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Abstract

Protease-activated receptor 2 (PAR2) is a G protein-coupled receptor (GPCR) expressed
in both the peripheral and central nervous systems. It plays a pivotal role in mediating
neuroimmune interactions, particularly in the context of inflammation and pain. Upon
activation by proteases, PAR2 modulates nociception through signaling cascades that influ-
ence key ion channels, including transient receptor potential (TRP) ion channels vanilloid
1 and 4 (TRPV1 and TRPV4), ankyrin 1 (TRPA1), acid-sensing ion channel 3 (ASIC3), P2X
purinoceptor 3 (P2X3), Cav3.2 (T-type Ca?* channel), and potassium Kv7 (M-current) chan-
nels, altering their expression and function. Through this crosstalk, PAR2 contributes to
heightened neuronal excitability and pain hypersensitivity in various inflammatory con-
ditions. In this narrative review, we highlight and discuss the mechanistic and functional
interplay between PAR2 and nociceptive ion channels, which might be contributing to the
pathogenesis of inflammatory pain. Targeting these specific molecular interactions between
PAR?2 and nociceptive ion channels may offer a promising therapeutic strategy for treating
inflammatory pain.

Keywords: ion channels; PAR2; TRPV1; TRPV4; TRPA1;, ASIC3; P2X3; Cav3.2; Kv7
(M-current) channels; inflammatory pain

1. Introduction

Pain, a hallmark of inflammation, is a protective response involving multiple systems.
Inflammatory pain refers to the increased sensitivity of pain perception in response to
tissue injury that triggers an inflammatory response [1,2]. While acute pain aids in healing,
persistent inflammation can lead to chronic pain through increased neural excitability [3-5].
Inflammatory pain arises from interactions between the immune system and nervous
system [6]. Inflammatory mediators activate nociceptors, receptors expressed in sensory
neurons whose cell bodies reside in the dorsal root ganglia (DRG) or trigeminal ganglia (TG),
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which transmit pain via Ad and C fibers to the central nervous system (CNS) [5,7]. Chronic
exposure to inflammatory mediators lowers neuronal thresholds, leading to peripheral and
central sensitization, and resulting in conditions like allodynia and hyperalgesia [8,9].

Peripheral sensitization is driven by mediators such as bradykinin, prostaglandins
(e.g., PGEy), ATP, and cytokines [3,10,11]. These molecules activate GPCRs and ion chan-
nels like transient receptor potential (TRP) ion channels vanilloid 1 and 4 (TRPV1 and
TRPV4), ankyrin 1 (TRPA1), acid-sensing ion channel 3 (ASIC3), P2X purinoceptor 3 (P2X3),
Cav3.2 (T-type Ca?* channel), and potassium Kv7 (M-current) channels [12-14]. Down-
stream kinases, protein kinase A (PKA), protein kinase C (PKC), and mitogen-activated
protein kinases (MAPKS) further amplify this response [15-18]. Upregulation of ion chan-
nels like TRPV1 contributes to chronic pain via hyperalgesic priming [19,20]. Persistent
nociceptor input also induces central sensitization, a state of enhanced excitability of
CNS neurons [21]. This involves enhanced glutamate and neuropeptide release, reduced
GABAergic inhibition, and microglial activation via caspase-6, all contributing to inflam-
matory hyperalgesia [14,22-24].

Neuroimmune interactions further amplify pain by promoting immune cell activation
and recruitment. Chemokines like CCL2 (chemokine C-C motif ligand 2) and toll-like
receptors (TLRs) signaling in the DRG enhance nociceptor sensitivity and sustain the
inflammatory pain state [25,26]. This cascade underlies a wide range pain in various clinical
conditions, including arthritis, endometriosis, inflammatory bowel disease, gout, and
diabetic neuropathy [14,27-29]. Protease-activated receptor 2 (PAR2), a GPCR, is considered
a key modulator in this process and is activated by proteases released during tissue injury
and inflammation. Emerging evidence suggests that PAR2 display functional interactions
with several nociceptive ion channels that contribute to amplifying pain signaling. While
PAR?2 is involved in multiple homeostatic processes, such as epithelial repair and immune
function [30], complete antagonism may disrupt these critical roles. Specific non-canonical
PAR2-activating proteases were found to selectively mediate PAR2 engagement with
ion channels such as TRPV4 driving pain behavior [31]. Complementing this, PAR2
antagonists that selectively block specific downstream signaling pathways while preserving
the canonical G-protein signaling (biased antagonist) demonstrated effective analgesia [32].
These findings suggest that targeting specific PAR2-ion channel coupling may provide
a more precise and safer therapeutic strategy than global receptor blockade in context
of pain management. In contrast, physiological PAR2 functions may engage distinct
downstream pathways, allowing for selective inhibition of nociceptive signaling while
preserving the essential receptor-mediated homeostatic processes. Importantly, this does
not imply direct inhibition of broadly expressed signaling elements; rather, the therapeutic
focus is on disrupting localized receptor-channel crosstalk or employing biased antagonists,
allosteric modulators, or intracellular inhibitors that selectively block the pain-relevant
PAR2 pathways while preserving physiological functions. In this review, we explored the
molecular interactions between PAR2 and TRPV1, TRPV4, TRPA1, ASIC3, P2X3, Cav3.2,
and Kv7 (M-current) channels and discussed their significance in the development and
persistence of inflammatory pain.

