaldehyde response was observed at 200 uM with
a decrease in cinnamaldehyde response of 20%. The greatest reduction in the
cinnamaldehyde response occurred at the 400 uM concentration point with a reduction of
24 %. Full inhibition of the cinnamaldehyde response was not observed as testing above a
concentration of 600 uM of N8 was not possible due to poor solubility in the assay media
at higher concentrations. However, the trend of the data points does not seem to indicate
a full inhibition of TRPA1 at a relevant pharmacological concentration, it does seem to
indicate a partial inhibition as the reduction in the cinnamaldehyde response at the 600 uM
is less than that of the 400 uM concentration point. This is indicated by the variable slope
four parameter curve fit model which was the best fit curve, but the fit is very poor with an
R? value of 0.3569 so the prediction of the response beyond the concentration tested

cannot be taken with any great certainty.
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From this analysis of the agonist and antagonist assays of N8 on TRPA1-HEK293 cells, it can
be determined that N8 has a small agonist effect on TRPA1 which after the initial activation

of TRPA1 slightly inhibits further activation via a desensitisation effect.

5.2.6.9 Methylated thymol

Methylated Thymol

Figure 188 Chemical structure of methylated thymol
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Figure 189 Agonist (above) and antagonist (below) concentration effect curves for N8 on TRPA1-HEK293 cells. Data
points are means*SEM of N = 3 experiments
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Methylated thymol has been assayed using both the agonist and antagonist calcium
signalling assays to assess the compound’s effect on TRPA1-HEK293 cells. The resulting

concentration effect curves can be seen in Figure 189 above.

In the agonist assay, a concentration dependent increase in intracellular calcium was
observed. This response was inhibited fully by the TRPA1 specific inhibitor HC-030031
therefore this response can be attributed to the gating of TRPA1 channels. Methylated
thymol was tested over the concentration range of 10 to 400 uM. The first significant
response was observed at 30 uM with a mean %Cal response of 28. The maximum response
was observed at the 200 uM concentration point with a mean %Cal response of 80. A
maximum plateau was observed between 100 and 200 uM, this was confirmed be the curve
of best fit. Non-linear regression analysis has been carried out using two different models,
the best fit curve was created using the variable slope four parameter model, which has an
R?value of 0.8368, this model as previously mentions confirms when the response reaches
its maximum plateau. The calculated EC50 for methylated thymol using the variable slope
four parameter model is 33 uM with an efficacy of 111% of the maximum cinnamaldehyde

response.

In the antagonist assay no inhibitory trend was observed over the concentration range
tested, 1 to 400 uM, methylated thymol does not inhibit the activation of TRPA1 by

cinnamaldehyde.

From this analysis of the agonist and antagonist assays of methylated thymol on TRPA1-
HEK293 cells, it can be determined that methylated thymol is a full agonist of TRPA1 which

does not inhibit further activation of TRPA1.
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5.3Discussion

The following will discuss in depth the results reported in this chapter.

5.3.1 Effect of NDGA and M4N on TRPA1-HEK293

cells

In section 5.2, the results from the agonist and antagonist assay for both NDGA and M4N
are described in detail. A comparison of the concentration effect curves for both NDGA and
MA4N can be seen in Figure 190. NDGA and M4N have been found to be potent full agonists
of TRPA1. M4N was found to be the more potent of the two compounds and also showed
a slightly higher efficacy of activation. Both compounds showed no desensitisation of

TRPA1 at the concentrations tested.
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Figure 190 Comparison of agonist concentration effect curves for NDGA and M4N on TRPA1-HEK293 cells. Data points
are means+SEM of N = 3 experiments

NDGA became the subject of interest via a literature review of TRPM7 inhibitors brought
about by results which reported that carvacrol, a TRPA1 agonist, was an inhibitor of
TRPM7(251). As carvacrol and its interaction with TRPA1 was already of interest as some
of the compounds in chapter 3 are based on the carvacrol structure, it was a natural route
of investigation to look further into TRPM7 and other inhibitors of the channel. Of the
inhibitors reviewed in section 5.1.3, NDGA stood out due to its catechol structure and
because of its linked phenyl rings. Lee et al. (130) had reported thymol, carvacrol and some
related monophenol structures activated TRPAL. In the report they hypothesised that

phenols that had alkyl substitutions would activate TRPA1 with compounds which had a

