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Preface

Transient receptor potential melastatin 8 (TRPMS) is a non-selective cation channel activated by
mild cooling and chemical agents, including menthol. TRPMS is expressed in sensory neurons and
afferent nerve terminals in somatic and visceral sensory nervous systems. Nonsteroidal anti-
inflammatory drugs (NSAIDs), including indomethacin, are the most prescribed drugs for their
antipyretic, analgesic, and anti-inflammatory properties. However, they could injure both the stomach
and small intestine. Therefore, a clear understanding of the pathogenesis of NSAID-induced intestinal
injury is a crucial point for effective treatment and prevention of the adverse effects. As the
gastrointestinal (GI) tract has both intrinsic enteric neurons and extrinsic efferent and afferent nerves,
the TRP channels expressed in extrinsic sensory neurons are considered a way of neuro-immune
communication within the GI tract. The mechanism, which involves releasing neuropeptides from the
sensory neuron after activating TRP channels, is responsible for maintaining homeostasis and
modulating inflammatory responses. The roles of TRP channels have already been proven in the
initiation and regulation of intestinal inflammation. Besides, TRPM8 has been shown the anti-
inflammatory effects, including those in the colitis model. However, the role of TRPMS in intestinal
inflammation has not been fully elucidated. Therefore, I was interested in explaining the effect of
TRPMS on the indomethacin-induced intestinal injury, especially in relation to the neuropeptides such

as calcitonin gene-related peptide (CGRP) and substance P (SP) released from sensory afferent neurons.

This study is divided into two chapters. The first chapter is entitled "Role of TRPMS in the
pathogenesis of indomethacin-induced small intestinal injury." The second chapter is entitled " TRPMS
expression profiles in the small intestine based on the role of CGRP and SP in the pathogenesis of
indomethacin-induced intestinal injury". Both chapters have been published in the Biological and

Pharmaceutical Bulletin 2021, 44 (7), 947-957.

This study suggests that TRPMS should be a potential target for the treatment of indomethacin-
induced intestinal injury and will significantly contribute to the treatment of NSAID-induced

enteropathy and inflammatory bowel diseases.
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Introduction

Transient receptor potential channels

Ion channels are pore-forming transmembrane proteins found in nearly all living cells and allow ions
to permeate biological membranes [1]. Thus, they are responsible for controlling intracellular signaling
pathways, making them attractive drug targets. Transient receptor potential (TRP) channels are diverse
proteins expressed in many organisms, tissues, and cell types [2]. TRP channels received their names
as there were first discovered in the “transient receptor potential” mutant (TRP-mutant) strain of the
fruit fly Drosophila where TRP was responsible for a phototransduction process [3, 4]. All TRP
channels are permeable to monovalent cations, and most are also permeable to Ca*". Thus, TRP
channels are cellular sensors for a broad spectrum of physical and chemical stimuli by integrating
multiple stimuli and coupling their activity to downstream cellular signal amplification via calcium
permeation and membrane depolarization [5]. TRP channel superfamily has been divided into seven
subfamilies (6 subfamilies in humans) (Figure.1). Based on sequence homologies, TRP channels are
divided into TRPV (vanilloid), TRPM (melastatin), TRPC (canonical), TRPA (ankyrin), TRPML
(mucolipin), TRPP (polycystin) and, TRPN. TRPN gene was named no mechanoreceptor potential C
(nompC) when first discovered, that’s why got the letter N [6]. According to variations in their
sequences and topologies, TRP subfamilies are sorted into two groups: group 1 (TRPC, TRPM, TRPV,
TRPN, and TRPA) and group 2 (TRPP and TRPML). Then subfamilies of TRP channels are divided
into groups and subtypes with a total of 30 members [7].
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Figure 1. Homology classification of TRP channels




Even though TRP channels differ widely in their sequence homology, they still have almost similar
structure which consists of identical tetramers. Each of the tetramers is composed of a six
transmembrane (TM) domain, each of the six TM domains is called a segment, and it is structure
contains long intracellular carboxy (C-) and amino (N-) termini, including many regulatory modules
that distinguish between subfamilies. Recent cryo-electron microscopy studies revealed a high-
resolution view of the structures of these channels. A pore-forming region is located between the

segments S5—S6 cytoplasmic amino (N) and carboxyl carboxy (C) termini [7].
1) petw ot ouT E sfg 3

NH;

Figure 2. TRP ion channel structure. The six-transmembrane segment topology of the monomer (left)
and tetrameric functional unit of TRP channels (right). The cytoplasmic NH2- and COOH-terminal
domains and the transmembrane domain constituting the pore region are indicated. [Boonen et al.

Toxins 2018, 10 (8), 326]

Although the homology classification is the most relevant and accepted classification, other
classification methods are based on different perspectives (Figure 3). For example, functional
classification of TRP channels is based on physiological function and endogenous activation

mechanism, leading to three subgroups [8, 9].

e Metabotropic: This group is activated by extracellular neuroendocrine signals such as
phospholipase-dependent G-protein-coupled receptors [8].

e Sensory: This group is activated by physical and chemical environmental signals [10].

e Organellar: This group is activated by cellular signals generated in the cytoplasm and other
cellular compartments. Organellar TRPs can be predominantly localized in the organellar

membranes or at the plasma membrane [11].
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Figure 3. TRP channels classification’s methods

Another theoretical classification is based on the mechanism of TRP channel activation; different
mechanisms manage the activity of TRP channels; generally, these processes require set of biological
processes, including G-protein-coupled receptor-related mechanisms. Thus, mechanisms of TRP

channels activation are described as follows.

e Membrane voltage: These TRP channels activation is dependent on the intrinsic voltage, where
TRP gating either opening or closing depends on the position of charged groups that move in
response to changed membrane potential [12].

e Membrane phospholipids: In these TRP channels, membrane phospholipids were found to
regulate their activity directly. Lipid modulators of TRP channels comprise lipids from a variety
of metabolic pathways, including metabolites of the cyclooxygenase, lipoxygenase,
cytochrome-P450 pathways, phospholipids, and lysophospholipids [13, 14].

e Phosphorylation: Protein kinase C-dependent phosphorylation might activate or sensitize the
channels for other stimuli; furthermore, activation of protein kinase A by prostaglandin E,

stimulation potentiates TRP responses and counteracts channel desensitization [15, 16].



e Ligands: Either exogenous or endogenous ligands regulate TRP channel activities. For example,
the heat-sensitive TRPV1, activated by endovanilloids such as N-arachidonoyldopamine
endogenously and by capsaicin as exogenous ligand, TRPMS, activated by Pirt
(phosphoinositide interacting regulator of TRP) protein as an endogenous ligand and
exogenously activated by menthol, and TRPA1, activated by oxidized lipids such as 4-hydroxy-
2-nonenal (4-HNE) as an endogenous ligand and exogenously by mustard oil [17, 18].

Transient receptor potential melastatin 8

The genetically and functionally diverse TRPM subfamily has eight members (TRPM1-8). It is
considered the largest and most diverse subfamily of the TRP channel superfamily [19] and divided
into four groups: TRPM1/3, TRPM4/5, TRPM6/7, and TRPM2/8 [19, 20]. TRPM channels are known
for their involvement in sensing temperature and oxidative stress, controlling cellular death, and taste

transduction [21-23].

TRPMS is a non-selective Ca*"-permeable cation channel. This channel is activated with thermal
stimulation at 25 to 28°C, cooling agents as menthol, eucalyptol, and icilin [18, 24]. On the other hand,
endogenous TRPMS8 ligands or modulators may play an essential role in maintaining mucosal
homeostasis [25]. Furthermore, endogenous TRPMS signaling normally protects against mucosal
inflammatory damage associated with colitis [25]. The endogenous activation of TRPMS8 may explain
the anti-inflammatory actions resembling that of icilin [26]. Initially, TRPMS transcripts were identified
in testis and prostate tissues. TRPMS was strongly upregulated in the prostate and several other tumors
[27, 28]. In addition to prostate and testis, primary afferent neurons and their peripheral endings that
express TRPMS8 were found to innervate vascular tissues, lungs, uterus, placenta, bladder, liver, skin,
and eye with different physiological functions [29-32]. TRPMS8 was also identified in primary sensory
neurons within the dorsal root and trigeminal ganglia [18]. TRPMS activation correlated with multiple
diseases, indicating a specific pharmacological antagonist would be a valuable candidate for therapy,

and TRPMS8 would be considered a valuable prognostic marker [33-35].

TRPMS is expressed in the human distal colon in the gastrointestinal (GI) tract, where TRPMS
activation can affect symptoms such as pain, inflammation, and motility discomfort [36]. In addition,
TRPMS is expressed in the sensory neurons and afferent nerve terminals in somatic and visceral sensory
nervous systems to maintain homeostasis and modulate inflammatory responses [37]. It was also
found that TRPMS activation may have a role in the menthol-induced relaxation in human colon [38].

