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Abstract
Rheumatoid arthritis is a chronic inflammatory disease primarily affecting the synovium, articular
cartilage, and bone within a joint, but it is a unique form of arthritis wherein effects are systemic. The
cause of this autoimmune disease remains unknown, but there are many environmental and genetic
factors that play into susceptibility. Research is still far from drug-free remission despite great
advancements over the past few decades. The majority of therapies developed rely on
immunosuppressant or immunomodulator molecules and come with risk of infection, high costs, and
toxic, uncontrolled side effects. Those diagnosed maintain a significant unmet need for targeted
therapies.
There is increasing evidence towards non-immune cell types in the joint as the culprit for the changes in
anatomy of the joint at disease onset. A thin lining called the synovium covers the joint cartilage and acts
as a barrier which secretes synovial fluid that lubricates the joint. Synovial fibroblasts, also called
fibroblast-like synoviocytes, are responsible for this secretion of lubricating components hyaluronic acid
and lubricin that allow for ease of movement. Together with macrophages, they make up the synovial
lining and sub-lining in roughly equal proportion. Proinflammatory cytokine production in the inflamed
joint leads to synovial fibroblast proliferation and transforms these cells into a “tumor-like” phenotype
with the capacity to degrade cartilage and bone. Synovial fibroblasts perpetuate the destruction of
articular cartilage by producing matrix-degrading enzymes, cytokines, and increasing production of
adhesion molecules to attach and build on to cartilage. The synovium thickens and the cartilage and bone
in the joint is broken down, and synovial fibroblasts recruit more immune cells to the joint to further
exacerbate joint destruction. This positive feedback loop makes synovial fibroblasts a desirable target for
anti-rheumatic drugs
An abundance of research implicating TRP channels in rheumatoid arthritis synovial fibroblasts
pathogenic phenotype has accumulated over the past decade. Studies of the rheumatoid synovium
demonstrate the expression of several of these channels including TRPV1, TRPV2, TRPV4, TRPA1,
TRPM7, TRPM8, and more. The channels’ direct implication in synovial fibroblast aggressive phenotype is
becoming better understood and shows promise for TRP channels as therapeutic targets. My master’s
thesis will focus on TRP channel involvement in mechanisms by which synovial fibroblasts evade
apoptosis, proliferate, degrade the joint, and migrate to unaffected joints in order to understand these
biological sensors as potential rheumatoid arthritis therapeutic candidates.

Document Type
Thesis

Degree Name
Master of Science (MS)

Program
Biomedical Sciences

Research Advisor
Valeria Vasquez, PhD

Keywords
BH3-mimetics; HRI; MCL-1

Subject Categories
Diseases | Immune System Diseases | Medical Biophysics | Medical Cell Biology | Medical Immunology |
Medical Molecular Biology | Medical Sciences | Medicine and Health Sciences

UNIVERSITY OF TENNESSEE HEALTH SCIENCE CENTER

MASTER OF SCIENCE THESIS

Therapeutic Potential of TRP Channels in the
Targeting of Rheumatoid Arthritis Synovial
Fibroblasts

Author:
Brittany Isabella Schwam

Advisor:
Valeria Vásquez, PhD

A Thesis Presented for The Graduate Studies Council of
The University of Tennessee Health Science Center
in Partial Fulfillment of the Requirements for the Master of Science degree from
The University of Tennessee
in
Biomedical Sciences: Molecular and Translational Physiology
College of Graduate Health Sciences

April 2021

Copyright © 2021 by Brittany Schwam.
All rights reserved.

ii

ACKNOWLEDGEMENTS

I would like to thank my advisor, Dr. Valeria Vásquez, who mentored me in many
ways and went the extra mile to provide academic and professional guidance to not only
me, but many students. I’d also like to thank my committee members, Dr. Helena
Parfenova and Dr. Elizabeth Fitzpatrick for their support on my committee and
throughout my training in the College of Graduate Health Sciences at the University of
Tennessee Health Science Center. I would like to thank my instructors, especially Dr.
Zheng Fan, for the training in the classroom that translated meaningfully in the lab.
I would also like to thank all of the Physiology department faculty who were
mentors and instructors to me as well as other Physiology track students. I would like to
broadly thank the friends and peers that I have had the honor of studying and researching
alongside in the biomedical sciences program for their support and encouragement- a
special thanks to Physiology track friends Briar Bell, Chris Pitzer, Hector Paez, Jesse
Gammons, and Jerry Afolabi for those essential exam study sessions, supportive advice,
and constant laughs. I would like to thank postdoctoral fellow and senior graduate
friends, Dr. Efren Maldonado, Dr. Rebeca Caires, Dr. Alejandro Mata-Daboin, Dr.
Geetika Singh, Dr. Janet Zheng, Dr. Anup Aggarwal, and Dr. Avtar Meena, for their
support, mentorship, and friendship along the way.
I would like to thank all my friends and colleagues from St. Jude Children’s
Research Hospital for the training and experience in academia that has prepared me for
my career, and their Chemical Biology and Therapeutics department that allowed me to
use their resources in order to experience a bit of high-throughput, industry-level
workflow in my independent project. Finally, I would like to thank my family and my
husband for the encouragement and support in this program and in everything- to my
parents for always supporting a curious mind, to my husband for always believing in me,
to my grandparents, sisters, family-in-law, and friends who are really more like family,
for their cheering along the way.

iii

ABSTRACT

Rheumatoid arthritis is a chronic inflammatory disease primarily affecting the
synovium, articular cartilage, and bone within a joint, but it is a unique form of arthritis
wherein effects are systemic. The cause of this autoimmune disease remains unknown,
but there are many environmental and genetic factors that play into susceptibility.
Research is still far from drug-free remission despite great advancements over the past
few decades. The majority of therapies developed rely on immunosuppressant or
immunomodulator molecules and come with risk of infection, high costs, and toxic,
uncontrolled side effects. Those diagnosed maintain a significant unmet need for targeted
therapies.
There is increasing evidence towards non-immune cell types in the joint as the
culprit for the changes in anatomy of the joint at disease onset. A thin lining called the
synovium covers the joint cartilage and acts as a barrier which secretes synovial fluid that
lubricates the joint. Synovial fibroblasts, also called fibroblast-like synoviocytes, are
responsible for this secretion of lubricating components hyaluronic acid and lubricin that
allow for ease of movement. Together with macrophages, they make up the synovial
lining and sub-lining in roughly equal proportion. Proinflammatory cytokine production
in the inflamed joint leads to synovial fibroblast proliferation and transforms these cells
into a “tumor-like” phenotype with the capacity to degrade cartilage and bone. Synovial
fibroblasts perpetuate the destruction of articular cartilage by producing matrix-degrading
enzymes, cytokines, and increasing production of adhesion molecules to attach and build
on to cartilage. The synovium thickens and the cartilage and bone in the joint is broken
down, and synovial fibroblasts recruit more immune cells to the joint to further
exacerbate joint destruction. This positive feedback loop makes synovial fibroblasts a
desirable target for anti-rheumatic drugs
An abundance of research implicating TRP channels in rheumatoid arthritis
synovial fibroblasts pathogenic phenotype has accumulated over the past decade. Studies
of the rheumatoid synovium demonstrate the expression of several of these channels
including TRPV1, TRPV2, TRPV4, TRPA1, TRPM7, TRPM8, and more. The channels’
direct implication in synovial fibroblast aggressive phenotype is becoming better
understood and shows promise for TRP channels as therapeutic targets. My master’s
thesis will focus on TRP channel involvement in mechanisms by which synovial
fibroblasts evade apoptosis, proliferate, degrade the joint, and migrate to unaffected joints
in order to understand these biological sensors as potential rheumatoid arthritis
therapeutic candidates.

iv

TABLE OF CONTENTS
CHAPTER 1. INTRODUCTION TO RHEUMATOID ARTHRITIS
SYNOVIAL FIBROBLASTS ...........................................................................................1
Rheumatoid Arthritis Pathology ......................................................................................1
Current Treatment Options for Rheumatoid Arthritis .....................................................1
Synovial Fibroblasts in the Pathology of Rheumatoid Arthritis ......................................4
TRP Channel Involvement in Rheumatoid Arthritis .......................................................5
CHAPTER 2. TRP CHANNELS AS THERAPEUTIC CANDIDATES FOR
RHEUMATOID ARTHRITIS ..........................................................................................9
TRP Channel Family Characterization ............................................................................9
TRP Channel Candidates .................................................................................................9
TRPA1 .........................................................................................................................9
TRPV1 .......................................................................................................................13
TRPV2 .......................................................................................................................15
TRPV4 .......................................................................................................................16
TRPC5........................................................................................................................17
TRPC1........................................................................................................................18
TRPM3 .......................................................................................................................18
TRPM7 .......................................................................................................................19
TRPM8 .......................................................................................................................19
CHAPTER 3. CONCLUSION ........................................................................................21
Overview of TRP Channel Contribution to RA Synovial Fibroblast Activity ..............21
Perspective and Future Directions .................................................................................23
LIST OF REFERENCES ................................................................................................26
VITA..................................................................................................................................45

v

LIST OF TABLES
Table 1-1.