258



higher logP value being more potent. They did not report any results for catecahol-like
structures such as NDGA. Also, in chapter 3 it was discussed that compounds with two
phenyl groups showed increased modulation of TRPA1 with increasing separation of the
two phenyl rings. This has also been shown in the results reported by Liu et al.(142). NDGA
has a 4 carbon alkyl chain which links the two phenyl rings. Both NDGA’s catechol structure
and its diphenyl arrangement were points of interest with regards to a possible interaction
with TRPA1 therefore it was decided that NDGA should be taken forward to be tested via
the calcium signalling assays (described in section 2.2) for TRPA1 modulation. As previously
mentioned it was found that NDGA was a full agonist of TRPA1 with an EC50 of 23 uM and
unlike the compounds in chapter 3 did not have a desensitising effect after the initial
activation. This agonist effect by NDGA was inhibited fully by HC-030031, a specific TRPA1
antagonist. As was described in section 5.1.1, M4N shares a lot of similarities to NDGA with
regards to biological activity yet does not suffer the same toxicity issues. Therefore, M4N
was also tested and was found to be a full agonist of TRPA1, more potent than NDGA with
an EC50 of 4 uM and with a slightly greater efficacy, M4N also did not desensitise TRPA1
after initial activation. The agonist effect of M4N was also found to be fully inhibited by the

TRPA1 specific antagonist HC-030031.

Whilst my results were being collected, another research group reported the activation of
human TRPA1 by NDGA and M4N with M4N being the more potent of the two(252). In their
results the difference in the EC50 values of NDGA and M4N (5.4 uM and 4.5 uM,
respectively) were not as great as | have observed, however they also noted that M4N gave
a greater maximum response than NDGA, which is in line with what | have reported.
Redmond et al.(252) stumbled across NDGA and its interaction with TRPA1 when looking
into the effects of arachidonic acid and its potential metabolites on TRPA1. They used
NDGA as a lipoxygenase inhibitor as part of their assay method and discovered that NDGA
increased intracellular calcium concentration in TRPA1-HEK293 cells. Upon following up
this discovery they found M4N to have a similar effect. Site directed mutagenesis of the
TRPA1 channel was carried out by Redmond et al.(252) in order to reveal more information
with regards to the mechanism of activation by NDGA and M4N. They carried out the
mutation of three cysteine groups, Cys621, Cys641 and Cys 665 to serine, essentially

converting the thiol group of cysteine to an alcohol group. The activation of NDGA and M4N
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in the 3xCys mutant of TRPA1 was found to be weaker than that determined for the wild
type TRPA1. They concluded that this shows that the mechanism of action for NDGA and
MA4N acts through Cys621, Cys641 and Cys665. While this mutation knocks out activation
via covalent modification by electrophilic compounds fully as first reported by Hinman et
al.(64), it has been noted that these mutations may play a role in the general mechanism
of gating as it has been reported that a variety of different agonists all showed a lower
potency of activation of TRPA1 with these three cysteine mutations(142). So, it is uncertain
as to where NDGA and M4N bind to TRPA1, possibly it may be through the menthol active
site situated in the TM5 domain highlighted by Xiao et al. (55), as is the case for thymol and

carvacrol.
53.2 Effect of methylation of phenol groups on
TRPAT activity

MAN is the tetramethylated derivative of NDGA as discussed in section 5.3.1. It was found
that M4N was both more potent and showed a slightly greater efficacy. The effect of
methylating the four phenol groups are that the methyl groups add extra bulk to the
compound and that methoxy groups cannot act as hydrogen bond donors and acceptors
just hydrogen bond acceptors due to the lone pair electrons present on the oxygen atoms.
The electronic effects of the methoxy and alcohol groups on the phenyl rings are pretty

much similar.
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Figure 191 Comparison of agonist concentration effect curves for Thymol and methylated thymol on TRPA1-HEK293
cells. Data points are means+SEM of N = 3 experiments
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Inhibitory effect of Thymol and
Methylated thymol on TRPA1-HEK293 cells
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Figure 192 Comparison of antagonist concentration effect curves for Thymol and methylated thymol on TRPA1-HEK293
cells. Data points are means+SEM of N = 3 experiments

A hypothesis was made that methylation of phenol groups of agonists which activated
TRPA1 would lead to a greater agonist response. In order to prove this hypothesis thymol
and the methylated derivative of thymol were assayed using the calcium signalling assays
found in section 2.2. The resulting concentration effect curves have been compared in
Figure 191 and Figure 192. As can be seen from the comparison graphs the effect of
methylation of the phenol group has seen an increase in potency and efficacy, similar to
that seen between NDGA and M4N (see Figure 190). However, the difference in agonist
properties is not to the same degree as NDGA and M4N which saw a big difference in EC50
values (23 uM and 3.6 UM respectively) compared to thymol and methylated thymol
(44 uM and 33 uM respectively). This smaller difference may be attributed to the number

of phenol/methoxy groups.