However, the precise role of TRPMS in intestinal inflammation has not been fully understood.



Role of TRP channels in sensory neurons in intestinal inflammation

TRP channels are expressed in somatic and visceral sensory nervous systems, although there is a
considerable difference in the expression and function of the TRP channels between visceral and
somatic types. Around 20 of the 30-mammalian TRP channel subunits are expressed by specific neurons
and cells within the GI tract. TRPV1, TRPA1, and TRPMS8 are predominantly expressed in sensory
neurons in the somatic and visceral nervous systems [39]. These channels are susceptible to noxious
stimuli relating to pungent compounds, temperature, acid, and inflammation. Together, these TRP
channels serve to integrate many noxious stimuli that lead to action potentials in visceral afferent nerves

at their nerve endings in the GI tract with different regulatory functions [40, 41].

The initial use of capsaicin as a neurotoxin before exploring its mechanism via TRPV1 was known.
Also, mustard oil was an inflammatory stimulus before its role as a TRPA1 agonist was discovered.
Again, the widespread use of menthol as a cooling agent can relieve abdominal pain and inflammation
before investigating its primary target, the TRPMS [42,43]. These traditional uses were the beginning

to confirm the essential role of these TRP channels before knowing the exact mechanism.

Studies indicate that TRPV1 may play a key role in colonic inflammatory nociception [44, 45]. Our
previous studies showed clear contribution of TRPV1 in the colitis model [46]. Clinical studies suggest
that TRPV1 may play an important role in visceral pain symptoms in irritable bowel syndrome (IBS)
and inflammatory bowel disease (IBD) [47]. Furthermore, deletion of TRPV 1 was beneficial at the first
stage of the indomethacin-induced pathological process to maintain gastric mucosa integrity. However,
it may be harmful and aggravate indomethacin-induced pathological actions at the late stages of the
pathological process in the small intestine [48]. TRP channels in the GI tract can mediate the crosstalk
among the nervous and immune systems by modulating neuropeptide releases. A countless number of
neuropeptides have been described in the enteric nervous system, including calcitonin gene-related
peptide (CGRP), vasoactive intestinal peptide, somatostatin, gastrin-releasing peptide, and substance P

(SP) [49]. TRPV1 and TRPA1 were found to colocalize with CGRP and SP [50, 51].

Neuropeptides are essential mediators between the nervous system and among neurons and other cell
types. CGRP and SP are the two predominant neuropeptides in sensory neurons that innervate the colon,
and they seem to have two-sided effects on colitis [52]. CGRP is a sensory and vasodilator neuropeptide
that consists of 37-amino acid and is expressed in small neurons within the dorsal root ganglia (DRG),
trigeminal, and vagal ganglia, which responsible for responding to noxious, thermal, or visceral input
[53]. SPis an 11-amino acid neuropeptide that belongs to the tachykinin/neurokinin family encoded by

the preprotachykinin I gene, located in the trigeminal and dorsal root of the spinal cord [54, 55]. In the



GI tract, CGRP regulates motor activity, blood flow, gastric acid secretion and exerts protective effects

on gastric mucosa [56-58].

Furthermore, CGRP is highly co-expressed with some TRP channels such as TRPA1 and TRPV1.
Activation of TRPV1 induces the release of CGRP that acts protectively in colonic inflammation in
mice [59, 60]. In comparison, SP has a defined role in the peripheral nervous system as a pro-

inflammatory agent in the GI tract or other organs [61].

Although TRPV1 appears to be sensitized by inflammatory mediators, studies on the expression of
TRPV1 in human intestinal inflammation, mainly colon tissue, resulted in contradictory results [62].
Thus, TRPV1 and TRPAT1 expression and their role in colitis appear to be inconsistent. Activation of
these ion channels on sensory nerve terminals mediates neurogenic inflammation via the release of SP
and CGRP, which result in increased vascular permeability, plasma protein extravasation, and
inflammatory cell activation. Furthermore, these channels can mediate both pro-and anti-inflammatory
functions [62]. Therefore, the role of TRPV1 and TRPA1 in experimental colitis is dependent on many
factors. These factors include their expression profiles, animal model, and the complex mechanism of
the injury [62]. By the same talking, TRPA1 was highly co-expressed in the stomach with TRPV1, SP,
and CGRP. Furthermore, TRPA1 mediated mechanosensory transduction in the colon participated in

bradykinin-induced mechanical hypersensitivity in colonic afferents [63].

TRPMS have been identified, plays an essential role in cold detection by the somatosensory
peripheral system [64]. However, the lower GI tract is maintained at constant body temperature by
blood flow, confirming a different pharmacological role of visceral TRPMS rather than thermo-
sensation and nociception. In the lower GI tract, TRPMS is supposed to be a part of the immu.ne system
that surveys and guards the epithelial cells against foreign substances in the gut. TRPMS is involved in
the immune responses, particularly inflammation, as TRPMS8 activation enables crosstalk between
neurons, immune cells, and epithelial cells to regulate a wide range of inflammatory actions [65]. Thus,
TRPMS has a potential anti-inflammatory role in IBS patients to relieve intestinal inflammation [66].
Moreover, TRPMS expression was demonstrated to be upregulated in IBD patients and dextran sulfate
sodium (DSS)- or trinitrobenzene sulfonic acid (TNBS)-treated mice with anti-colitogenic functions.
Activation of TRPM8 was found to reduce inflammation; this action is mediated by reducing
inflammatory neuropeptide release and attenuating proinflammatory cytokines/chemokine release and
suppressing leukocyte recruitment to the colon [26]. Furthermore, TRPM8 may serve an anti-
inflammatory function to balance the pro-inflammatory responses of TRPV1 and TRPA1, suppress pro-

inflammatory cytokine release, and diminishes TRPV1- mediated CGRP release [65].
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Pathophysiology of NSAIDs-induced intestinal injury

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used for their antipyretic, analgesic, and anti-
inflammatory effects. NSAIDs are also prescribed to treat immunological and rheumatological
disorders [67, 68]. NSAIDs inhibit cyclooxygenase, which results in the inhibition of prostaglandin
production at inflamed sites. Prostaglandins are involved in maintaining the homeostasis of GI mucosa
via the regulation of GI blood flow and various mucosal functions such as increased mucus secretion.
Thereby, a decrease in prostaglandins production represents the leading cause of intestinal injuries [69,
70]. Local actions also affect intestinal injury, starting with the damage of cell membrane and
mitochondria, which causes a reduction of energy and free radical generation, increasing intestinal
permeability. Through the increased intestinal permeability, various materials such as bile acids,
intestinal bacteria, and proteolytic enzymes damage the intestinal barrier, and secondary inflammation

occurs by activating neutrophils (Figure 4) [71].
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Figure 4. Pathophysiology of NSAIDs-induced intestinal damage [Takeuchi et al., Clin. Chim. Acta.
2010, 411 (7), 459-466] (Partly modified).

NSAIDs-induced enteropathy is asymptomatic. Consequently, intestinal injuries became more
obvious only after developing diagnostic methods like capsule and double-balloon endoscopes. Injuries
start from bleeding up to complications such as intestinal perforation, stricture, and obstruction [72-74].

Concerning injury prevalence, more than 50% of patients taking NSAIDs might encounter intestinal
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mucosal damage [75], increasing to 70% with chronic NSAIDs use [76, 77]. Although acid suppressants
such as proton pump inhibitors and histamine H, receptor antagonists prevent NSAIDs-induced
damages to the upper GI tract, these agents fail to prevent small intestinal injury, as NSAIDs-induced
small intestinal injury is independent of gastric acid [78, 79]. On the contrary, proton pump inhibitors
may exaggerate NSAIDs-induced small intestinal injury [80, 81], and there is still no proven method of
limiting or curing NSAIDs-induced small intestine damage [82, 83]. Among NSAIDs, indomethacin,
which is an indole acetic acid derivative, was first described in 1963. Indomethacin is a commonly
prescribed drug to reduce fever, pain, and stiffness and treat gout and arthritis. However, indomethacin
was confirmed to cause damage in the stomach and the small intestine in both experimental animal

studies and humans by the exact mechanism [84, 85].