Discovery of TRP Channel Presence and Activity in Rheumatoid
Arthritis ..........................................................................................................6

Table 3-1.

Proposed Actions to Target TRP Channels Candidacy to Ameliorate
Rheumatoid Arthritis Symptoms ..................................................................22

vi

LIST OF FIGURES
Figure 1-1. Synovium of the Joint in Health Versus Rheumatoid Arthritis ......................2
Figure 2-1. TRP Channel Phylogenetic Tree ...................................................................10
Figure 3-1. Activated Synovial Fibroblast Mechanisms Involving TRP Channels.........24

vii

CHAPTER 1.

INTRODUCTION TO RHEUMATOID ARTHRITIS
SYNOVIAL FIBROBLASTS

Rheumatoid arthritis (RA) is a chronic inflammatory disease affecting millions of
lives and is steadily increasing over time (1-3). Arthritis is a leading cause of disability
among adults, and RA is one of the most common types. John Hopkins Arthritis Center
reports that RA has a worldwide distribution and incidence of 1 to 2% (2). The
socioeconomic and health burden of RA on society grows as the life expectancy rises (3,
4, 6). Most RA sufferers go roughly a year without treatment from the time of symptom
onset. In that time, disease progression can be costly with irreversible damage, as the
bulk of joint damage occurs in the first two years (2, 5). In addition, mortality hazards
such as heart disease are extremely elevated in patients with RA compared to the general
population. In 2010, approximately one‐fourth to one‐half of all patients with RA became
unable to work within 10–20 years of following diagnosis (2, 3). Recent meta-analysis
data estimates direct medical costs in the US are $12,509 to $36,053 for RA patients in a
treatment regimen (4).

Rheumatoid Arthritis Pathology
RA is a chronic inflammatory disease with unknown cause and is a unique form
of arthritis because the systemic mechanisms go beyond joint destruction and can attack
other organs (9, 11). Genetic factors and environmental risk (e.g., smoking) can both
contribute to the pathogenesis and progression of RA. RA primarily affects the synovium,
articular cartilage, and bone within a joint, often with symmetrical distribution as the
disease progresses (Figure 1-1) (2, 6). RA causes chronic swelling and pain in movable
joints and can cause permanent disability of the affected joints (6, 22). The strongest
correlations are to gender, obesity, and age (2, 3, 6-10, 22). Disease onset can be detected
by physical attributes such as painful joint swelling as well as detection of antibodies
commonly produced in autoimmune diseases. The process of autoimmunity begins with
the immune system confusing molecules and cells in the body as foreign invaders.
Eventually, the immune system hoists attack on the body. In RA, this manifests mainly in
the joints (2, 6). Diagnostic tests are used to analyze sera for markers such as antibodies
called rheumatoid factors or high levels of proinflammatory cytokines that target the
inflamed joint in particular (2, 9). Once diagnosed, patients must maintain a treatment
regimen to suppress inflammation and further joint damage.

Current Treatment Options for Rheumatoid Arthritis
Current treatment options are far from offering drug-free remission, though there
have been advancements in the efficacy of available medicine in the past few decades
(12). Patients are diagnosed based on the presence of certain autoantibodies and
symptoms such as synovitis, in which the affected joint swells, and joint pain and
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Figure 1-1. Synovium of the Joint in Health Versus Rheumatoid Arthritis
(A) Healthy joints maintain a joint capsule with a 2-3 cell layer of synovial lining and
lesser densely pack sublining comprised of macrophages and synovial fibroblasts, a
specialized cell adapted to secrete lubricating molecules. (B) In Rheumatoid arthritis,
pathological synovial fibroblast hypertrophy causes masses of ‘Pannus’ to form with
pathological secretory phenotype that participates in chronic inflammation and causes the
break down of joint cartilage and bone.
Adapted with permission. Filer, A. (2013). “The fibroblast as a therapeutic target in
rheumatoid arthritis”. In Current Opinion in Pharmacology. 13(3): 413-419.
https://doi.org/10.1016/j.coph.2013.02.006 (6).
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stiffening (6, 7). Non-steroidal anti-inflammatory drugs (NSAIDs) and corticosteroids are
routinely used to temporarily control the inflammation induced by RA. The long-term
approach used to prevent joint damage and other adverse systemic effects are
immunomodulatory or immunosuppressant therapies identified as disease-modifying
antirheumatic drugs (DMARDs) (6, 12).
The DMARD treatment options are categorized as synthetic or ‘conventional’ and
biologic or ‘targeted’ DMARDs (6). All DMARDs work similarly by targeting molecules
or cells that participate in the autoimmune response to slow disease progression and
alleviate symptoms. Conventional/synthetic DMARDs have been in use for the longest
and robustly target the immune system. However, some conventional/synthetic DMARDs
are poorly characterized. For example, hydroxychloroquine has been used for decades as
a first-line conventional DMARD, but the precise mechanism of action is unknown (12).
Additionally, some individuals have pre-existing conditions that disqualify this robust
targeting as a therapeutic. More recently discovered, biologic or targeted DMARDs are
specific to a cell or molecule. For example, anti-TNF drugs are biologic DMARDs that
specifically target the proinflammatory cytokine TNF to inhibit its interactions at a
specific point in the inflammatory pathway. The use of a single biologic/targeted
DMARD or combination therapy of DMARDs has transformed patient outcomes for
those with poor response to conventional DMARDs. Indeed, the advent of novel
DMARDs and the introduction of early, aggressive therapeutic strategies have
transformed RA patient prognosis. The most successful clinical approach is to
aggressively target the disease early in disease onset, using anti-inflammatory drugs
concomitantly with DMARDs to alleviate symptoms and prophylactically prevent any
further joint damage (6, 12, 17).
Unfortunately, DMARDs cannot completely suppress structural damage (12, 17).
While the purpose of corticosteroids use is to provide more timely relief during flare-ups,
the corticosteroids cannot protect against joint damage and can have negative
repercussions including bone density loss (18). Additionally, there are no existing drugs
to target pain and swelling directly at the site of inflammation. Furthermore, concomitant
use of conventional DMARD, methotrexate, along with anti-inflammatory NSAIDs
increases the risk of serious adverse events such as renal failure (19). Some subsets of
patients find that their arthritic symptoms are refractory to pharmacological treatment or
consist of individuals who are not appropriate candidates for the available
pharmaceuticals (6, 9, 12). A systematic review reported that patients are willing to take
risks as great as sudden death and cancer to fight the pain and disability caused by RA
(16). Together, DMARDs maintain problems such as the risk of infections, cost, and
uncontrolled and toxic effects (12-15, 19, 20). Those diagnosed with RA maintain a
significant unmet medical need despite the recent significant therapeutic advances.
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Synovial Fibroblasts in the Pathology of Rheumatoid Arthritis
The previous notion that faults immune cells as largely or solely responsible for
the destructive nature of the disease is the basis for the current DMARDs. The existing
DMARDs aim only to repress the autoimmune response upstream of joint destruction.
Though the pathogenesis of RA remains elusive, the loss of tolerance to systemic
autoimmune responses is a large component of manifestation in the joint. This is
dependent on the hyperplastic synovium and its participation in inflammatory positive
feedback loops (6, 9, 11). Indeed, hallmarks of RA are defined as inflammation,
abnormal cellular and humoral responses, and synovial hyperplasia (11). The healthy
synovium comprises a thin layer of equal parts synovial fibroblasts (SFs) and
macrophages and acts as a protective barrier (9, 23-25). SFs secrete the lubricating
component hyaluronic acid which allows for ease of movement by making the synovial
fluid viscous (25). Synovial fluid absorbs shock, reduces friction between joints, and
allows for the transport of nutrients and waste (2). The inflamed synovium undergoes
many changes that promote progressive destruction of RA disease activity as stimulation
by inflammatory cytokines and chemokines cascades cause joint swelling, pain, and
eventually loss of function (9, 11). It was previously poorly understood how the inflamed
synovial lining initiates and promotes joint destruction. Now, the concept has become a
topic of interest for potential novel, targeted RA therapeutics (12, 24).
First, the inflamed synovium is infiltrated by immune cells and molecules from
systemic circulation. The recruitment of the inflammatory cells to the joint increases
proinflammatory cytokine production (6, 24, 25). These processes (summarized in Figure
1-1) result in osteoclast infiltration and transformation of synovium into “tumor-like”
phenotypes with the capacity to degrade cartilage and bone (24, 25, 28). RA ‘activated’
SFs evade apoptosis and develop a hyperproliferative phenotype. The synovial lining
near the articular borders forms a tumor-like mass of tissue called ‘pannus’ comprised of
the activated SFs and osteoclasts. This process enables the invasion of the adjacent
cartilage and bone (24). Osteoclasts located at the pannus-bone interface and subchondral
bone are responsible for focal bone loss, but this bone loss is mediated by SFs and
inflammatory cells (25). SFs utilize pathological endocrine and inflammatory capabilities
to pull new blood vessels to the affected joint and coordinate chronic inflammation with
other cells (23, 25, 27, 28). This causes pain and swelling in the joints. As synovitis
progresses without treatment, joint fluid space narrows. Mature cases of RA illustrate this
can lead to the fusing of the two connecting bones together, rendering the joint
immovable (2).
In many ways, SFs imitate cancer cells (28). The SFs use the newly acquired
abilities to secrete molecules that promote hypersensitivity in neurons, pathological
angiogenesis in the synovium, and a chronic inflammatory environment. Specifically, RA
activated SFs upregulate adhesion molecules and secrete proinflammatory molecules and
matrix-degrading enzymes which contribute to cartilage destruction. This yields the
capacity for SF and inflammatory cell infiltration into the extracellular matrix of the
synovium (23-25). Their ability to communicate with local neurons, immune cells, and
epithelial cells creates positive feedback loops that increase inflammation, pain, and
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angiogenesis to the inflamed site. Additionally, a recent finding that SFs can migrate and
spread RA to unaffected joints further implicates the SFs in RA disease activity (21).
The DMARD therapies target the immune system, which is described as the
passive response of chronic inflammation. Thus, no existing DMARD therapy directly
impacts the aggressive response where SFs are directly implicated. The finding of SFs as
pathogenic propagators creates an opportunity to target the inflamed joint directly to
reduce inflammation, prevent joint degradation, reduce angiogenesis, block cell
migration, and, cumulatively, reduce the pain associated with these processes. There are
proteins in activated SFs under epigenetic regulation that are associated with the
invasiveness of SF disease phenotype and regulation of disease severity. For instance, the
Transient Receptor Potential (TRP) Channels family has become very relevant to RA
activated SFs during the last decade (69, 123, 128, 129 149, 152) (Table 1-1). For
example, rheumatology researchers have followed cancer efforts closely to better
understand tactics for targeting RA. SFs are cancer-like in their proliferative, secretory,
and invasive properties. There are several TRPV, TRPC, and TRPM channels associated
with the enhancement of pro-proliferative properties in transformed cells (31). This
makes select TRP channels uniquely expressed in these cells exciting therapeutic
candidates.