The reason as to why this alteration in structure has a positive effect on the activation of
TRPA1 by NDGA and thymol cannot be fully determined at this point in time. It may be that
the extra reach of the methyl groups allows for greater interaction with the binding site.
Alternatively, it may be due to the lipophilicity of the compounds, Lee et al.(130) when they
reported that thymol activated TRPA1 mentioned how in general the greater the lipophilic
nature of alkylated phenols the greater the potency of activation. The in silico calculated
LogP values for NDGA, M4N, thymol and methylated thymol can be found in Table 30.
These values have been calculated using the LogP v14.04 software as part of ACD

Chemsketch software. As can be seen from these values is that the methylated derivatives
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have a greater LogP value and the difference between NDGA and M4N is much greater than
for thymol and methylated thymol. This agrees with the observation that Lee et al. (130)
reported. An observation that can also be made is that the hydrogen bonding acceptor
nature of the methoxy derivatives must still be capable of interacting with the binding site

similar to that of the phenols.

Compound LogP

NDGA 3.71+0.26
MA4N 5.86 +0.30
Thymol 3.28 +0.20
Methylated thymol 3.93+0.22

Table 30 LogP values for NDGA, M4N, thymol and methylated thymol. Calculated using ACD chemsketch LogP v14.04
software

Another interesting point to note is the desensitising effect of thymol on TRPA1 is not
observed with the methylated derivative. The reason for this is unclear as not much is
known with regards to the mechanisms of desensitisation but from the results reported in
this chapter and those in chapter 3 and 4 it does appear that this mechanism behaves

independently of the mechanism of activation.
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5.3.3

NDGA and M4N effects on TRPA1
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Figure 193 Chemical structures and summary of assay results for N1-N8
Due to the structure of NDGA and M4N being symmetrical it brought into question the
reason for its enhanced potency in the activation of TRPA1. Was it due to the fact that there
are two pharmacophoresi.e. the two substituted phenyl rings which increases the potential
for the compound to bind with the binding site. Or, are the enhanced agonist properties
due to the three-dimensional conformation of NDGA and M4N. In order to give an
indication to this eight compounds similar to one half of NDGA and M4N have been assayed
in the agonist and antagonist calcium signalling assays (see section 2.2 for method details)

the structures and summary of the assay results can be seen in Figure 193.

The results show that alkylated catechol and methylated derivatives modulate TRPA1
although the potency of these interactions are not as potent as for NDGA, M4N, thymol

and methylated thymol. As can be seen from the results N2 was the most potent agonist
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of TRPA1 with an EC50 of 85 uM. NDGA is approximately four times more potent than N2
and much more potent than the other compounds tested. Also none of the compounds
showed an efficacy greater than NDGA, with N6 being the closest with an efficacy of 88%
of the maximum cinnamaldehyde response. These results may suggest the possibility of
two close proximity binding sites that the catechol pharmacophores can bind to. With the
increased potency of NDGA and M4N being explained by the fact that the binding of one
of the catechol pharmacophore brings the second catechol group into close proximity to
the second binding site, and therefore increasing its local concentration and probability of
interaction with the binding site. This effect is commonly referred to as ‘avidity’.
Alternatively, NDGA and M4N both have a freely rotating alkyl chain linking the two phenyl
groups together which allows a wide range of flexibility, possibly allowing some form of pi-
stacking to occur possibly accounting for the lowest energy conformation which may bind
to a single activation site of TRPA1 effectively. Ho et al. (253) have synthesised a range of
MA4AN derivatives that seek to restrain the flexibility of the molecule. They then assayed
these derivatives and some of which showed greater growth inhibitory values on several
different cancer cell lines including malignant pancreatic BxPC-3. The derivatives which
showed the greatest growth inhibitory values were structures which mimicked the lowest
energy conformation of M4N. They had determined that M4N in its lowest energy
conformation adopted a T-shaped pi-stacking arrangement, the most potent derivatives,
shown in Figure 194 in three-dimensional space imitate this lowest energy conformation
of M4N. It was therefore hypothesised that the lowest energy conformation was
responsible for M4Ns growth inhibitory action. It may be the case that similar analogs for
NDGA and MA4N that restrain the flexibility of the molecule may show greater activation of