Previously mentioned roles of TRP channels in GI tract physiology and pathology with the broad
involvement of TRPMS in inflammatory events such as intestinal inflammation and colitis models made
it clear about the importance of TRPMS as an anti-inflammatory mediator. TRPMS8 was shown a proven
anti-inflammatory effect, including the colitis models. However, the role of TRPMS8 in NSAIDs-
induced intestinal injury has not been elucidated. Although the indomethacin model of ulceration is
widely used in animal experiments, the functional role of TRPMS receptors under indomethacin-
induced enteropathy has not been directly studied. That is why in the current study, I investigated the
effect of TRPMS in intestinal lesions with the expected potential role of TRPMS in NSAIDs-induced
intestinal lesions, with investigating neuropeptides release patterns in response to indomethacin-

induced intestinal injury in WT and TRPM8KO mice.
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Chapter I: Role of TRPMS in the pathogenesis of indomethacin-induced

small intestinal injury

1. Background

In previous studies, I have reported that TRP channels are involved in GI tract events; neuronal
TRPV1 and TRPA1 contribute to the progression of colonic inflammation [46]. Recent studies,
including my own, showed that NSAID-induced GI ulcerogenic properties [86]. NSAIDs including
indomethacin cause damage in the small intestine and the stomach in humans and experimental animals
[87]. In terms of pathophysiological similarities, indomethacin-induced small intestinal injury in
rodents may serve as a useful animal model for assessing NSAID-induced enteropathy as well as
enteritis in Crohn’s disease [88]. TRPMS is expressed in the sensory neurons and afferent nerve
terminals in somatic and visceral sensory nervous systems [46]. TRPM8 was expressed in mouse
colonic afferent neurons and alleviated intestinal inflammation [89]. The expression of the TRP channel
in extrinsic sensory neurons is considered a communication mechanism that can maintain homeostasis
and modulate immune and inflammatory responses in the GI tract. Although the importance of the TRP
channel in GI homeostasis and defense mechanism is well manifested, the role of TRPMS in
indomethacin-induced intestinal inflammation has not been elucidated. The first aim of my study is to
investigate the exact role of TRPMS in indomethacin-induced small intestinal injury using TRPMS&-

deficient mice and a specific TRPMS8 agonist, WS-12.
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2. Materials and Methods

2.1 Animals

In this study, 8-10-week-old male C57BL/6J mice weighing 22—27 g were purchased from Japan
SLC (Shizuoka, Japan). TRPMS§-deficient mice were established using C57BL/6J as described in a
previous report [90]. All mice were housed in plastic cages with free access to food and water, and the
temperature was maintained at 22°C £ 1°C under a 12-h light/dark cycle. All animal experimental
procedures were approved by the Experimental Animal Research Committee of Kyoto Pharmaceutical
University (Permission numbers: 18-004 and 19-004). Animal suffering was kept to a minimum
whenever possible, and the smallest number of animals required for significant data interpretation was

used.

2.2 Drugs and reagents

Indomethacin (Sigma-Aldrich, St. Louis, MO, the USA) was suspended in normal saline with a drop
of Tween 80 (Wako Pure Chemical Industries Ltd., Osaka, Japan), and WS-12 (Tocris Bioscience,
Bristol, the UK) was dissolved in 0.5% carboxymethylcellulose (CMC, Nacalai Tesque Inc., Kyoto,
Japan) via sonication. These drugs were prepared immediately before use and were administered

subcutaneously and intraperitoneally at a volume of 0.1 mL/10 g body weight.

2.3 Induction of intestinal injury

The animals were subjected to fasting for 18 h, provided with free access to food for 1 h, and then
subcutaneously injected with indomethacin at a single dose of 8 mg/kg (Figure 5). The normal animals
received vehicle only (saline with a drop of Tween 80). In some cases, WS-12 (3 and 10 mg/kg), a
specific TRPMS agonist, was administered intraperitoneally 30 min before and 8, 24, and 32 h following
indomethacin administration. WS-12 was injected repeatedly as it was previously reported for WS-12
to exert TRPMS activation with repeated or continuous administration [91]. So, in the current study,
based on previous experiment and my current trial and error it was important to inject WS-12 repeatedly
over that period of indomethacin treatment to get the required protective effect of WS-12. Control
animals received 0.05% CMC alone. Then, they were sacrificed 48 h indomethacin administration, and
each mouse was intravenously injected with 100 puL of 1% (w/v) Evans blue solution 30 min before

sacrifice to examine for intestinal injury [92].

14



-18 h -60 min -30 min Oh 8h 24 h 32h 48 h

Fasting Refeeding WS-12 Indomethacin WS-12 WS-12 WS-12 Sacrifice

Figure 5. Induction of indomethacin-induced intestinal lesion

2.4 Macroscopic and histological observations

The small intestine was excised, washed with saline, fixed in 2% (v/v) formalin, opened
longitudinally, and examined for injury under a dissecting microscope (S6D, Leica, Wetzlar, Germany)
at a magnification of 10x. The number of lesions areas (mm?”) with visible injury were evaluated. The
intestinal tissues were fixed in 10% (v/v) neutralized formalin, embedded in paraffin, sectioned at 4-
um thickness, and stained with hematoxylin and eosin. Histological injury was observed under a

microscope (BX51, Olympus, Tokyo, Japan) at a magnification of 100x%.

2.5 Determination of myeloperoxidase activity

Myeloperoxidase (MPO) activity was assessed, as previously described but with some modifications
[93]. The animals were sacrificed 48 h following indomethacin administration, and the small intestines
were excised. Small intestinal tissues were homogenized in 50 mM phosphate buffer containing 0.5%
(w/v) hexadecyltrimethylammonium bromide (pH: 6.0; Wako Pure Chemical Industries Ltd., Osaka,
Japan). The homogenate samples were subjected to three freeze-thawing cycles and then centrifuged at
2,000 x g at 4°C for 10 min. The supernatant was added to 10 mM phosphate buffer (pH 6.0) with o-
dianisidine HCl (Sigma-Aldrich Corp., St. Louis, MO, the USA) containing hydrogen peroxide.
Changes in absorbance at a wavelength equal to 450 nm were recorded using MULTISKAN 60
(Thermo Fisher Scientific Inc., Waltham, MA, the USA). The MPO volumes were interpolated from a
standard reaction curve for commercial MPO (Sigma-Aldrich Corp., St. Louis, MO, the USA). The
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, the USA) was used to

measure protein content. The MPO activity was presented as micromoles H,O»/mg protein.
2.6 Determination of cytokine expression

The animals were sacrificed 48 h following indomethacin administration. Next, small intestinal
tissues were removed, washed with cold phosphate-buffered saline (PBS), and stored in RNAlater

(Ambion, Austin, TX, the USA) at 4°C until use. Tissue RNA was extracted using Sepasol RNA I Super
G (Nacalai Tesque Inc., Kyoto, Japan), reverse transcribed with PrimeScript RT Master Mix (TaKaRa

15



Bio Inc., Kusatsu, Shiga, Japan), and analyzed quantitatively via polymerase chain reaction on the
Thermal Cycler Dice Real-Time System (TaKaRa Bio Inc.) with the SYBR Premix ExTaq II (TaKaRa
Bio Inc.). Predesigned primer sets for mouse interleukin (IL)-1f (MA025939) and tumor necrosis
factor-alpha (TNF-a) (MA097070) were obtained from the Perfect Real-Time Supporting System
(TaKaRa Bio Inc.). The mRNA expression level was standardized to that of TATA-binding protein
(TBP).

2.7 Statistical analyses

Data were presented as means + standard error of the mean. Statistical analyses were performed using
the GraphPad Prism software version 6.0 h (GraphPad Software, La Jolla, CA, the USA). Multiple
groups were compared using one- or two-way analysis of variance, followed by Holm—Sidak’s multiple
comparison test. Two group data were compared using the student’s #-test. A P value of < 0.05 was

considered statistically significant.
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3. Results

3.1 Effects of TRPMS deficiency on indomethacin-induced intestinal injury

Indomethacin at a single dose caused injury along the small intestine, from the distal jejunum to the
ileum, 48 h following indomethacin injection. Macroscopic hemorrhagic intestinal lesions were
observed mostly in the ileum in both WT and TRPM8KO mice. However, the severity of the intestinal
injury was apparently increased in TRPM8KO mice compared with WT mice. Indeed, the area of
hemorrhagic injury visualized using Evans blue was significantly increased in TRPMS8KO mice
compared with the wild-type (WT) mice (Figure 6A and B). Two-way ANOVA revealed a significant
main effect of indomethacin ('F (1,24) =36.03, P <0.0001), and a significant main effect of TRPM8KO
("F (1, 24) = 233.0 P < 0.0001). Based on the histological assessment, the area of the indomethacin-
induced intestinal injury was larger in TRPM8KO mice than those in WT mice. That is, it had reached
the muscularis mucosa in TRPM8KO mice (Figure 6C).