TRP Channel Involvement in Rheumatoid Arthritis
TRP channels are essential for many physiological processes and are implicated
in many diseases and cancers (29-36). Hence, TRP channels are considered excellent
candidates for therapeutics. TRP channel involvement in RA is becoming better
understood and is exhibited in several mechanisms of the disease. Much of the early RA
research implicating TRP channels documents how their nociception is modulated in
sensory neurons. Since then, their involvement has been implicated in non-neuronal cell
types including immune cells and stromal cells at the RA joint. More recently, TRP
channel implication in the cancer-like RA activated SFs. Because of the recent evidence
that builds a case for SFs involved in chronic inflammation, disease-related pain, and
disease progression, SFs make great candidates for TRP channel targeting. Recent work
implicates several TRP channel members in SF proliferation, invasiveness, cell migration
that spreads RA to unaffected joints, and more (93, 141, 149, 160). There is an increasing
amount of evidence of ways in which targeting TRP channels in SFs could modulate RA
disease.
Kochukov et al first reported functional expression of TRP channels in primary
culture human SFs and postulated a critical role for TRP channels in the adaptation of SF
pathological phenotype (56). Another group reported distinct stretch-sensitive calcium
influx in SFs and observed other TRP channels functional in SFs from patients and rodent
models (59). Later studies demonstrated the expression of several of the TRP channels
including TRPA1, TRPV1, TRPV2, TRPV4, TRPM3, TRPM7, and TRPM8 in SFs (57,
58, 64, 149, 152). Evidence of differences in expression of TRP channels in healthy
versus malignant cells suggests the SFs also retain a unique expression profile (34, 36,
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Table 1-1.
Arthritis

Discovery of TRP Channel Presence and Activity in Rheumatoid

Channel
Cell Line
TRPA1 SW982 human
synovial
fibroblasts
Primary human
synovial
fibroblasts (RA
+ control)
TRPV1 SW982 human
synovial
fibroblasts
Primary human
synovial
fibroblasts (RA
+ Control)

Expression
mRNA detected

TRPV2

TNF-induced twofold increase in
mRNA, increased
protein (8 hr.)
just under two-fold
increase mRNA in
highly invasive SFs

TRPV4

SW982 human
synovial
fibroblasts
PIA rat model
synovial
fibroblasts
PIA rat model,
KRN mice
model, CIA
mouse model,
and primary
human (RA)
synovial
fibroblasts
SW982 human
synovial
fibroblasts
MH7A human
synovial
fibroblasts and
primary human
synovial
fibroblasts

hypoxia-induced
seven-fold increase
in mRNA (in RA
and Control)
mRNA detected

Three-fold increase
in mRNA versus
control

mRNA detected

mRNA detected,
similar levels to
non-RA samples
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Function
temperature/agonist
induced calcium
intake

Reference
Kochukov
2006
Del Rey
2010

temperature/agonist
induced calcium
intake
(capsaicin) agonist
induced calcium
intake, agonist
induced mediation of
production of RArelated cytokine
cytokine-induced
sensitization to
agonist

Kochukov
2006
Engler
2007

Kochukov
2009

Laragoine
2008
chemical agonist
induced calcium
intake, agonist
induced reduction of
cytokines and MMP
production

Laragoine
2015

temperature/agonist
induced calcium
intake
hypotonic stimulation
and chemical agonist
induced calcium
intake; agonist
induced mediation of
cytokine production

Kochukov
2006
Itoh 2009

Table 1 1.