TRPAL.
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(1E,3E)-1,4-bis(3,4-dimethoxyphenyl)buta-1,3-diene

Compound 7
(E)-1-(3,4-dimethoxybenzylidene)-5,6-dimethoxy-2,3-dihydro-1 H-indene

Figure 194 Chemical structures of rigid derivatives of M4N from Ho et al. 2013(253)
There are several comparisons to be made from the N1-N8 compounds. Starting with N5,
N7 and N8, these three compounds all have ether groups and no phenol groups. They were
all observed to activate TRPA1 in a concentration dependent manner. As can be seen from
the comparison graphs in Figure 195 and Figure 196. N7 is the most potent agonist and has
the highest efficacy, along with N5. N5 is the weakest with regards to potency and N8 has
the lowest efficacy of the three compounds. None of the compounds display a

desensitisation effect over the concentration ranges tested.

Agonist effect of N5, N7 and N8
on TRPA1-HEK293 cells
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Figure 195 Comparison of agonist concentration effect curves for N5, N7 and N8 on TRPA1-HEK293 cells. Data points are
means+SEM of N = 3 experiments
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Inhibitory effect of N5, N7 and N8
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Figure 196 Comparison of antagonist concentration effect curves for N5, N7 and N8 on TRPA1-HEK293 cells. Data points
are means+SEM of N = 3 experiments

N8 showed a very poor activation potency and efficacy of TRPA1. This may be due to the
restricted nature of the dioxole ring affecting the binding of the compound to the TRPA1
activation site. The three-dimensional structures of N7 and N8 can be seen in Figure 197,
these structures were produced in Chem3D 15.1 and a standard MM2 energy minimisation
calculation was carried out to predict the lowest energy conformation. From the structures
it can be seen that the arrangement of the two methoxy groups covers more space as
opposed to the dioxole ring. The dioxole ring is similar in structure to the highest energy

conformation for N7 where the two methyl groups are within close proximity.

8

Figure 197 Three-dimensional structures of N7 (left) and N8 (right). Structures are the lowest energy conformations for
N7 and N8, calculated using Chem3d v15.1 MM?2 calculation.
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These results are in line with what was observed with M4N and methylated thymol. M4N
and methylated thymol activated TRPA1 and did not desensitise the channel after the initial

activation which has been replicated in the results observed for N5, N7 and N8.

Agonist effect of N2, N3 and N4
on TRPA1-HEK293 cells
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Figure 198 Comparison of agonist concentration effect curves for N2, N3 and N4 on TRPA1-HEK293 cells. Data points are
means+SEM of N = 3 experiments
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Figure 199 Comparison of antagonist concentration effect curves for N2, N3 and N4 on TRPA1-HEK293 cells. Data points
are means+SEM of N = 3 experiments

N2, N3 and N4 are all diphenol compounds, and their concentration effect curves in from
the TRPA1 agonist and antagonist calcium signalling assays have been compared in Figure
198 and Figure 199. Each of the compounds showed similar agonist and antagonist
properties. They all displayed an agonist effect, with similar potencies and varying efficacy,
they also were all found to desensitise TRPA1 to further activation by cinnamaldehyde in a

concentration dependent manner.
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The order of activation potency and efficacy for N2, N3 and N4 on TRPA1 followed the
hypothesis outlined by Lee et al. (130) which stated that the TRPA1 agonist effect of
alkylated phenols increases with increasing lipophilicity. This opposes what has been
observed with the dimethoxy compounds N5, N7 and N8. These observations are not
enough to prove or disprove a link between lipophilicity and TRPA1 activation especially
considering the overall weak potencies and efficacies of these compounds, as well as the

lack of direct comparisons.
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Figure 200 Comparison of agonist concentration effect curves for N4 and N7 on TRPA1-HEK293 cells. Data points are
means+SEM of N = 3 experiments
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Figure 201 Comparison of antagonist concentration effect curves for N4 and N7 on TRPA1-HEK293 cells. Data points are
means+SEM of N = 3 experiments