17
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Figure 6. Indomethacin-induced intestinal injury in wild-type (WT) and TRPMS8-deficient
(TRPM8KO) mice. Indomethacin (8 mg/kg) was administered subcutaneously, and the presence of
intestinal injury was examined after 48 h following indomethacin injection (A) The area of intestinal
injury and (B) typical macroscopic and (C) histological observations in normal (vehicle alone) and
indomethacin-treated WT and TRPM8KO mice. Scale bars = 100 pm. Red arrows indicate intestinal
lesion areas. Data were presented as means = standard error of the mean (n = 6); "P < 0.05 relative to
the corresponding normal; *P < 0.05 relative to WT mice. These figures are cited from Biol. Pharm.

Bull. 2021, 44 (7), 947-957. Figure 1(A-C).
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3.2 Effects of TRPMS deficiency on an indomethacin-induced increase in MPO activity and

inflammatory cytokine expressions in the intestinal mucosa

Indomethacin administration increased intestinal MPO activity, an index of neutrophil infiltration,
and the inflammatory cytokines IL-1p and TNF-a mRNA expressions in WT mice. TRPM8KO mice
showed further increases in the MPO activity (Figure 7A). Two-way ANOVA revealed a significant
main effect of indomethacin (‘F (1,24) =35.09 P <0.0001), and a significant main effect of TRPM8KO
("F (1, 23) = 4.559 P = 0.0436). In contrast, further enhancement of IL-1p and TNF-a mRNA
expressions were not detected in TRPM8KO mice; the expression levels were similar in both mice
(Figure 7B and C). and absence of significant effect of TRPMSKO ('F (1,22)=178.2 P <0.0001), and
absence of significant effect of TRPM8KO ('F (1, 26) = 43.40 P < 0.0001).
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Figure 7. Changes in myeloperoxidase (MPO) activity and cytokine expression in wild-type (WT) and
TRPMS8-deficient (TRPM8KO) mice after indomethacin administration. Indomethacin (8 mg/kg) was
administered subcutaneously, and the MPO activity and cytokine expression in the small intestine were
evaluated after 48 h following indomethacin injection. (A) The MPO activities were determined using
the o-dianisidine method, and (B) interleukin-1f and (C) tumor necrosis factor-alpha mRNA
expressions were determined using quantitative real-time polymerase chain reaction in normal (vehicle
alone) and indomethacin-treated WT and TRPMS8KO mice. The mRNA expression level was
standardized to that of TATA-binding protein (TBP). Data were presented as means + standard error of
the mean (n = 5); *P < 0.05 relative to the corresponding normal; #P < 0.05 relative to WT mice. These

figures are cited from Biol. Pharm. Bull. 2021, 44 (7), 947-957. Figure 2(A-C)
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3.3 Effects of TRPMS8 agonist on indomethacin-induced intestinal injury

Then, I investigated the effect of TRPMS activation using a specific TRPM8 agonist on
indomethacin-induced intestinal injury to confirm the protective role of TRPMS. The repeated
administration of WS-12 (3 and 10 mg/kg) dose-dependently reduced the severity of macroscopic
intestinal injury in WT mice whereas no effects of WS-12 were found in TRPM8KO mice (Figure 8A
and B). Using quantitative data, the lesion area was decreased by the administration of WS-12 partially
at a dose of 3 mg/kg and significantly at a dose of 10 mg/kg. One-away ANOVA revealed a significant
main effect of WS-12 in dose of 10 mg/kg (t=2.2, df = 8, P =0.0566) and significantly at a dose of 10
mg/kg ('F (2, 13) =11.97, P =0.0011). However, this effect was totally abrogated in TRPMSKO mice.
Student T-test revealed absence of significant effect of WS-12 in TRPM8KO mice (t = 0.8035, df=13,
P =0.4361).
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Figure 8. Effect of WS-12 on indomethacin-induced intestinal injury in wild-type (WT) and TRPMS-
deficient (TRPM8KO) mice. Indomethacin (8 mg/kg) was administered subcutaneously, and intestinal
injury was examined after 48 h following indomethacin injection. WS-12 (3 and 10 mg/kg) was
intraperitoneally administered 30 min before and 8, 24, and 32 h after indomethacin administration. (A)
The area of intestinal injury, (B) typical macroscopic in controls (vehicle alone for WS-12) and WS-
12-treated WT and TRPM8KO mice. Data were presented as means =+ standard error of the mean (n =
6), in WT group receiving 3 mg/kg (n= 4); *P < 0.05 relative to control. These figures are cited from
Biol. Pharm. Bull. 2021, 44 (7), 947-957. Figure 3(A, B).
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3.4 The effects of TRPMS8 agonist on histological observations and MPO on indomethacin-

induced intestinal injury

Further, indomethacin-induced histological intestinal injury in WT mice was attenuated by WS-12
(10 mg/kg) whereas no effects of WS-12 were found in TRPM8KO mice (Figure 9A). Indomethacin-
induced intestinal MPO activity upregulation was also attenuated by WS-12 (10 mg/kg). Two-way
ANOVA revealed a significant main effect of WS-12 in WT mice ('F (1, 15) = 60.46, P < 0.0001) (‘F
(1, 15) = 9.921, P = 0.0066). In contrast, the protective effects of WS-12 (10 mg/kg) against
indomethacin-induced MPO upregulation were completely abrogated in TRPM8KO mice (Figure 9B).
There was no significant difference in MPO activity between the control (CMC alone) and WS-12-
treated groups in TRPM8KO mice. Two-way ANOVA revealed that no effects of WS-12 were found
in TRPM8KO mice (F (1, 15) =8.032, P =0.0126).
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Figure 9. Effects of WS-12 on indomethacin-induced intestinal injury in wild-type (WT) and TRPMS-
deficient (TRPM8KO) mice. Indomethacin (8 mg/kg) was administered subcutaneously, and intestinal
injury was examined after 48 h following indomethacin injection. WS-12 (10 mg/kg) was
intraperitoneally administered 30 min before and 8, 24, and 32 h after indomethacin administration. (A)
histological observations, and (B) myeloperoxidase (MPO) activity in controls (vehicle alone for WS-
12) and WS-12-treated WT and TRPM8KO mice. Scale bars = 100 um. Data were presented as means
=+ standard error of the mean (n = 5), in WT control group (n = 4); “P < 0.05 relative to control. These

figures are cited from Biol. Pharm. Bull. 2021, 44 (7), 947-957. Figure 3(C, D).
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4. Discussion

Several reports showed the roles of TRP channels and sensory afferent neurons in the regulation of
intestinal inflammation [46, 94]. For instance, TRPV1 and TRPAT1 contributed to the progression of
colonic inflammation in DSS-induced colitis in mice [46]. Likewise, DSS-induced colitis was
significantly attenuated in TRPV4KO as compared to WT mice [91]. Moreover, exogenous activation

of TRPMS by icilin shows an anti-inflammatory effect in mice with DSS-induced colitis model [25].

The current study found that indomethacin-induced small intestinal injury was significantly enhanced
via the genetic deletion of TRPMS8 whereas it was remarkably inhibited via the pharmacological
activation of TRPMS8 in mice. Therefore, I hypothesized that TRPMS plays a protective role against
indomethacin-induced small intestinal injury. NSAIDs cause injury in the stomach and the small
intestine in humans and experimental animals [69, 95]. In terms of pathophysiological similarities,
indomethacin-induced small intestinal injury in rodents may serve as a useful animal model for
assessing NSAID-induced enteropathy as well as enteritis in Crohn’s disease [88]. Several
inflammatory responses, such as infiltration of neutrophils and upregulation of inflammatory cytokines,
are involved in indomethacin-induced small intestinal injury [96]. TNF-a and IL-1p were considered
essential mediators in IBD. Our previous studies suggested that the pathogenic mechanism of
indomethacin-induced small intestinal lesions involves nitric oxide, neutrophils, and TNF-a, as well as
enterobacteria. It may be considered that the translocation of enterobacteria in the mucosa is the first
step required to activate various factors such as nitric oxide production and neutrophil activation. These
factors together were resulting in the occurrence of intestinal lesions following administration of
indomethacin [95]. In addition, neutrophils may exacerbate intestinal inflammatory diseases via the
secretion of proteolytic enzymes and reactive oxygen and nitrogen intermediates [97]. In the current
study, I observed that indomethacin-induced small intestinal injury was accompanied by an increase in
mucosal MPO activity that was significantly enhanced in TRPM8KO mice compared with WT mice.
As previously reported, upregulation of inflammatory cytokines such as TNF-o and IL-1f in the small
intestine following indomethacin administration [93, 98]. However, in the current study, the cytokine
expressions in TRPM8KO mice compared with WT mice were not further assessed. This notion should
also be considered because the expression of these cytokines may be maximally upregulated to cause

severe intestinal injury even in WT mice.