Continued

Channel

Cell Line
SW982 human
synovial
fibroblasts
TRPM3 Primary human
synovial
fibroblasts (RA
+ control)
TRPM7 CFA rat model
synovial
fibroblasts
TRPM8 SW982 human
synovial
fibroblasts

CIA rat model
synovial
fibroblasts
TRPC1

TRPC5

Primary human
synovial
fibroblasts (RA
+ control)
CFA mouse
model synovial
fibroblasts

Primary human
synovial
fibroblasts (RA
+ control)
CFA mouse
model, primary
human synovial
fibroblasts

Expression
mRNA detected

hypoxia-induced
seven-fold increase
in mRNA (in RA
and Control)
mRNA detected

Three-fold increase
in mRNA versus
control

TNF-induced twofold increase in
mRNA, increased
protein (8 hr.)
just under two-fold
increase mRNA in
highly invasive SFs

mRNA detected

mRNA detected,
similar levels to
non-RA samples
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Function
temperature/agonist
induced calcium
intake

Reference
Kochukov
2006
Del Rey
2010

temperature/agonist
induced calcium
intake
(capsaicin) agonist
induced calcium
intake, agonist
induced mediation of
production of RArelated cytokine
cytokine-induced
sensitization to
agonist

Kochukov
2006
Engler
2007

Kochukov
2009

Laragoine
2008

chemical agonist
induced calcium
intake, agonist
induced reduction of
cytokines and MMP
production
temperature/agonist
induced calcium
intake
hypotonic stimulation
and chemical agonist
induced calcium
intake; agonist
induced mediation of
cytokine production

Laragoine
2015

Kochukov
2006

Itoh 2009

43, 107, 157-159). Indeed, various reports indicate TRP channels are differentially
expressed in invasive RA SFs (Table 1-1). Research over the past decade supports the
involvement of a few select TRP channels in SF disease activity. For my thesis, I
reviewed the involvement of select TRP channels in RA SFs and proposed strategies for
further investigating their therapeutic potential.
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CHAPTER 2.

TRP CHANNELS AS THERAPEUTIC CANDIDATES FOR
RHEUMATOID ARTHRITIS

TRP Channel Family Characterization
TRP channels belong to a superfamily of 28 cation channels with diverse
physiological functions and cellular distributions. The TRP family is divided into
subfamilies based on structural homology: A (ankyrin), C (canonical), M (melastatin), V
(vanilloid), P (polycystin), and ML (mucolipin) (Figure 2-1). Each member’s subunit
composition has varying degrees of similarity and allows for many of the members to
form hetero-oligomers with each other (29, 32). TRP channels are nonselective cation
channels that, upon activation, can increase intracellular concentrations of cations such as
calcium, sodium, and magnesium, though they are mostly known for calcium
homeostasis (29, 30). Because expression of these channels mediates ion homeostasis,
TRP channels are biological sensors important to many roles such as apoptosis, cell
proliferation, and migration. The channels play roles in many physiological processes
such as insulin secretion and vascular tone regulation; hence TRP channel expression
changes could cause several channelopathies (30-33).
These channels are polymodal because some members of the family are activated
by physical (e.g., heat, cold, pressure) and chemical (e.g., protons, toxins, bioactive
lipids) stimuli (30). As a classic example, the small molecule capsaicin found in chili
peppers activates TRPV1 to induce nociceptive responses which elicit heat sensation. In
addition to their direct involvement in disease, their sensitization downstream of other
membrane proteins (like G protein-coupled receptors) and other signaling molecules
plays roles in chronic inflammation such as hyperalgesia (30, 32). Abnormal calcium
homeostasis, oxidative stress, ER stress, mitochondrial dysfunction are processes linked
to the RA disease progression for which TRP channels are also implicated.

TRP Channel Candidates

TRPA1
TRPA1 is the lone member of the subfamily ankyrin. TRPA1 is a calciumpermeable, nonselective cation channel that was first cloned from human fetal lung
fibroblasts. Exogenous agonists for TRPA1 are allyl isothiocyanate, allicin, and
cinnamaldehyde which are constituent active ingredients of mustard oil or wasabi, garlic,
and cinnamon, respectively (37, 39). TRPA1 can also be activated by cold temperature
(30, 38). Endogenous agonists for TRPA1 are long-chain polyunsaturated fatty acids as
well as certain lipid mediators and reactive oxygen species (ROS) that are observed in the
chronic inflammatory environment of the arthritic joint (52, 61, 65). TRPA1 has been
studied for its physiological roles in airway sensory neurons and gut motility as well as in
pathophysiological roles such as pain and inflammation (31, 42, 43).
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Figure 2-1. TRP Channel Phylogenetic Tree
Adapted with permission. Nilius, B., & Owsianik, G. (2011). “The transient receptor
potential family of ion channels”. Genome Biology. 12(3), 218.
https://doi.org/10.1186/gb-2011-12-3-218
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Several animal models exist to probe the various mechanisms in RA (44) and
have been used to probe both TRPA1 and TRPV1 by genetic knockout models or
pharmacological inhibition. TRPA1 importance in arthritic pain and disease progression
has mainly been studied with respect to sensory neurons (45-49). However, there is a
measurable complexity in the overall contribution of TRPA1 to RA. Initially, the effect
of TRPA1 genetic ablation and pharmacological inhibition in rodent models were
investigated by several groups to measure sensitivity to pain and inflammation. Several
groups that studied TRPA1 pharmacological antagonist or deletion observed TRPA1dependent pronounced proinflammatory or pronociceptive effects. These groups
observed the presence of TRPA1 contributed to inflammatory hyperalgesia, edema, and
joint degradation (45, 47-50). However, Batai and collaborators recently reported they
observed the opposite effect (46). They demonstrated a protective role of TRPA1 with
analgesic and anti-inflammatory properties. By using both knockout and pharmacological
stimulation, they found sulfides, which can activate TRPA1 receptors (50), reverse some
of the negative effects of disease progression. The group stipulated that TRPA-mediated
alleviation of prior pronociceptive and proinflammatory symptoms in the humanized RA
mouse model may be due to the release of neurotransmitters, like somatostatin, involved
in inflammation (51). They proposed that the TRPA1-involved mechanisms studied are
more complex than originally described (46).
Indeed, one example is that there are discrepancies among mouse and rat models
for human RA. For example, tolerance for genetic deletion is variable among animal
models of RA. Thus, this factor must be taken into account when measuring TRP channel
dependency on disease parameters. The adverse effects as a function of genetic deletion
intolerance could hinder accurate measurements that illustrate TRP channel dependency
on specific RA disease mechanisms across RA animal models (46). Additionally, various
groups have described variable expression profiles among RA animal models.
Importantly, many of these the studies focused on the effect of TRPA1 ablation in
sensory neuron only by using local injection techniques. However, it is now better
understood that TRPA1 is upregulated in the RA disease setting in many cell types
including SFs. Thus, this factor should be accounted in future studies that aim to
delineate how to best target SFs.
In respect to the RA joint, TRPA1 is expressed in nociceptive neuronal cells,
immune cells, epithelial cells, chondrocytes, and SFs, thus their contribution to pain and
inflammation is potentially spread across several cell types (52-56). Kochukov and
collaborators investigated TRP channel involvement beyond neuronal cells to understand
their roles in arthritic inflammation and observed functional expression of TRPA1,
TRPV1, TRPV4, and TRPM8 in SW982 human primary SFs cell line (a cell culture
model for RA) (56). The same group later found a major proinflammatory cytokine in
RA, tumor necrosis factor (TNF), to upregulate TRPV1 and TRPV4, but not TRPA1 and
TRPM8 (58). However, a hypoxic environment, common to the RA joint synovium (67),
induced transcriptional changes in SFs from RA patients. Del Rey et al reported TRPA1
is among the top 15 most upregulated proteins (64). Because activated SFs behave like
cancer cells in many ways, it is relevant that stimulation of TRPA1 increases the
apoptotic effect of hypoxia in a human glioblastoma cell line (65). TRPA1 also mediates
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inflammatory and invasive properties in the hypoxic environment of lung cancer cells
(66).
Interestingly, Hatano et al. demonstrated that important proinflammatory
mediators in RA, including TNF and interleukin-1) (IL-1), induced TRPA1 gene
expression and downstream activation of the transcription factor hypoxia-inducible
factor-1) (HIF-1). In RA backgrounds, HIF1- accumulation is observed, so their
findings demonstrated the accumulated transcription factor can enhance TRPA1
expression. This effect observed also suppressed secretion of proinflammatory cytokines
interleukin-6 (IL-6) and interleukin-8 (IL-8), which induce intracellular signaling
cascades that give rise to further inflammatory cytokine production. This mechanism
studied links relevant inflammatory mediators to ion channel expression. It also
demonstrates a TRPA1-mediated anti-inflammatory feedback mechanism in RA (63).
In addition, Lowin et al later also demonstrated that TNF- induced upregulation
and sensitization of TRPA1. The sensitization allowed for a lower concentration of
agonist to activate TRPA1. This resulted in reduced viability of SFs cells. The healthy
tissues had no significant change in viability, thus this antiproliferative effect on SFs was
dependent on the inflammatory conditions. They also observed a reduction in cytokine
and ROS production by TRPA1 activation (68). ROS are known activators of TRPA1,
and multiple reports have demonstrated that ROS levels are elevated as a result of the
hypoxic, proinflammatory environment present in RA. (60, 61). Thus, ROS can
participate in a feedback loop because TRPA1 is activated by ROS and exhibits increased
expression following ROS-mediated activation (61).
Other mechanisms have been explored as well. After Richardson and
collaborators initially determined that the synovial endocannabinoid system is altered in
RA, Lowin and colleagues investigated the influence of these naturally occurring
compounds on disease state inflammation in respect to SFs (69). The endocannabinoid
system indeed exerted an anti-inflammatory effect on the joint by reducing the
inflammatory mediators produced by SFs. Further, the effects were dependent on the
activation of TRPV1 and TRPA1. The endocannabinoids modulated TRPA1 and TRPV1
activity in SFs which correlated with downregulated proinflammatory cytokines IL-6 and
IL-8 as well as matrix metalloproteinase-3 (MMP-3). MMP-3 served as an additional
marker due to the abundant production of matrix-degrading proteins such as MMP-3 by
SFs and their contribution to joint erosion (62). The study further revealed that the effects
of the three N-acylethanolamines used were blocked by an antagonist of TRPA1,
illustrating these anti-inflammatory processes as TRP channel-dependent.
TRPA1 is an upregulated membrane protein in RA SFs with a supported role in
RA. The building evidence suggests activated SFs proliferative and secretory abilities can
be regulated by TRPA1-mediated mechanisms. Suppression of proliferation and secretion
of proinflammatory molecules by TRPA1 should be further investigated to evaluate the
candidacy of TRPA1 for pharmacological manipulation in clinical settings. Strikingly,
the DMARD auranofin, which acts by inhibiting redox enzymes to suppress the
inflammation in RA, is also a potent agonist of TRPA1 (70, 71). Because animal model
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studies seem to not have completely elucidated potential for TRPA1 activation, TRPA1
activity in SFs should be further studied in animal models of human RA. Potentially,
investigation in a cell-specific knockout in a rodent model with similar expression
profiles to human RA could delineate the contribution of SFs from the rest.