The only true direct comparison between diphenol and dimethoxy compounds of the series
of phenyl compounds is between N4 and N7. The comparison of the concentration effect

curves from the TRPA1 agonist and antagonist calcium signalling assays can be seen in
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Figure 200 and Figure 201. From the comparison graphs it can be seen that N7, the
dimethoxy compound, is a more potent and efficacious agonist than its diphenol analog
which is the same as that observed for NDGA and M4N. The results obtained from the
antagonist assay show that N7 does not have a desensitising effect on further activation of
TRPA1 whereas N4 does show a full desensitisation effect. This follows the trend observed
for the N1-8 compounds all of the diphenols showed some form of desensitisation of TRPA1
over the concentration range tested whereas the dimethoxy compounds did not. It may be
the case that the dimethoxy compounds have a desensitisation effect on TRPA1 at higher
concentrations than those tested. This trend is observed in thymol and its methylated
derivative. The trend is not observed with NDGA and M4N as both have been shown to not
have a desensitisation effect on TRPAL. This indicates that the structure of these two
compounds inhibits the desensitisation effect on TRPA1, it also indicates that
desensitisation of the channel may occur through a different mechanism than activation

and is not necessarily a downstream effect of activation of TRPA1.
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5.4Summary and Conclusion

The results presented in this chapter highlight NDGA and its semi-synthetic methylated
derivative M4N as potent agonists of TRPA1 which do not desensitise TRPA1 to further
activation, unlike other non-covalent agonists of TRPA1. NDGA was highlighted as a
potential modulator of TRPA1 through a literature review of TRPM7 inhibitors. Interest in
TRPM7 inhibitors came about due to a report that had shown carvacrol, a TRPA1 agonist
and a compound of interest to my research, was found to inhibit TRPM7(251). It may be
the case that TRPM7 and TRPA1, due to the interactions of both channels with carvacrol,

may share a similar form of active site.

There was a stark difference between the response of M4N and NDGA which was replicated
with thymol and methylated thymol as well as with the agonist responses observed for N4
and N7. The methylated compounds all showed a greater potency and efficacy with regards
to their agonist response on TRPA1. Also, it was observed that the methylated compounds
did not inhibit the response of cinnamaldehyde in the antagonist assay and were deemed
not to have a desensitising effect whereas the phenol compounds did desensitise TRPA1 to
further activation by cinnamaldehyde, all except NDGA. It is thought that the larger folded
structure of NDGA may prevent interaction with the channel in a way that causes the
desensitising effect. Further research with a variety of compounds is required to fully
understand the exact nature of the differences between the modulation of TRPA1 by the

two functional groups.

The N1-N8 compounds were assayed with the primary purpose to decipher if the responses
observed for NDGA and M4N were due to them both having two pharmacophores or are
the potent agonist responses due to the overall effect of the three dimensional structure.
All of the N1-N8 compounds were chosen to imitate one half of the symmetrical structure
of NDGA and M4N. The assay results showed that the potent agonist response for NDGA
and M4N were due to the three dimensional structure of the two compounds. It has been
highlighted that restraining the flexibility of the linking group of NDGA and M4N may
increase the potency of the TRPA1 agonist response similar to that reported by Ho et al.
(253). As interest in NDGA and particularly M4N increases with regards to drug

development for their anti-cancer properties, their effect on TRPA1 must be considered
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due to the channels involvement in pain and inflammation. NDGA and M4N can be used as
alternative pharmacological tools when researching TRPA1 and may be a useful starting

point in drug development projects targeting TRPA1.
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6Final Discussion

TRPA1, the non-specific ion channel, is formed from four TRPA1 subunits and has been
found to have a role in a wide variety of biological functions (see section 1.2.5). This is in
part due to the channel’s complex nature, as is evident from the wide range of chemically
diverse agonists and antagonists that have been
reported(64,129,130,136,139,141,142,176,252,254). The diversity of TRPA1 modulators
indicates that there are multiple binding sites, this is backed up by multiple mutagenesis
studies which detail a number of key amino acid residues that are crucial for certain
agonists and antagonist interactions with TRPA1(55,64,128,137,255,256). The results that
have been reported as part of chapter 3, 4 and 5 further expand the diversity of TRPA1
modulators and highlight key points with regards to their interaction with TRPA1 which

may be of use in drug development.