Similar to the current study results, Jong et al. [25] previously reported that TRPM8K O mice treated
with DSS were more susceptible to experimentally induced colitis than WT mice. In contrast,
Ramachandran et al. showed that the pharmacological activation of TRPMS by icilin, a TRPMS agonist,
has anti-colitis effects in the DSS-colitis model [26]. However, TRPM8KO did not enhance the severity
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of colitis in experimental colitis models induced by DSS and trinitrobenzene sulfonic acid (TNBS). To
validate these differences, the current study examined the effect of WS-12, a significantly more

selective agonist menthol derivative, on indomethacin-induced small intestinal injury [91].

TRPMS is activated by several chemical agonists known to produce cool sensations, such as menthol,
icilin, and eucalyptol [99]. Eucalyptol was found to attenuate inflammation and showed strong anti-
inflammatory and analgesic effects that were absent in TRPM8KO mice [100]. In traditional medicine,
menthol was used as an agent against abdominal discomfort and visceral pain [101]. Previous studies
proved that treatment with the TRPMS8 agonist menthol produced gastroprotective action through anti-
apoptotic, immunomodulatory, and anti-inflammatory mechanisms that reduced TNF-a and IL-6
expression and increased the anti-inflammatory cytokine, IL-10 expression in the gastric mucosa [102].
In the current study, I used WS-12, a significantly more selective TRPMS8 agonist, to investigate the
role of TRPMS activation on indomethacin-induced small intestinal injury [91]. The chemically related
menthol analog, WS-12, had a half-maximal effective concentration value about 2,000 times less than

that of menthol and is, consequently, the highest affinity TRPMS ligand known to date [103].
Taken together, these findings in this chapter indicate the anti-inflammatory role of TRPMS8 in

indomethacin-induced small intestinal injury with attenuation of neutrophil infiltration and

inflammatory cytokine expression.
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Chapter 1I: TRPMS expression profiles in the small intestine based on the
role of CGRP and SP in the pathogenesis of indomethacin-induced intestinal

injury.

1. Background

The expression of extrinsic sensory neurons by the TRP channel is considered a communication
mechanism that modulates immune and inflammatory responses in the GI tract [37]. For instance,
TRPV1 and TRPA1 play regulatory roles in intestinal inflammation via CGRP-mediated protective and
SP-mediated deleterious mechanisms [104-106]. Furthermore, nerve growth factor (NGF) activates its
receptor (tropomyosin receptor kinase A) TrkA, resulting in regulating ion channels, receptors, and
signaling molecules with the involvement of CGRP [107]. These facts encouraged me in the current

study to further investigate the protective role of TRPMS8 based on neuropeptides release pathways.

My results and conclusions about TRPMS deletion and activation following indomethacin injection
in chapter I strongly suggest the anti-inflammatory role of TRPMS in indomethacin-induced small
intestinal injury. In the current chapter, the expression of TRPMS in the small intestine based on the
role of neuropeptides such as CGRP and SP in the pathogenesis of indomethacin-induced intestinal
injury was immunohistochemically characterized. My findings suggest that TRPMS& contributes to the
production of CGRP in injured intestine mucosa and may have a protective effect against indomethacin-
induced small intestinal injury. In contrast, TRPMS& on the sensory afferent neurons may play a role in
the progression of small intestinal injury in a SP-independent manner. In this chapter, I hypothesized
that the involvement of neuropeptides, specially CGRP, with its well-known mucosal defense

mechanisms, has an essential role in the protective effect of the TRPMS.
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2. Materials and Methods

2.1 Animals

In this study, 8-10-week-old male C57BL/6J mice weighing 22-27 g were purchased from Japan
SLC (Shizuoka, Japan). TRPMS8-EGFP transgenic mice, which express EGFP under the direction of
TRPMS promoter, were established, as described previously [108]. All mice were housed in plastic
cages with free access to food and water, and the temperature was maintained at 22°C = 1°C under a
12-h light/dark cycle. All experimental animal procedures were approved by the Experimental Animal
Research Committee of Kyoto Pharmaceutical University (Permission numbers: 18-004 and 19-004).
Animal suffering was kept to a minimum whenever possible, and the smallest number of animals

required for significant data interpretation was used.

2.2 Determination of CGRP Levels

The CGRP content in ileum homogenates was analyzed using enzyme immunoassay (EIA) (Bertin
Bioreagent, France). Tissue preparation and analysis were performed based on the manufacturer’s

instructions. Data were presented as picogram per milligram (pg/mg) tissue weight.

2.3 Western blot analysis

Tissue preparation was performed, as described by Eijkelkamp et al. [109]. The proteins were
separated using 10% -sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred
into polyvinylidene fluoride or polyvinylidene difluoride membranes (Millipore, Bedford, MA, the
USA) via electroblotting. The membranes were blocked with 5% (w/v) skim milk dissolved in Tween-
PBS. The membranes were immunoreacted with rabbit anti-TRPMS (1:500; Alomone Labs, Jerusalem.)
and rabbit anti-B-actin (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, the USA) antibodies and
were incubated overnight at 4°C. Then, they were stained with horseradish peroxidase-conjugated
secondary antibodies (Cell Signaling Technology, Inc.) at room temperature for 2 h. Antibodies were
diluted using tween tris-buffered saline (T-TBS). Immunoreactivity was detected via enhanced
chemiluminescence (Perkin Elmer Life Sciences, Boston, MA, the USA), and the dominant band
density was determined using the FUSION Solo 5 software (Vilber Lourmat, Marne-la-Vallée, France).

The expression levels were normalized to that of B-actin.
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2.4 Retrograde labeling

The origin of the primary afferent innervation to the mouse ileum was determined via retrograde
tracing using fluorescent fluorogold dye (FG; Fluorochrome, Denver, Colorado, the USA).
Approximately 5 puL of 4% fluorogold was injected circumferentially into the ileum at five sites under

2% isoflurane anesthesia. Tissue recovery occurred 4 days after fluorogold administration.

2.5 Immunohistochemistry

Immunohistochemical procedures were performed by Matsumoto et al., as previously described
[110]. Small intestine DRG segments were collected, fixed for 2 h at 4°C via immersion in fresh 4%
paraformaldehyde in 0.1 M phosphate buffer, and washed three times with PBS. The sections were then
cryoprotected overnight in 0.1 M phosphate buffer containing 20% sucrose and were frozen in an
optimal cutting temperature compound mounting medium (Sakura Finetek, Tokyo, Japan). Then, they
were sectioned at a thickness of 30 um for small intestinal samples and 10 um for DRG samples on a
cryostat (Leica Instruments) and were fixed into Super Frost Plus slides (Matsunami Glass, Osaka,
Japan). First, the glass-mounted sections were incubated for 1 h each in 10% donkey serum containing
0.2% Triton X-100 and then washed three times with PBS for 10 min each. In the next steps, all the
antibodies were diluted using 2% triton which was diluted using PBS with the addition of sodium azide.
Subsequently, the sections were immunoreacted overnight at room temperature with sheep anti-CGRP
antibodies. After washing in PBS, the sections were immunoreacted for 3 h at room temperature with
Alexa Fluor 594 donkey anti-sheep IgG secondary antibodies. Then, they were immunoreacted
overnight at room temperature with rabbit anti-PGP9.5 antibodies. After washing with PBS, the sections
were immunoreacted for 3 h at room temperature with Alexa Fluor 488 donkey anti-rabbit IgG

antibodies diluted using PBS.

In another experiment, the sections were immunoreacted overnight at room temperature with chicken
anti-GFP antibodies. After washing with PBS, the sections were immunoreacted for 3 h at room
temperature with Alexa Fluor 488 donkey anti-chicken IgG antibodies. They were immunoreacted
overnight at room temperature with either sheep anti-CGRP or rabbit anti-SP antibodies, rabbit anti-
PGP9.5 or goat anti-TrkA antibodies. After washing with PBS, the sections were immunoreacted for 3
h at room temperature with either Alexa Fluor 594 donkey anti-sheep IgG, Alexa Flour 594 donkey
anti-rabbit IgG, or Alexa Flour 594 donkey anti-goat IgG. Optimized dilutions and the sources of the

primary and secondary antibodies are listed in Tables 1 and 2, respectively.
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Table 1. Primary antibodies used in this study.