TRPV1
TRPV1 and TRPA1 are two of the most well-studied TRP channels. They are
polymodal and show co-expression in various cell types and have both been implicated
together in a host of diseases. Furthermore, the activity of TRPA1 is regulated by TRPV1
(72). The activity of both is modulated by membrane phospholipids (29, 30). TRPV1 is
activated by heat, voltage, and chemical agonists such as vanilloids, endocannabinoid
lipids, and protons. TRPV1 is expressed broadly throughout the body. TRPV1 is well
known as the receptor for capsaicin (the “hot” component of chili peppers) and is also
activated by ROS (30). Many molecules exist to probe mechanisms that involve the
activation or blockade of TRPV1. (32, 79).
TRPV1 was first identified in sensory neurons and many studies have since
sought to delineate TRPV1 role in pain sensation (30). TRPV1 has been extensively
studied for its role in neurogenic inflammation and pain in RA animal models, mostly in
respect to sensory neuron contribution. Some groups find genetic knockout or inhibition
of TRPV1 to decrease hyperalgesia, edema, and joint degradation (76, 77, 88, 89, 90),
although there are groups that found no significance (73, 78). However, TRPV1 displays
desensitization after activation, and the following studies focused on determining how
this property might contribute to the nociceptive and inflammatory function of TRPV1.
Some groups believe the stimulation of TRPV1 to be a promising therapeutic strategy to
desensitize or degrade nociceptive afferents that innervate the inflamed joint (74, 79).
Because these sensory cells attribute to perceived pain as well as secrete neuropeptides
that aggravate inflammation, the effect of desensitization could have a global effect on
disease progression (79-84). Moreover, the capsaicin-mediated desensitization of
TRPV1-sensitive sensory afferents is what brought about the use of capsaicin as a topical
analgesic (91).
In certain cancer cell lines, TRPV1 is pro-proliferative and both agonists and
antagonists can trigger anti-proliferative mechanisms (35). Indeed, there is complexity
surrounding TRPV1 involvement in RA. One group observed that in a RA mouse model,
TRPV-expressing sensory nerves aggravate mechanical hyperalgesia in the mature
phases of RA but play anti-inflammatory roles early in disease progression. The study
finds that this protective mechanism could be in part by the release of the protective
neuropeptide, somatostatin (75). Because of the complexity in TRPV1 activity, further
investigation should be conducted to understand desensitization as a strategy for a RA
therapeutic.
Moreover, the inflamed joint is maintained by many cell types, thus TRPV1
involvement is not isolated to neurons, though many of the rodent model studies have
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focused on neuronal contribution. TRPV1 is expressed in many different cell types such
as sensory neurons, chondrocytes, and SFs (93-95). Thus, the ensemble of signaling
pathways between cells that drive RA pathology has not yet been elucidated. Indeed,
there is a suggested interplay happening between the synovial lining and sensory nerves
that innervate it. A co-culture study revealed SFs from rat model of human RA influence
the expression of pain-related receptors in dorsal root ganglion (DRG) neurons.
Significant upregulation of TRPV1 in SFs from inflamed joints, but not normal joints,
bolster activated SF activity and the impact the SFs have on pain sensation controlled by
these neurons. Their results obtained from arthritic animals showed direct contact
between sensory neurons and SFs resulted in upregulation of TRPV1 in the sensory
neurons as well (86). The activation of TRPV1 causes the release of proinflammatory
neuropeptides, substance P and calcitonin related peptide, from sensory neurons which
elicit neurogenic inflammation in the joint. Incubation of these neuropeptides with
capsaicin increases the production of the proinflammatory cytokines IL-6 and IL-8 in
vitro, suggesting a cooperative mechanism for disease progression by SFs involving
TRPV1 (92). The neuro-immune interactions impact the way future drugs may target
SFs, and this study indicates RA-related pain is not solely dependent on sensory neurons
in the joint. Further, desensitization of both cell types by TRPA1 agonist could have a
compounding effect.
TRPV1 is the one of first of the family to be reported as functionally expressed in
SFs from patients with RA, and thus has been more thoroughly studied (85). RA patients’
joint synovial fluid is typically at a pH below 7.0 (99). Under this logic, Hu et al
investigated TRPV1 activity in SFs isolated from a rat model of human RA under acidic
conditions. They demonstrated elevated ROS, mitochondrial depolarization, and reduced
cell viability upon TRPV1 activation by capsaicin, pH 5.5 solution, and synergism of the
two (93). However, Hu and collaborators later studied TRPV1 activation at moderately
acidic pH 6.8, to represent RA pathological conditions and did not find the activity they
reported before (100). Potentially, they observe this discrepancy is because calcium flux
is tightly controlled by other proteins as well as TRPV1 at the pathophysiological pH
observed in RA patients and prevent TRPV1 from its potent response originally seen at
pH 5.5.
Indeed, evidence that implicates TRPV1 in the activity of RA SFs is convoluted.
On top of TRPV1 activity in other cells, there are several possible RA mechanisms
involving TRPV1 in SFs include proliferation, cell migration, and secretion of cytokines
and other disease-promoting molecules. Indeed, studies show TRPV1 in both SF cell
lines and RA patient-derived SF primary cultures, stimulation by capsaicin induces
secretion of proinflammatory molecules (56-59). TRPV1 activation is also implicated in
ROS generation in SFs. TRPV1 is activated by ROS and is upregulated following ROSmediated stimulation, thus ROS can engage in positive feedback (87, 93). Additionally,
SFs secrete less hyaluronic acid in the early stages of RA (96). In supplement to
hyaluronic acid’s lubricating quality in synovial fluid and chondroprotective effects,
previous studies show suppression of matrix metalloproteinases by hyaluronic acid in SF
from RA patients (96, 97, 101). Indeed, Caires et al. observed that hyaluronic acid
effective in reducing pain by inhibiting TRPV1 activation (98). TRPV1 expression in SFs

14

also indicates TRPV1 may also be a mediator of the production and secretion of
hyaluronic acid.
Taken together with TRPV1 functional expression in SFs and contribution to the
secretion of proinflammatory molecules, TRPV1 may further implicate SFs in RA
hyperalgesia TRPV1 has many functions in RA disease activity and much of the
evidence, like TRPA1, is involved. Because TRPV1 is one of the more thoroughly
studied TRP channels, and many molecules exist to modulate TRPV1 activity, TRPV1
desensitization is a feasible strategy that could prove insightful in future animal model
experimentation with SF-specific knockout models.