The calcium signalling methods used to generate the concentration effect curves for the
compounds tested described in section 2.2 can be deemed suitable to determine the effect
of the test compounds on the TRPA1 protein. TRPA1 is a non-specific ion channel and
activation of the channel causes increases in intracellular calcium concentrations(57). The
method used uses a fluorescent calcium indicator Fluo-3AM which when applied to the
cells is able to diffuse through the plasma membrane once inside the cell Fluo-3AM is
broken down by naturally occurring esterases. The product of this is a fluorescent calcium
indicator but is also trapped inside the cell. The increase in fluorescence observed is
therefore due to the increase in intracellular calcium. Therefore, changes observed in the
fluorescence of the assay media are due to changes in intracellular calcium caused by the
gating of TRPA1. In order to ensure that the responses of the test compounds were specific
to TRPA1 and the response was not caused by other cellular interactions each compound
which showed a response in TRPA1-HEK293 cells was assayed at their maximum effective
concentration on mock-transfected HEK293 cells. As mentioned in results sections 3.2, 4.2
and 5.2 none of the active test compounds showed any increase in intracellular calcium
concentration and therefore the responses observed in TRPA1-HEK293 cells can be deemed

to be via the TRPA1 protein.
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TRPA1 transfected HEK293 cells have been used in each of the assays and each experiment
a number of controls were carried out to ensure that the cells used were suitable produced
reproducible results. The controls carried out were calcium ionophore, a solvent control
(DMSO0), an agonist control (cinnamaldehyde) and an antagonist control (HC-030031 a
specific and potent TRPA1 antagonist). The calcium ionophore control was carried out at
the start, middle and end of each experiment and gave an indication of cell viability, if the
response differed significantly throughout the course of the experiment then results were
not used. The solvent control determined if there was any interaction between the solvent
used to dissolve the test compounds and TRPA1-HEK293 cells which would give a false
positive result. The specific solvent used to dissolve the test compound was used as the
solvent control; this was to determine if there was any contamination which gave a
response. The agonist control was carried out at the start middle and end of the experiment
to determine the expression of the TRPA1 and to ensure it was consistent throughout the
experiment. If the agonist control differed from what was expected, then the experiment
was repeated. The antagonist control was carried out in much a similar way to that of the

agonist control.

There are several advantages of the fluorescent based calcium signalling assay used. The
assay uses the reversible calcium indicator Fluo-3 which allows for the tracking of increases
and decreases in intracellular calcium concentrations. Fluo-3 requires excitation and
emission wavelengths of 506 and 526 nm respectively; these wavelengths are relatively
high compared to some other calcium indicators available; therefore, reducing any
potential damage to the cells. The assay method records the response of a population of
cells in suspension, which provides greater reliability in the results recorded over single cell
assay methods. However, there are limitations to this method as it only records the effects
of channel gating i.e. changes to intracellular calcium levels. The effect of the test
compound on the cells cannot be truly identified as direct binding to the TRPA1 or TRPMS;
they may indirectly modulate calcium influx via other mechanisms e.g. via activation of
GPCRs that in turn activate TRPA1. False positive and negative results may also occur using
the method used. Test compounds may interfere with Fluo-3 activation, especially the ester
based compounds which maybe hydrolysed by the same esterases that breakdown the

Fluo-3AM. These compounds may then bind to calcium and not fluoresce in the same
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manner as Fluo-3 producing a false positive or negative result dependent on the assay type.
Also the spectral properties of the test compounds may have interfered with the readout
therefore effecting the result obtained. In order to further understand the effects of the
compounds tested other assay methods should be carried out which do not have the same
limitations. A patch clamp based assay method would be ideal to be used alongside a
fluorescent based assay method as any fluorescent based issues would be non-existent in

a patch clamp based method.

In chapter 3 three groups of compounds were assayed for TRPA1 activity. All three groups
of compounds are derivatives of thymol and carvacrol which are known TRPA1l
agonists(130). The first group, ojk01, was made up of 2-isopropylphenol and 2-
isopropylamine that have been linked via an ester and amide bonds to a substituted phenyl
ring. This group of compounds highlighted that the amide linking bonding was necessary
for interaction with TRPA1 rather than the ester bond. It was hypothesised that the amide
compounds were able to hydrogen-bond to crucial amino acid residues in order to anchor
the rest of the molecule into the binding site, to allow pi-pi interactions to occur between
the two phenyl rings of the o0jk01 compounds and the amino acid residues which make up
the binding site. The effect that was observed for 0jk0107; which is a benzyl derivative, was
the first indication that the length between the two phenyl rings was important to the
modulation of TRPA1. This effect has also been shown in greater detail by Liu et al.
2010(142) when they showed that an increasing alkyl chain length between the two phenyl
rings of NPB resulted in a greater potency of TRPA1 activation. From the ojk01 the effect of
chloro groups on the second phenyl was observed, it was found that the closer the chloro
group was the greater the potency of activation and desensitisation of TRPA1. This has
been hypothesised to be due to the electronic effects of the amide and chloro group

working in tandem to have a greater interaction with the TRPA1 binding site.