Antigen  Host Dilution Source Catalogue Number
CGRP Sheep 1:2000 Enzo Life Sciences, Inc. BML-CA1137
PGP 9.5 Rabbit 1:5000 Abcam, Cambridge, UK Ab108986
GFP Chicken 1:5000 (Ileum) Cosmo Bio, LTD. GFP-1010
GFP Chicken 1:10000 (DRG) Cosmo Bio, LTD. GFP-1010
SP Rabbit 1:1000 Immunostar, Hudson, USA 20064
TRKA Goat 1:500 R&D Systems, USA AF1056
Table 2. Secondary antibodies used in this study.
Secondary Conjugate o Catalogue
antibody probe Dilution Source Number
Donkey anti-sheep Alexa Fluor 1:300 Thermo Fisher Scientific. A11016
IgG 594 Inc. USA
Donkey anti-rabbit Alexa Fluor 1:300 Thermo Fisher Scientific. A21207
IgG 594 Inc. USA
Donkey anti- Alexa Fluor 1:800 Jackson ImmunoResearch.
. 703-546-155
chicken IgG 488 (Ileum) USA
Donkey anti- Alexa Fluor 1:800 Jackson ImmunoResearch.
. 703-546-155
chicken IgG 488 (DRG) USA
Donkey anti-goat Alexa Fluor 1:800 Thermo Fisher Scientific. A11058
IgG 594 ; Inc. USA
Donkey anti-rabbit Biotin-SP 1:400 Jackson ImmunoResearch. 711-066-152
IgG USA

The sections were evaluated using a confocal laser scanning microscope (A1R"; Nikon, Tokyo,
Japan) at a magnification of 200x or 100%. The Nikon NIS-Elements AR 4.20.00 software was used to
capture images. The Image] software was utilized to quantify the positive signals for CGRP, SP, and
TRPMS expression. The positive areas of CGRP, SP, and TRPMS8 were evaluated using adjusting

threshold method and divided by the total intestinal villi areas. Next, the results were presented as a

percentage of the total villi area.

2.6 Determination of NGF expression

The animals were sacrificed 48 h following indomethacin administration. Next, small intestinal

tissues were removed, washed with cold PBS, and stored in RN Alater (Ambion) at 4°C until use. Tissue
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RNA was extracted using Sepasol RNA I Super G (Nacalai Tesque Inc.), reverse transcribed with
PrimeScript RT Master Mix (TaKaRa Bio Inc.) and analyzed quantitatively via polymerase chain
reaction on the Thermal Cycler Dice Real-Time System (TaKaRa Bio Inc.) with the SYBR Premix
ExTaq II (TaKaRa Bio Inc.). Predesigned primer sets for mouse NGF (RA066038) were obtained from
the Perfect Real-Time Supporting System (TaKaRa Bio Inc.). The mRNA expression level was
standardized to that of TBP.

2.7 Statistical analyses

Data were presented as means =+ standard error of the mean. Statistical analyses were performed using
the GraphPad Prism software version 6.0 h (GraphPad Software, La Jolla, CA, the USA). Multiple
groups were compared using one- or two-way analysis of variance, followed by Holm—Sidak’s multiple
comparison test. Two group data were compared using the student’s #-test. A P value of < 0.05 was

considered statistically significant.
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3. Results

3.1 Changes in TRPMS8 expression in indomethacin-induced intestinal injury

I investigated the expression of TRPMS in the intestinal mucosa via immunohistochemical
examination in TRPMS8-EGFP transgenic mice and via Western blot analysis using an anti-TRPMS
antibody (Figure 10). I detected EGFP signals representing TRPMS expression in the mucosa of control
mice (Figure 10A). This expression appeared to increase in indomethacin-treated mice. Using
quantitative analysis, I found that the area of TRPMS8-positive neurons significantly increased 48 h
following indomethacin administration (Figure 10B). Student t-test revealed a significant main effect
of indomethacin (t = 3.782, df = 12, P = 0.0026). Similarly, Western blot analyses showed that the
protein expression of TRPMS was increased in the small intestine following indomethacin treatment,

but was not statistically significant (t =1.288, df = 10, P = 0.2266).

32



Normal Indomethacin

-
N
1

©
1

w
1

o

Area of TRPM8-positive
neuron (% of total area of villi)
[o)]

Normal Indomethacin

Normal Indomethacin

w7

100 kDa '”.1 TRPMS

-
[6)]
1

_|

TRPMS8 / B-actin

o
o
L

o
o

42 kDa ” B-actin Normal Indomethacin

Figure 10. Changes in TRPMS expression in the intestinal mucosa in mice with indomethacin-induced
intestinal injury. The expression of TRPMS8 was detected via immunohistochemistry (A, B) and
Western blot analysis © in normal (vehicle alone) and indomethacin-treated wild-type (WT) mice. (A)
Typical images and (B) quantified area of TRPMS&-promoting enhanced green fluorescent protein
(EGFP) signals presented as a percentage of total villi area in normal and indomethacin-treated mice.
Scale bars = 100 um. (C) The expression of TRPMS8 and B-actin in the small intestine of normal and
indomethacin-treated mice. Data were presented as means = standard error of the mean (n = 6); P <
0.05 relative to the normal group. These figures are cited from Biol. Pharm. Bull. 2021, 44 (7), 947-
957. Figure 4 (A-C).
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3.2 Expression profiles of TRPMS8 immunoreactivities in the small intestine

Then 1 characterized the expression profiles of TRPMS in the small intestine via
immunohistochemistry staining using TRPMS8-EGFP mice and several neural markers such as pan
neural marker (PGP9.5), sensory neural markers (CGRP, and SP) (Figure 11). TRPMS-EGFP signals
were colocalized with PGP9.5-immunopositive nerve fibers, indicating the presence of TRPMS-
expressing neurons in the small intestine. Furthermore, TRPMS8-EGFP signals were highly colocalized
with CGRP-immunopositive neurons and partially colocalized with SP immunoreactivities in the small
intestine. Thus, TRPM8-immunopositive neurons expressed mainly CGRP-positive neurons and partly

SP-positive sensory neurons.
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Figure 11. Expression profiles of TRPMS8-immunoreactivities in the normal small intestine of TRPMS-
enhanced green fluorescent protein (EGFP)-transgenic mice. Double labeling of TRPMS (green) with
PGP9.5 (red), calcitonin gene-related peptide (CGRP) (red), and substance P (SP) (red). Arrows
indicate the colocalization of TRPMS8-immunoreactivites with either PGP9.5, CGRP, or SP. Scale bars
=100 pum. These figures are cited from Biol. Pharm. Bull. 2021, 44 (7), 947-957. Figure 5 (A).
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3.3 Characterization of TRPMS8 immunoreactivities in dorsal root ganglia

Next, | investigated the origin of the primary afferent innervation of the small intestine using
retrograde fluorescent tracer fluorogold dye (Figure 12). Most TRPMS8-immunoreactive cell bodies
were found in the DRG, and they were double-labeled with fluorogold retrogradely transported from
the small intestine. I further observed the colocalization of TRPMS8 with CGRP and SP in the DRG.
TRPMS-EGFP signals were highly colocalized with CGRP-immunopositive neurons and partially
colocalized with SP immunoreactivities. Taken together with the findings shown in Figure 11, TRPM8

was expressed in CGRP- and/or SP-positive primary afferent neurons originating from the DRG.
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Figure 12. Expression profiles of TRPM8-immunoreactivities in dorsal root ganglia (DRG) of TRPMS-
enhanced green fluorescent protein (EGFP)-transgenic mice. In DRG, double labeling of TRPMS
(green) with retrograde tracer fluorogold (blue), CGRP (red), and SP (red). Arrows indicate the
colocalization of TRPMS8 immunoreactivity with either fluorogold immunoreactive neurons, CGRP,
and SP. Scale bars = 50 um. These figures are cited from Biol. Pharm. Bull. 2021, 44 (7), 947-957.
Figure 5(B).
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3.4 Characterization of TrkA immunoreactivities in the small intestine

Then, I evaluated the immunoreactivity of neurotrophic TrkA, the receptor for NGF that are well
known for having a relevant role in neuroimmune communication in the GI tract. I characterized
localization of TrkA immunoreactivities in the small intestine via immunohistochemical double staining
using TRPMS8-EGFP mice and TrkA antibody (Figure 13). TRPMS-EGFP signals were colocalized
with TrkA-immunopositive nerve fibers, indicating the presence of TrkA expressing neurons in the
small intestine colocalized with TRPMS. Furthermore, TrkA signals were highly colocalized with
CGRP-immunopositive neurons. Thus, TRPMS8-immunopositive neurons expressed mainly TrkA-

positive neurons, which also colocalize with CGRP.
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Figure 13. Expression profiles of TrkA-immunoreactivities in the small intestine of TRPM8-enhanced
green fluorescent protein (EGFP)-transgenic mice. In the small intestine, double labeling of TRPMS
(green) with TrkA (Red), Arrows indicate the colocalization of TRPMS8 immunoreactivity with TrkA
immunoreactive neurons. Double labeling of TrkA (green) with CGRP (Red). Arrows indicate the

colocalization of TrkA immunoreactivity with CGRP immunoreactive neurons. Scale bars = 50 pum.