TRPV2
TRPV2 is present in SFs, but, like the other channels, is not as well studied in RA
as TRPA1 and TRPV1. TRPV2 appears through many studies to be important to a variety
of osmosensory functions (30, 105, 120, 121). TRPV2 has been implicated in cancer cell
migration (108) and is expressed in immune-related tissues and cells (29, 117-119). It is
heat-activated like TRPV1 albeit at a higher temperature threshold, thus TRPV2 has not
been implicated in the heat-evoked pain (30, 32). Thus, the role of TRPV2 in physiology
is more cryptic than TRPV1. In a recent mouse model knockout study, TRPV2 wildtype
mice demonstrated no significant differences in thermal nociception. Further, a double
knockout with TRPV1 showed similar results to single knockout of TRPV1 alone,
illustrating that TRPV1 is the greater nociceptor of the two. However, ablation of TRPV2
featured overall health disparities such as reduced weight (106).
TRPV2 role in human disease has been much more elusive, which may be due in
part to the limited set of molecules that can selectively probe TRPV2 in the past (108112). However, there is evidence that TRPV2 is expressed in the central nervous system
and sensory neurons absent of TRPV1 and is activated downstream of the
proinflammatory mediator, nitric oxide (114-116). In two chronic inflammatory diseases
of the gastrointestinal tract, ulcerative colitis and Crohn’s Disease, TRPV2 expression is
also inversely correlated with disease activity and is speculated to decrease the severity of
disease state inflammation (113).
Laragoine et al detected a unique expression profile in highly invasive SFs from
rat models of human RA that included genes implicated in cancer-related phenotypes.
Interestingly, TRPV2 expression was also increased almost two-fold by initial microarray
analysis and validated at over four-fold mRNA by quantitative PCR. They used novel
TRPV2 agonists to test its function using O1821, a synthetic cannabinoid that selectively
stimulates TRPV2, the group confirmed TRPV2 function and further tested its role in SF
invasion. O1821 reduced invasion in dose-dependent manner without toxicity,
highlighting TRPV2 as an effective target. Additionally, TRPV2 with agonist reduced
cytokine and matrix-degrading protein levels. Further, disease severity was reduced in
vivo using a human RA mouse model. A library screening derived from O1821 allowed
the identification of a novel, more potent agonist, LER13, which further reduced SF
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invasion in cells and mice model and reduced arthritis severity and inflammation in the
mouse model. (122, 123). This example of TRP channel work in SFs provides a template
for future studies in other promising TRP channels and not only implicates TRP channel
involvement but identifies a novel selective agonist of TRPV2 which is potent in vivo.
TRPV2 activation as a regulator of disease severity in RA goes beyond the scope of
therapeutic potential for RA, but for a broad spectrum of diseases and cancers. Like
TRPV1 and TRPA1, TRPV2, among other TRP channels, is expressed in both neurons
and SFs. TRPV2 is a promising target with protective role in RA that should be further
studied in SF-specific knockout studies as well.

TRPV4
TRPV4 is expressed in many organs such as kidney, heart, and liver and is
activated by a wide number of stimuli including multiple endogenous substances,
hypotonic cell swelling, shear stress, and heat (24). TRPV4 was initially described as an
osmoreceptor for activation by hypotonic stimuli (29, 30). TRPV4 mutation is linked to
several disorders, including neurodegenerative and bone growth disorders, because of the
broad distribution of expression from the nervous system to osteoblasts and osteoclasts
(29, 33). This channel a polymodal ionotropic receptor that can be activated by low pH
and phorbol derivatives (30). TRPV4 activation causes increased intracellular calcium
concentrations and cytokines in the intestine. Several studies support a role for TRPV4 in
chronic inflammatory diseases such as inflammatory bowel disease. Elevated expression
of TRPV4 is observed in the intestinal tissue of patients with ulcerative colitis and
Chron’s disease (126). In ulcerative colitis animal models, TRPV4 activation causes
inflammation, and its inhibition can alleviate inflammation (125-127). In many types of
cells, TRPV4 activity increases the production of ROS and nitric oxide. TRPV4 has been
primarily implicated in osteoarthritis, and it is expressed in neurons, chondrocytes, and
SFs of the joint. Interleukin-17 (IL-17), which has a known role in the pathogenesis of
RA, upregulates the expression of TRPV4 receptors and intensifies mechanical
hyperalgesia (128).
Itoh and colleagues found evidence of TRPV4 as a functional regulator of calcium
in human SFs. Though the expression of TRPV4 in SFs from patients with and without
RA was similar at mRNA and protein level, activation of TRPV4 in RA patient cells
elicited a reduction in chemokine production. They demonstrated both potent TRPV4
agonist 4PDD and hypotonic stress induce calcium response via TRPV4 activation and
propose TRPV4 is an environmental sensor activated by cell-swelling in synovial fluid,
mechanical stress by joint movement, and lipid metabolites produced under inflammation
in joint (124). This concept was investigated further in 2017; Hu et al utilized in vitro
techniques to determine the exact involvement of TRPV4 in the RA inflammatory
environment. They observed hypotonic solution on SFs triggered a stress response
including an increase in intracellular calcium, production of ROS, release of ATP.
Hypotonic stress additionally induced cell proliferation which was abolished in a
calcium-free buffer and weakened by a nonselective mechanosensitive channel blocker,
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gadolinium chloride (128). TRPV4 demonstrates a proinflammatory role in SFs that
could be counteracted with an antagonist to reduce RA progression promoted by SFs.

TRPC5
TRPC5 is expressed in multiple tissues including the central nervous system, first
described as an important regulator of brain development, but has also been implicated in
important roles in carcinogenesis (29, 32). TRPC5 associates with TRPC1 to form
heteromeric cation channels, and recent evidence suggests that TRPC5 and TRPC1TRPC5 complexes are functionally expressed in human RA SFs (129). Recently, Xu and
collaborators reported the expression of the two TRPC channels localized together in SFs
from RA patient biopsies (130). Thioredoxin is a redox protein used as a biomarker for its
presence in significantly elevated extracellular concentrations in the RA joint.
Interestingly, the group found thioredoxin to activate both TRPC5 and the TRPC5TRPC1 complexes (130-133). The reduced form thioredoxin can break disulfide bridges
to activate the channels. The in vitro study further illustrates thioredoxin secretion and
extracellular activity is a protective mechanism that inhibits metalloproteinase release
from SFs. Further, the effect is reduced in the presence of an anti-TRPC5 antibody or
relevant cysteine mutants of TRPC5, demonstrating TRPC channel-dependence.
Nitric oxide is also an endogenous regulator of cysteine residues (130). Nitric
oxide plays a central role in many physiological processes, but its production is elevated
in the chronic inflammatory environment of the RA joint (134-136). Many cell types
including SFs in this environment are capable of generating elevated nitric oxide. Nitric
oxide mediates functions in synovial inflammation, including cytokine production, and
signal transduction, but the findings do not clearly suggest the elevated levels worsen
disease outcomes (133). This may be in part due to its ability to activate TRPC5 along
with other functionally expressed TRP channels in SFs. In vivo, suppression of TRPC5
activity via genetic deletion or pharmacological inhibition, results in exacerbated joint
inflammation and pain sensitivity in both murine models of human RA and RA patients
(133).
Alawi et al later demonstrated in a mouse model of RA that TRPC5 knockout
increases inflammation and secondary hyperalgesia. Genetic ablation of TRPC1 and
TRPC5 increases SF matrix metalloproteinase secretion, which is largely responsible for
tissue remodeling in the RA joint (130). These findings together demonstrate lack of
TRPC5 exacerbates arthritic symptoms, thus further investigation may find agonists
increase anti-inflammatory functions of this channel. However, better pharmacological
tools need to be developed to selectively probe TRPC5 and protective mechanisms in
vivo (129, 130).