The second and third groups from chapter 3 are the ojk06 and 0jk07 groups which are
derivatives of carvacrol and thymol respectively. Both groups contain compounds which
contain acetamide linking groups which link a carvacrol/thymol moiety to a substituted
phenyl ring. These compounds backed up the hypothesis from the ojk01 compounds
showing that the greater the length between the two phenyl rings, the greater the

interaction with TRPA1. A direct comparison could not be made between the ojk01 and
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0jk06/7 compounds as other structural differences may play a part in the binding
interactions. The 0jk06 and 0jk07 compounds all showed a potent agonist response with
varying levels of efficacy; they also showed a strong desensitisation effect on TRPA1 to
further activation. The desensitisation effect seems to be independent of the activation of
TRPA1 as there appeared to be no increase in desensitisation with an increase in agonist
potency. It may be that these compounds interact with two different sites, one of which
produces an agonist response, the other produces an inhibitory response. This theory
supported by the fact that generally the 0jkO6 compounds were more potent desensitisers
than the 0jk07 compounds and that the o0jk07 compounds were more potent agonists. This
trend is most probably due to the effect of the linking group attaching in a different position
for the two groups therefore producing different three dimensional structures. In chapter
5 the three dimensional structure of NDGA and M4N was discussed and how the two
phenyl rings interacted in a T-shaped fashion due to the flexibility of the alkyl linking group,
NDGA and M4N were both potent agonists of TRPA1 and did not have a subsequent
desensitisation effect. The absence of desensitisation was postulated to be due to the
folded nature of the lowest energy conformation of the two compounds. In comparison
the 0jk06 and ojk07 compounds display a much more rigid linking group which will produce
a much more linear three dimensional structure, which may be responsible for the
desensitisation effect of the ojk06 and ojk07 compounds. Alternatively, it has been
proposed that the ether group in the 0jk06 compounds is less sterically hindered and
therefore is more open to forming intermolecular bonds with the binding site, which may
be of greater importance to the desensitisation effect. The ojk06 and o0jk07 compounds
have been compared with regards to their substituent groups on the second phenyl group.
It was found that in general the methyl derivatives were more potent agonists of TRPA1
and isopropyl derivatives were the more potent desensitisers. The ring position of these
groups was also compared and varying results were observed dependent on the group. The
differences between the chloro derivatives and the alkyl derivatives was also discussed. It
was suggested that the chloro derivatives may desensitise TRPA1 via a different mechanism
than the other 0jk06 and ojk07 derivatives due to the fact it did not fit with the trends
observed for the other derivatives. The different mechanism was believed to be similar to
that of A96 and AP-18 which are potent TRPA1 antagonists both of which are aryl halide

compounds. It has been shown that amino acid residues located within the fifth
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transmembrane domain are key to the inhibitory effect of A96 and AP-18(180). The
inhibitory action of HC-030031 was not affected by the deletion of the same amino acid
residues in a separate study(55). It was therefore hypothesised that the chloro derivatives
may inhibit TRPA1 via a A96 like mechanism and that the other alkyl derivatives inhibited

via a HC-030031 like mechanism, possibly similar to that of caffeine(137).