39



3.5 Change in CGRP expressions in the mucosa in WT and TRPMS8KO mice with intestinal injury

To better understand the role of CGRP in the pathogenesis of indomethacin-induced intestinal injury,
I immunohistochemically investigated changes in CGRP expression in WT and TRPM8KO mice
(Figure 14). The expression of CGRP in the intestinal mucosa was significantly upregulated following
indomethacin administration in WT mice. However, this response was completely abrogated in
TRPMSKO mice (Figure 14A and B). Two-way ANOVA revealed a significant main effect of
indomethacin ('F (1, 27) = 5.856, P = 0.0225). To validate these results, the amount of CGRP in the
intestinal tissues was assessed using EIA; indomethacin administration significantly increased the
amount of CGRP in WT mice. However, this response was absent in TRPM8KO mice (Figure 14C).
Two-way ANOVA revealed a significant main effect of indomethacin (‘'F (1, 18) = 4.776, P = 0.0423).
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Figure 14. Changes in CGRP expression in the intestinal mucosa with indomethacin-induced intestinal
injury in wild-type (WT) and TRPMS-deficient (TRPM8KO) mice. (A) Typical images, (B) quantified
area of CGRP-positive neurons presented as percentage of the total villi area, and (C) CGRP
concentration (pg/mg in tissues) in intestinal homogenates determined using EIA in controls (vehicle
alone) and indomethacin-injected WT and TRPM8KO mice. Scale bars = 100 um. Data were presented
as means =+ standard errors of the mean (n = 5); *P < 0.05 relative to the WT normal. These figures are

cited from Biol. Pharm. Bull. 2021, 44 (7), 947-957. Figure 6 (A-C).
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3.6 Change in SP expressions in the mucosa in WT and TRPM8KO mice with intestinal injury

To investigate the role of SP in the pathogenesis of indomethacin-induced intestinal injury, I
immunohistochemically investigated changes in SP expression in WT and TRPM8KO mice (Figure
15). The expression of SP in the intestinal mucosa was significantly upregulated following
indomethacin administration in both WT and TRPM8KO mice. The expression levels in WT and
TRPM8KO mice were almost comparable (Figure 15A and B). Two-way ANOVA revealed a
significant main effect of indomethacin (‘F (1, 25) = 15.93, P = 0.0005). This result suggests that SP
upregulation is brought about by the TRPM8-independent pathway.
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Figure 15. Changes in substance P (SP) expression in the intestinal mucosa with indomethacin-induced
intestinal injury in wild-type (WT) and TRPMS-deficient (TRPM8KO) mice. (A) Typical images and
(B) quantified area of SP-positive neuron presented as percentage of the total villi area in normal
(vehicle alone) and indomethacin-treated WT and TRPM8KO mice. Scale bars = 100 um. Data were
presented as means =+ standard error of the mean (n = 5); *P < 0.05 relative to the corresponding normal.

These figures are cited from Biol. Pharm. Bull. 2021, 44 (7), 947-957. Figure 7 (A, B).



3.7 The effects of TRPMS8 deficiency on NGF expressions in the intestinal mucosa

To better understand the relationship between NGF and CGRP pathways in the pathogenesis of
indomethacin-induced intestinal injury, I investigated changes in NGF mRNA expression in WT and
TRPMS8KO mice (Figure 16). Besides having a well-described key role in inflammatory processes of
the GI tract, NGF neurotrophin is relevant for promoting neuronal survival. The expression of NGF in
the intestinal mucosa was significantly upregulated following indomethacin administration in WT mice.
However, this response was completely abrogated in TRPM8KO mice. Two-way ANOVA revealed a
significant main effect of indomethacin ('F (1, 17) = 4.838, P = 0.0420), and Two-way ANOVA
revealed absence of significant effect of TRPM8KO (“F (1, 17) = 6.136, P = 0.0240).
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Figure 16. Changes in nerve growth factor (NGF) expression in wild-type (WT) and TRPM8-deficient
(TRPMS8KO) mice following indomethacin administration. Indomethacin (8 mg/kg) was administered
subcutaneously, and the NGF expression in the small intestine was evaluated following 48 h after
indomethacin injection. NGF mRNA expression was determined using quantitative real-time
polymerase chain reaction in normal (vehicle alone) and indomethacin-treated WT and TRPMSKO
mice. The mRNA expression level was standardized to that of TATA-binding protein (TBP). Data were
presented as means + standard error of the mean (n = 6); *P < 0.05 relative to the corresponding normal;

#P < 0.05 relative to KO mice.
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4. Discussion

Investigation of TRPMS8 expression profile with related neuropeptides involved in its activation
represents a crucial step to understand the protective effect of TRPMS8 against NSAIDs-induced
intestinal injury. In line with the experiments in chapter I, I characterized the expression of TRPMS in
the small intestine, DRG, and then examined the role of neuropeptides such as CGRP and SP in the

pathogenesis of indomethacin-induced intestinal injury.

Since a specific anti-mouse TRPMS8 antibody is not available for immunohistochemical analyses, I
investigated the localization of TRPMS in the small intestine using TRPMS8-EGFP transgenic mice,
which express EGFP under the direction of the TRPMS promoter. The EGFP signals that might reflect
the expression profiles of TRPMS were commonly found in neural fibers and were significantly
upregulated following indomethacin administration. The protein expression of TRPMS8 determined via
Western blot analyses showed the tendency to increase following indomethacin administration. A
previous study revealed that TRPMS8 was upregulated in the murine asthma model [111]. Thus, neuronal

TRPMS may be upregulated in intestinal mucosa inflammation treated with indomethacin.

Several studies showed that TRPMS8 was expressed in mucosal sensory neurons for the regulation of
several functions such as inflammation and visceral nociception [86, 112]. These functions are caused
by the local release of neuropeptides such as CGRP and SP from sensory neurons [51]. Previous studies
of patients with colitis and animal colitis models suggested that TRPV1 and TRPA1 were upregulated
in primary sensory neurons [113]. In the DSS colitis model, TRPV1 and TRPAI contribute to the
progression of intestinal inflammation. TRP ion channel activation is followed by CGRP and SP release,
which are anti- and pro-inflammatory, respectively [62]. The current study revealed that EGFP signals
that might reflect the TRPMS expression colocalized mainly with CGRP and partly with SP in the
sensory neurons of the small intestine. My results indicate strong association between TRPMS8 and
CGRP expression profiles. At present, there is no direct evidence that upregulation of CGRP produces
TRPMS8-mediated intestinal protection. In our preliminarily experiment, available CGRP antagonist
olcegepant failed to show clear abrogative effect against CGRP-mediated intestinal protective action.
This is probably due to low bioavailability of this antagonist such as poor tissue distribution and
persistence. Further studies are needed to confirm this point. However, along with the well proven
protective effect of CGRP, upregulation of CGRP might be involved in TRPMS8-mediated protective

effect on indomethacin-induced small intestinal injury.

Further, retrograde tracing using fluorescent fluorogold dye showed that the extrinsic primary afferent

innervation expressing CGRP and SP in the small intestine originated from the DRG. It has been shown
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that TRPMS is expressed in the group of C fibers and Ad fibers [114]. On the other hand, CGRP and
SP were released mainly by unmyelinated C fibers and very rarely by small myelinated Ad fibers in the
meninges [115]. In the current study, from the immunohistochemistry in the DRG staining, [ found that
the neuropeptide expression was mainly found in the small and medium-size fibers. Furthermore,
previous experiments [29] and my current experiments showed high colocalization between TRPMS
and CGRP, suggesting the presence mainly in the C fibers. Nociceptive C-fibers can respond to stimuli
such as mast cell-derived mediators, resulting in release of neuropeptides such as CGRP. The signals

traveling through C-fibers lead to the release of neuropeptides [116].

In the GI tract, CGRP is well established as a protective neuropeptide released from the sensory afferent
neurons via vasodilation and mucus secretion [117, 118]. The CGRP-mediated vasodilative hyperemic
response and increased mucus secretion are well-known mucosal defense mechanisms against various
noxious stimuli in the GI lumen. Further, CGRP has been reported to exert an anti-inflammatory effect
via various effector functions of immune cells, including inhibiting inflammatory cytokines and
upregulating anti-inflammatory cytokines [119]. In contrast, SP plays an essential role in the
pathogenesis of inflammation by increasing vascular permeability, leukocyte activation, and mast cell
degranulation [104]. To validate the association between these neuro-responses and the protective and

deleterious effects of these neuropeptides, further studies should be conducted.

Several studies reported that the number of CGRP- and SP-positive sensory neurons increased in the
inflamed mucosa in experimentally induced colitis [46]. The current study showed that both CGRP-
and SP-positive sensory neurons were upregulated around the injured area in the small intestine treated
with indomethacin. Interestingly, the upregulation of CGRP-positive sensory neurons was abrogated
entirely in TRPM8KO mice. However, the upregulation of SP-positive sensory neurons was not
affected in TRPM8KO mice. Thus, TRPMS& may contribute to the production of CGRP, but not SP, in
the injured intestinal mucosa. CGRP has protective effects against experimentally induced colitis by

DSS and TNBS [117,120].