17

TRPC1
TRPC1 is the first recognized mammalian TRP channel, and its function is better
understood when in complexes with other canonical subfamily members (30). TRPC5
and TRPC1 can both be activated by G protein-coupled receptors (32). TRPC1 plays a
role in vascular tone regulation and cell migration (137-141). TRPC1 expression is
reportedly correlated with proliferation in human breast cancer epithelial cells and is
implicated in distinct roles depending on the stage of a particular cancer (35, 36). TRPC1
is not as upregulated as TRPC5 in activated SFs, but it forms the hetero-complex with
TRPC5 that mediates extracellular concentrations of the integral redox protein,
thioredoxin. Interestingly, TRPC1 is also reported as a mediator of SF cell migration
(141). TRPC1 ablation in SFs from a mouse model of human RA reduced translocation
by almost half in vitro. They also observed TRPC1 deficiency also decreases sensitivity
to mechanical stimulation, though the exact mechanism of this outcome is unknown
(141). Because RA SFs rely on local migration to remodel the RA joint and long-distance
migration to spread to unaffected joints, targeting TRPC1-dependent cell migration could
be a novel strategy for these hyperplastic cells in RA. Although TRPC members’
involvement in RA is less developed, there is a clear implication of TRPC5 in protective
mechanisms. However, future strategies for may better be suited for inhibition due to its
implication in cell migration, a key feature of the SF pathogenic phenotype.

TRPM3
TRPM3 is not as strongly characterized as other TRP channels, but its presence
has been studied in the brain and kidney. It is expressed broadly and acts as a sensor for
steroid hormones (29, 32, 142-144). TRPM3 is calcium permeable and increases activity
downstream of hypotonic stimuli (32). It has been established as a nociceptor for acute
heat evoked pain (145). Recently, Vandewauw and collaborators report a triad of
TRPM3, TRPV1, and TRPA1 is vital for heat responsiveness in based on evidence in
cells and an animal model. TRPM3 is upregulated in inflamed DRG neurons and, in
particular, co-expressed with TRPV1 and TRPA1. Evidence from a triple knockout in
mice provides that at least one of the three TRP channels must be functional for this
particular nociception (146). Interestingly, inflammation induced in the hind paw induced
upregulation of the same three TRP channels, and inhibition of TRPM3 weakened the
nociception of TRPV1 and TRPA1 in the inflamed but not healthy tissue (146, 147). A
2010 study revealed TRPM3 as a top hit for downregulation induced by hypoxia in SFs
from RA patients (64).
The finding of functional TRPM3 expression in human RA SFs came later than
other TRP channels, although it is expressed heterogeneously throughout the synovial
tissue (149). From previous reports, pregnenolone sulfate, a neurosteroid with excitatory
effects in the brain, activates TRPM3 in beta cells and is coupled to insulin secretion
(148). Importantly, stimulation of TRPM3 in SFs via extracellular pregnenolone sulfate
can activate TRPM3. This activation mechanism is negatively coupled to the secretion of
hyaluronic acid (149). Though hyaluronic acid has a protective role initially in RA,
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elevated hyaluronic acid in mature cases of RA is correlated with joint destruction (150,
151). Accumulation of hyaluronic acid and its degradation products promotes SF
mobility, adhesion, and angiogenesis, processes that serve the proinflammatory feedback
loop. With respect to hyaluronic acid levels, TRPV1 may be a more effective target in the
early stage of RA, but TRPM3 targeting could be a solution for more mature cases of RA.
Further studies are required to determine whether TRPM3 targeting is a viable strategy
for RA wherein the molecular basis for the therapeutic benefit of pregnenolone may be
discovered.

TRPM7
TRPM7 is known for its kinase domain fused to its structure, though the
enzymatic function is poorly understood (32). TRPM7 is ubiquitously expressed and is
known for its role in magnesium homeostasis and reabsorption in the kidney and intestine
(29, 30). A metabolic-sensing role has been proposed for its sensitivity to intracellular
Mg-ATP concentration (32). More structural data exists for TRPM7 than TRPM3 (166).
Mutations in TRPM7 can result in neurodegenerative disorders (33). TRPM7 is
significantly upregulated in human atrial fibroblasts from patients with atrial fibrillation
(153). Along with TRPC1, TRPM7 and TRPM8 are overexpressed in human breast
cancer epithelial cells which correlate with their proliferative properties (36). Previous
reports indicate TRPM7 participates in several other cancers, and TRPM7 and TRPM8
are implicated in the control of motility (35). Cong-hua et al demonstrated the expression
of TRPM7 in neutrophils from patients with RA and hypothesized a TRPM7 activation is
a key step in calcium mobilization associated with invasiveness of human neutrophils in
RA (153).
TRPM7 implication was observed later than other TRP channel members
involved in pathological properties of RA activated SFs. Yu et al observed TRPM7
channels may decrease fibroblast proliferation and differentiation as studied in lung
fibroblasts (155). Thereafter, Li et al explored the role of TRPM7 in SFs (155). TRPM7
is indeed functionally expressed in SFs derived from a rat model of human RA, and
suppression of TRPM7 increased ER stress and induced apoptosis in SFs (156). TRPM7
characterization in RA is underdeveloped, but future study of TRPM7 inhibition by
antagonist may yield a favorable strategy for attenuating SF proliferative properties.

TRPM8
TRPM8 exhibits low sequence homology to other subfamily members, though its
structural data is the most advanced of the three mentioned (30, 166). Like TRPA1,
TRPM8 is activated by cold temperature and cooling mimetic compounds such as icillin
(29-31). TRPM7 and TRPM8 also appear to be stimulated by polar lipids (30). TRPM8 is
broadly distributed across many tissues and cell types including vascular smooth muscle
cells and trigeminal ganglia neurons. TRPM8 plays a known role in pain and temperature
sensation within sensory neurons and is upregulated in certain cancer cells (29, 32).
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TRPM8 is implicated in some cancers and overexpression has been observed in
pancreatic adenocarcinomas (157-159). Khalil and colleagues proposed the involvement
of TRPM8 in macrophage function in colitis.
TRPM8 has not been thoroughly studied in the context of activated SF, but
aforementioned group noted its involvement in cancer cells and inflammatory diseases.
These hints to similar implications in activated SFs which are cancer-like and
proinflammatory. For instance, a recent study reported TRPM8 inhibition during the T‐
cell activation process leads to altered phenotype and reduced proliferation without
detrimental effects. Thus, TRPM8 may be a safer target for controlling cell proliferation.
Indeed, Zhu and colleagues used TRPM8 agonist, menthol, to demonstrate TRPM8mediated calcium entry elicits apoptosis in SFs from RA animal model (160). Apoptosis
assays confirmed cell death was via the apoptotic pathway, which is the preferred and
tidy form of cell death wherein the cell does not leak any toxic internal substances.
Though TRPM8 is not heavily implicated in SF disease activity, evidence of the
apoptotic effect through TRPM8 activation warrants further investigation of menthol or
other TRPM8 agonists on RA activated SFs. This may reveal a protective role for
TRPM8 to control SF proliferation.
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CHAPTER 3.