In chapter 4 the effect of fenamic acid related NSAIDs and fenamic acid derivatives on
TRPA1 was reported. It was observed that small changes in the structure of these
derivatives significantly altered the effect of the compounds on TRPA1. For example, the
difference between SEO1 and FFA, SEO1 a 3-fluoro derivative of fenamic acid whereas FFA
is a 3-trifluoromethyl. This seemingly small change in structure is translated to SEO1 being
an antagonist of TRPA1 and FFA being a potent agonist and desensitiser of TRPA1. It
appears that the electronic nature of the substituent phenyl functional groups had a major
effect on how the compounds interacted with TRPA1. The alkyl derivatives of fenamic acid
did not produce potent agonist or antagonist responses except from the di-substituted
alkyl derivatives such as SE04 and MFA. The addition of an extra methyl group has been
reported to increase both the agonist and desensitising properties. The reason for this is
unclear, however it may be due to an increase in lipophilicity. The effect of lipophilicity has
been discussed in all the results chapters. In general, a more lipophilic compound tends to
have an increased potency of interaction with TRPA1. This may be due to an enhanced
ability to diffuse into the cell, or it could be due to the lipophilic nature of the TRPA1 binding
sites. The results for chapter 4 also indicate the importance of the amine linking group of
fenamic acid as key to the interactions with TRPAL1. Firstly, it was seen that ketoprofen was
a weak agonist of TRPA1 especially compared to the amine linked derivatives. Secondly,
the effect of SE02 further indicated the importance of the amine group. SE02 was found to
have no effect on TRPA1; this was deemed to be due to a potential steric hindrance of the
amine group by the 2-methoxy ring substitution. As SE02 did not show an agonist or
antagonist response it can be deemed that the amine group is important for both agonist
and inhibitory responses. This relates to the importance of the amide group in ojk01, ojk06

and ojk07 compounds from chapter 3.

In chapter 5, NDGA and M4N were found to have a potent TRPA1 agonist response and did

not show a subsequent desensitising effect which has been observed for the majority of
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non-covalent agonists of TRPA1 that have been tested as part of this thesis. The lack of a
desensitising effect for NDGA and M4N as mentioned earlier may be due to the
conformation of the molecules which have been reported to be in a folded
arrangement(253). It has also been shown that the TRPA1 agonist potency for NDGA and
MA4N is in part due to their three dimensional structure and not due to the compounds
having two pharmacophores in the form of two catechol rings. Also it has been established
in chapter 5 that the methylation of phenol groups abolishes any form of desensitisation
as was observed with the results for methylated thymol and the N1-N8 compounds as none
of the methylated compounds showed a desensitising effect. This effect has also been in
part observed in chapter 4 with regards to the methoxy and ethoxy derivatives of fenamic
acid all of which showed no TRPA1 inhibition. The underlying mechanism of this trend
cannot be pinpointed at the moment, however it may be due to a combination of effects
such as the electronic effects these groups have on phenyl rings and also the hydrogen

bonding capabilities of ether groups i.e. they can only act as hydrogen bond acceptors.

The results that have been reported and discussed in this thesis extends the range of non-
covalent modulators of TRPA1. They highlight the complexity of the TRPA1 channel due to
the variety of responses observed for very similar compounds. These compounds can be
used as pharmacological tools for carrying out research on TRPA1 due to the differing
effects observed by very similar compounds. The results also highlight key points that can
be used to develop TRPA1 targeting drugs. SEO1 has stood out as a potential starting point
to develop a new novel TRPA1 inhibitor when considering it is a close derivative to FFA

which is already a marketed drug.
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/7Summary and Conclusion

The effects of several groups of chemical compounds on TRPA1 have been reported and
discussed as part of chapter 3, 4 and 5. They have added to the ever growing, especially in
recent years, group of non-covalent modulators of TRPA1. The compounds tested as part
of this thesis have shown the complexity of the binding sites of TRPA1 as seemingly small
changes to structure have had great effects on the modulation of the channel. These effects
have been discussed in detail and underlying mechanisms have been proposed. Several key
points have been highlighted with regards to their importance to the binding interaction
with TRPA1 summarised in the final discussion in chapter6. A selection of my results have
been repeated by other research groups and published. Comparisons of these results have
been carried out in their relevant chapters and my results confirm what has already been
reported in the literature and therefore also confirm the validity of the assay methods that

has been used throughout this thesis.

Several compounds that have been assayed have shown potential to be used as
pharmacological tools when researching TRPA1 as they have shown to be potent agonist
or antagonists which have complementary compounds which have the opposite effect. In
the discussion the effect of key functional groups has been compared and important
structural features of the compounds tested have been highlighted and compared to the
literature. These key structural features can be of use for drug development. SEO1 has
stood out as a potential drug lead due to its similarity to marketed drugs and its potent

TRPA1 antagonist response.

The research that has been presented as part of this thesis highlights the potential for
development of new and novel TRPA1 modulators, further research is required to advance
the understanding of the mechanisms of binding with TRPA1. For example, in chapter 5 it
was discussed how restraining the flexibility of the linking group of NDGA and M4N may
produce an even more potent TRPA1 agonist response. Also it was noted that extending
the length between the phenyl rings of the fenamic acid derivatives may induce more

potent binding interactions.
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