In contrast, the deleterious effects of SP on the pathogenesis of colitis have been described [121, 122].
Thus, TRPM8-mediated CGRP release from the sensory afferent neurons may have a protective effect
against indomethacin-induced small intestinal injury. In contrast, SP released from the sensory afferent

neurons may play a role in the progression of small intestinal injury in a TRPM8-independent manner.

Kato’s group previously reported the role of TRPV1 and TRPAL1 in sensory afferent neurons in the
progression of DSS-induced colitis in relation to CGRP and SP in contrast to TRPMS [46]. The severity
of colitis was attenuated in mice deficient of either TRPV1 or TRPA1. Further, TRPV1- and TRPA1-
deficiencies prevented the upregulation of SP, but not CGRP, in DSS-induced inflamed colon. Thus,
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the release of SP from the sensory afferent neurons expressing TRPV1 and TRPA1 may be involved in
the progression of DSS-induced colitis. CGRP may have protective effects on colitis in TRPV1- and
TRPA1-independent manner. I hypothesize that the different influences of TRP channels may be
accounted for by the correlation of neuropeptides, such as CGRP and SP. TRP channels facilitate
communication between the nervous and immune systems as TRP channels promote the regulation of
inflammation through the release of neuropeptides [123]. Activating TRP channels enables crosstalk
among neurons, immune cells, and epithelial cells to control inflammatory responses [65, 89]. TRP
channels act either through a direct effect on the intracellular levels of cations or through indirect
modulation of intracellular pathways to trigger pro- or anti-inflammatory mechanisms, depending on
the inflammatory disease conditions [65]. For example, TRPA1, TRPV1, and TRPV4 channels
activation resulting in intracellular calcium levels increasing and releasing neuropeptides such as CGRP
and SP [65]. Based on these observations, CGRP may be upregulated by TRPMS8 and SP by TRPV1
and TRPAL1 in the sensory afferent neurons during inflammation. As previously mentioned, TRP
channel actions contribute to neurogenic inflammation. Following TRPMS activation, increased
intracellular calcium levels might lead to the release of neuropeptides such as CGRP as action potentials
generated following TRPMS activation induces calcium influx and consequent CGRP release from
trigeminal neurons [65]. CGRP is synthesized in trigeminal ganglia neuronal cell bodies and then stored
in large, dense-core vesicles within the sensory nerve terminal to facilitate its secretion [124,125].
Following neuronal depolarization, excitation of trigeminal neurons caused subsequent CGRP release
from the terminal via calcium-dependent exocytosis process that involves soluble N-ethyl amide-
sensitive factor attachment protein receptor (SNARE) to promote vesicle docking and fusion to the

membrane [125].

By contrast, TRPMS was localized in high-threshold visceral afferent neurons and may also colocalize
with TRPV1 and TRPAI1 to restrain their downstream chemosensory and mechanosensory actions [89].
TRPMS is present on colonic sensory neurons, which may couple with TRPV1 and TRPAI to also
inhibit their downstream chemosensory and mechanosensory actions [43]. Thus, it is possible that these
channels that are colocalized in sensory neurons may inter-regulate the downstream neural and sensory
responses. TRPMS can reduce inflammation through crosstalk with other TRP channels. For example,
TRPMS activation has been found to suppresses TRPV 1-mediated inflammatory neuropeptide release
[25,26,89]. In addition, TRPMS activation on sensory neurons using icilin caused desensitization of
TRPAT1, which plays a role in the release of inflammatory neuropeptides during inflammation, to its
exogenous irritant and agonist allyl isothiocyanate (AITC), as confirmed in TRPA1KO mice [126,89]

Consequently, TRPMS8 performs an anti-inflammatory function to balance the pro-inflammatory
responses of TRPV1 and TRPAI1 via mediating chemosensory deactivation and inflammatory

neuropeptide release [65].
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TrkA receptor activation via NGF results in upregulating of TRP channels. The binding of NGF to
TrkA was found to increase TRPMS expression through phosphatidylinositol 3-kinase and p38 MAP
kinase [127, 128]. NGF is a member of the neurotrophins family. In adults, NGF has a relevant role in
neuroimmune communication in the GI tract [129]. Post-translational effects of NGF/TrkA binding
include an increase in the concentration of neuropeptides SP and CGRP. In the current study, I found
that mRNA expression of NGF in the intestinal mucosa was significantly upregulated following
indomethacin administration in WT mice. However, this response was absent in TRPM8KO mice. This
result is comparable to CGRP expression, making a strong relationship in TRPM8-mediated CGRP
upregulation and NGF/TrkA pathway, resulting in intestinal protection only in WT mice with the
absence of that response in TRPM8KO mice. In addition to its direct effects on immune-cell functions,
NGF affect inflammatory responses by regulating the synthesis of CGRP, as it was found that
neutralization of endogenous NGF using anti-NGF antibodies markedly reduces the synthesis of CGRP
[130]. Likewise, in colitis model, it was found that anti-NGF treatment increased the severity of the
experimental inflammation by reducing CGRP content in the gut [131]. Furthermore, in vitro studies
using the DRG culture model have shown that cold and menthol sensitivity mediated by TRPM8 was
upregulated by exogenous NGF [132]. Since it was proved that TRPMS is co-expressed with receptors
for pro-inflammatory mediators, TRPMS is co-expressed with the high-affinity tyrosine kinase receptor
for NGF, TrkA, a molecule with an essential role in pain signaling [18]. It has been further reported
that chronic exposure of NGF increased CGRP contents via MEK signaling while acute exposure of
NGF augmented capsaicin-evoked release of CGRP via protein kinase C and Src family kinase [133].

Thus, NGF/TrkA pathway may augment both the expression and release of CGRP in sensory neurons.

It has been described the importance of the gut microbiota in influencing the brain-gut axis that
comprises bidirectional communication between the central and enteric nervous system, thereby linking
emotional behavior, metabolism, and immune regulations [134]. Thermosensitive TRP channels,
including TRPMS8 and TRPAT1, and microbiota have been suggested to involve thermogenesis and
energy metabolism [135]. Moreover, we previously showed the involvement of intestinal microbiota in
developing indomethacin-induced intestinal injury [95]. Thus, it is possible that alteration in intestinal

microbiota via TRPMS8 may be, in part, involved in the pathogenesis of intestinal injury.

Taken together, these findings in this chapter indicate that TRPMS, which expressed mainly in CGRP-
positive sensory afferent neurons, was upregulated following indomethacin treatment. TRPMS-
mediated upregulation of CGRP-positive neurons may be involved in suppression of indomethacin-
induced intestinal injury. TRPMS8-mediated protective mechanisms may involve TrkA/NGF pathway,
because transcriptional upregulation of NGF was abrogated in the TRPMS8KO mice and TrkA-

immunopositive neurons were colocalized with TRPMS8-EGFP signaling and CGRP-immunopositive
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neurons in the small intestine. In contrast, SP in the sensory afferent neurons may play a role in the

progression of small intestinal injury in a TRPMS8-independent manner.
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Conclusion

From Chapters I and II, I determined the roles of TRPMS in indomethacin-induced intestinal injury
in mice; the indomethacin-induced small intestinal injury was significantly exacerbated in TRPM8KO
mice compared with WT mice. Besides, a TRPMS agonist, WS-12, reduced the severity of intestinal
injury in WT mice, but this response was abrogated in TRPM8KO mice, confirming the protective anti-
inflammatory effect of TRPMS§ against indomethacin-induced intestinal injury. Furthermore, the
current study showed TRPMS8 upregulation following indomethacin treatment. In addition, CGRP-
positive sensory neurons were up-regulated around the injured area in the small intestine treated with
indomethacin. In contrast, SP in the sensory afferent neurons may play a role in the progression of
intestinal injury in a TRPMS8-independent manner. Based on the findings obtained in this study, |
hypothesized that TRPMS mediated-CGRP upregulation in the sensory afferent neurons has a
protective effect against indomethacin-induced small intestinal injury. CGRP protective mechanisms
most probably involve the TrkA/NGF pathway. I found a strong relationship in TRPM8-mediated
CGRP upregulation and NGF/TrkA pathway, resulting in intestinal protection only in WT mice with
the absence of that response in TRPM8KO mice. Therefore, this study should contribute to developing
novel therapeutic approaches for indomethacin-induced intestinal injury as TRPMS is a potential target

for the treatment and prevention of NSAIDs-induced enteropathy and IBD.
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Figure 17. Schematic representation of TRPMS protective effect against indomethacin-induced small

intestinal injury. The protective effect of TRPMS expressed in sensory afferent neurons is mediated by

the upregulation of CGRP rather than SP.
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