CONCLUSION

Overview of TRP Channel Contribution to RA Synovial Fibroblast Activity
The recent growth of data that supports roles for TRP channel implication in RA
activated SFs further strengthens the case against these channels in RA pathogenesis,
pain, and disease progression. Many preclinical techniques and pharmacological tools
exist to probe the mechanisms for which some of these TRP channels may be involved.
While TRP Channels such as TRPA1 and TRPV1 have been widely implicated in RA
disease-specific processes, their best targeting strategies are not yet clear. Conversely,
TRP Channels such as TRPV2, TRPV4, TRPC5, TRPC1, TRPM3, TRPM7, and TRPM8
are not all clearly implicated in the SF-dependent disease activity, but recent studies build
attractive strategies for the TRP channels potential as therapeutic targets for RA SFs.
These channels require more functional expression studies in animals and humans in
disease versus health to understand their overall contribution. Some channels have
previously been implicated in both protective and pathogenic in SFs which warrants
future investigation. For example, both TRPV1 and TRPM3, which have been implicated
in the regulation of SF hyaluronic secretion, have also been implicated in increased
nociception in inflamed tissue (146). Other channels may simply be attractive for their
upregulation in respect to the cell cycle due to their control of calcium homeostasis (31).
Alone, the ability to control cell proliferation by initiating apoptosis of SFs in RA could
significantly hinder SF ability to participate in their disease propagating roles. Altogether,
further probing of TRP channels in SF disease activity could yield better understandings
of their pathogenic functions and successful therapeutic strategies that control the
pathogenic functions.
The TRP channels included in this review highlight a few recently identified key
features that contribute to SF pathological phenotype. There are many existing
endogenous and exogenous agonists and antagonists for the TRP channel family thus
make the study of their implication in disease easier to investigate. With the recent
advances in structural knowledge, the design of potent small molecules should not be too
high a barrier and conceive feasibility for drug development (165-167). Several potential
stimulation strategies could come from TRP channel structure-based drug design
initiatives (166-168). Overall, the recent studies add to an emerging picture of TRP
channel function in the RA joint and the potential for TRP channel targeting with the
added benefit of lacking unwanted effects of current therapies that provide RA sufferers
both quick and long-lasting relief. In sum, based on my readings, promising future
strategies to further investigate these TRP channels as RA therapeutics that target SFs
are: activation of TRPA1, TRPV1, TRPV2, TRPC5, TRPM3, TRPM8 and inhibition of
TRV4, TRPC1, and TRPM7 should be tested further for mitigation and potentially
prevention of inflammation and pain associated with joint degeneration as well as the
progression of RA (Table 3-1).
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Table 3-1.
Proposed Actions to Target TRP Channels Candidacy to Ameliorate
Rheumatoid Arthritis Symptoms
In RA-Activated Synovial Fibroblasts
TRP Expression
Associated Pathophysiological
Implication
Channel
Profile
Feature(s)
TRPV1
TRPV4
TRPC1

upregulated pathogenic cell proliferation and secretion
of proinflammatory molecules
similar to
health
*

pathogenic cell proliferation and ROS
production
pathogenic cell migration and secretion of
proinflammatory molecules and
matrix degrading enzymes

Action to
Suppress
Pathological
Feature(s)
desensitization by
agonist
inhibition by
antagonist
inhibition by
antagonist

TRPM7 upregulated pathogenic cell proliferation and ROS
production
TRPA1 upregulated protective cell proliferation and secretion
of proinflammatory molecules

inhibition by
antagonist
activation by
agonist

TRPV2

upregulated

protective cell migration and secretion of
proinflammatory molecules and
matrix degrading enzymes

activation by
agonist

TRPC5

*

activation by
agonist

TRPM3

*

TRPM8

*

protective secretion of proinflammatory
molecules and matrix degrading
enzymes
protective secretion of proinflammatory
hyaluronic acid
protective cell proliferation via apoptosis
initiation

activation by
agonist
activation by
agonist

Note: * Further studies are needed to compare expression of rheumatoid patient or animal
model to the respective controls
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Perspective and Future Directions
Arthritis is a debilitating condition that leads to painful degradation of the joint
and bone. With the US population’s projected increase in average lifespan, RA
prevalence will continue to grow. The increase in new therapeutic options over the last
decade still leaves patients to choose the tradeoff of risk for benefit. For those with RA,
impaired bone health, immunity, and overall quality of life are just a few of the reasons
targeted therapies are a necessity. As the number of cases of RA grows and the average
years since diagnosis grows, the momentum behind drug development for RA has not
kept the same momentum. SF-targeted agents could have the potential to be used
concomitantly or replace current therapies by avoiding the effect on adaptive immune
response entirely and targeting joint degeneration and arthritic pain at the source. The
process of discovering more targeted therapies for RA is involved and will take
consideration of the interplay between the disease mechanisms.
Since the development of conventional therapeutics, the quality of life for RA
sufferers has increased dramatically, but not without risk. Rheumatoid arthritis
therapeutic approaches lack direct targeting of inflamed joint, and investigation of novel
therapeutic targets could lend hope to unexplored opportunities proposed to drug RA
pathogenesis and progression directly. Over the past decade, increasing evidence towards
the SF as the culprit for the pathological changes in RA joint anatomy and
proinflammatory environment at disease onset has set efforts to find molecular targets in
motion. Recent advances in understanding the biology of SFs including their regulation
of innate immune responses and activation of intracellular signaling mechanisms that
control their behavior provide novel insights into disease mechanisms.
SFs, the leading cells in joint erosion, create the inflammatory environment in the
synovium, attract more immune cells to the damage to propagate RA. Evidence for TRP
channels as potential RA therapeutic target is fragmented for some more than others.
However, there is promise in probing TRP channels to control hyperplasia and depress
secretion and mobility of SFs in the RA joint. While the persistent, proinflammatory
phenotype of SFs is one of the main contributors to disease progression, no specific
therapy targeting this cell type is currently available. Evidence of the ways in which TRP
channels modulate secretion, mediate cell migration, and even induce cell death in RA
activated SFs has set a motion that allows for new targeted therapies to be discovered
(Figure 3-1).
There is an abundance of evidence for TRP family involvement in RA, but
because many of these TRP channels are broadly expressed, it is important to note their
involvement in RA by other cell types. The cells that SFs communicate with to
exacerbate joint damage is a layer of complexity that needs to be explored further in
respect to TRP channel involvement. Further, TRP channels must be studied with the
consideration of the complexity in their activation. TRPV1 ablation was shown to
ameliorate RA symptoms in animal models. However, desensitization by using agonists
alleviated RA symptoms better than blocking TRPV1 activity. This concept should be
taken into account in the study of other TRP channels as candidates. Additionally, some
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Figure 3-1. Activated Synovial Fibroblast Mechanisms Involving TRP Channels
TRP Channels have protective (blue) or pathogenic (red) implications on activated SFs
which may overlap several mechanisms the SFs utilize to create the inflammatory
environment of the joint and propagate RA.
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members are known to have more than one role in RA. The TRP channels involved in
pain processing such as TRPV1, TRPA1, and TRPM3 show high levels of expression in
sensory neurons innervating inflamed tissue of arthritic joint (146).
In addition to inflammation related to neurogenic pathways, there are other
mechanisms that activated SFs signaling can stimulate. Angiogenesis, the process in
which new blood vessels grow from existing ones to meet increased oxygen and nutrient
demand, is physiologically required in development and wound healing. However, it can
be pathologically associated with many chronic inflammatory diseases, autoimmune
diseases, and cancer (163, 164). In the inflamed environment of the joint, epithelial cells
interact with stromal cells to determine which factors are secreted and to what extent. The
increase in blood vessels to the synovium enables the infiltration of immune cells to the
joint, which promotes a state of chronic inflammation (163). Smani et al reviewed the
role of transient receptor potential (TRP) channels expressed by endothelial cells in
growth factor-induced angiogenesis. TRP channels are activated by pro-angiogenic
factors resulting in the rise of intracellular signaling pathways that promote angiogenesis
(165).
TRPM8 and TRPA1 are implicated in the enhanced motility and metastases
formation in certain lung cancer cells (35). Further, it is intriguing that a recent study
reported TRPV1 is upregulated in TMJ (temporomandibular joint) synovium by an
estrogen metabolite in a rat model of temporomandibular disorders because RA is two to
three times more prevalent in women (102). More recently, dopamine, which modulates
TRPV1 in DRG neurons, is implicated in the migration ability of SFs from RA patients
(103, 104). In addition to other studies that implicated TRP channels in RA activated SF
activities, TRPV1 shows potential for future discoveries such as the delineation of the
sexual dimorphism observed in RA. Because we know the proinflammatory environment
implicates TRP channels such as TNF-alpha sensitizing TRPA1, and current drugs aim
upstream like the anti-TNF biologic DMARDs, looking at a downstream approach for
flare-ups may prove to be more effective at alleviating pain and ameliorating disease
progression. SF specific knockout models could be the key to understanding how TRP
channel therapeutics behave on the joint as a whole, and further investigation of TRP
channels as RA therapeutic candidates could completely alter the disease progression in
the RA joint.
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