2. Overview of PAR2 and Its Signaling Pathways

Like other GPCRs, the PAR?2 signal is activated via direct interactions with het-
erotrimeric G proteins, composed of Gx, G and Gy subunits [33]. PAR2 is activated
when specific proteases cleave its extracellular N-terminal domain, exposing a tethered lig-
and (a short amino acid sequence) that binds intramolecularly to initiate receptor signaling.
Trypsin cleaves a “canonical” site (R36]537), triggering the canonical G protein-dependent
and -independent signaling [34] (Figure 1). Short synthetic peptides that mimic the TL
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sequence (SLIGKV-NH; in humans and SLIGRL-NH; in rodents) can activate PAR2 inde-
pendently of proteolytic cleavage [35]. Upon activation, PAR2 couples primarily to Gyq/11,
Gui/or and Gyq2/13 [36], initiating downstream signaling cascades that include Ca%* mo-
bilization, extracellular signal-regulated kinases 1 and 2 (ERK1 and 2) phosphorylation,
Rho kinase activation, protein kinase B (Akt) signaling, and modulation of cyclic adenosine
monophosphate (CAMP) levels [37]. PAR2/Gaq/11/Ca?* /protein kinase C (PKC) pathway
ultimately activates nuclear factor-«B (NF-«B), promoting transcription of proinflammatory
cytokines and adhesion molecules such as intercellular adhesion molecule-1 ICAM-1) [38].
In parallel, 3-arrestin acts as a scaffold for G protein-independent signaling, facilitating
receptor internalization and sustained ERK activation via the mitogen-activated protein
kinase (MAPK) pathway [39,40]. Internalized PAR?2 is trafficked through endosomes, where
it is either targeted for lysosomal degradation or recycled to the plasma membrane through
Golgi-derived stores [41,42]. This dynamic regulation enables receptor resensitization and
fine-tuning of inflammatory signaling [43].
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Figure 1. PAR2 activation mechanisms and downstream signaling pathways: PAR2, a GPCR, is activated
by proteolytic cleavage of its extracellular N-terminal domain by proteases such as trypsin (canonical
cleavage site), cathepsin S, and neutrophil elastase (non-canonical cleavage sites). Cleavage exposes a
tethered ligand (blue circles), which activates the receptor. PAR2 signaling involves both G protein-
and non-G protein dependent (p-arrestin-dependent) pathways. G protein-dependent pathways
involve the activation of G «q, inducing PLC activity, leading to the production of DAG and IP3. DAG

https://doi.org/10.3390/ijms27041769


https://doi.org/10.3390/ijms27041769

Int. J. Mol. Sci. 2026, 27, 1769

40f21

activates PKC, while IP3 triggers calcium release from intracellular stores. This leads to activa-
tion of the NF-«kB (leading to its nuclear translocation and transcriptional activation) and ERK
pathways. PKC can also stimulate specific adenylyl cyclase isoforms (shown as a dotted arrow),
leading to cAMP generation and PKA activation. Gg; activation inhibits (blunt arrow) adeny-
lyl cyclase, reducing cAMP levels and activating PI3K/Akt, which contribute to activation of the
ERK signal. Ggip/13 activation stimulates Rho GTPases, leading to Rho kinase activation and
contributingl to cytoskeleta reorganization and ERK/NF-«B activation. Non-G protein-dependent
pathways: [-arrestins facilitate receptor internalization via clathrin-coated pits and serve as scaf-
folds for non-G protein-dependent signaling cascades involving, predominantly, ERK activation.
This pathway provides sustained signaling distinct from transient G protein-mediated responses
and regulates receptor recycling and trafficking. Abbreviations: PAR2, protease-activated receptor
2; PLC, phospholipase C; DAG, diacylglycerol; IP3, inositol trisphosphate; PKC, protein kinase
C; NF-«B, nuclear factor kappa B; ERK, extracellular signal-regulated kinase; P, phosphorylation;
cAMP, cyclic adenosine monophosphate; PI3K, phosphoinositide 3-kinase. Solid arrows (—): ac-
tivation; blunt arrow (—): inhibition; dotted arrow (--->): isoform-specific interaction; color coding:
green = PAR2; blue = G proteins; orange = kinases/ Ca?* ions (PKC, PKA) involved in ion channels
crosstalk; red = 3-arrestin; purple = transcriptional regulators (ERK, NF-«kB).

In addition to canonical activation, PAR2 can be cleaved at alternative, “non-canonical”
sites by various proteases, initiating biased signaling; a phenomenon in which different
ligands selectively engage distinct intracellular pathways (Figure 1). This functional se-
lectivity enables PAR2 to mediate diverse, context-specific cellular responses [44]. For
example, neutrophil elastase activates ERK1/2, without inducing Ca?** mobilization or
(-arrestin recruitment [12,45]. Interestingly, the synthetic peptide corresponding to the
tethered ligand revealed by elastase fails to generate PAR2 activity. In contrast, cathepsin-S
cleaves PAR? at a site distant from trypsin and elicits a cAMP response without Ca?* mobi-
lization or ERK signal or B-arrestin recruitment, while its synthetic peptide mimicking the
cathepsin S-revealed sequence retains partial agonistic activity [31,46]. These differences
are thought to arise from protease-specific conformational changes in PAR2, highlighting
the receptor’s structural plasticity [29,34].

Emerging evidence within GPCR research indicated that pain-related outcomes are
linked to ligand-dependent stabilization of specific receptor conformations. These confor-
mations were found to bias coupling to specific intracellular signaling transducers. Recent
structural and pharmacological studies, particularly utilizing cryo-electron microscopy,
have demonstrated that GPCRs exhibit specific conformations that preferentially couple
to G-protein (canonical) or (3-arrestin (non-canonical) pathways, leading to different func-
tional outcomes in the context of pain [47]. Given that PAR2 agonists and antagonists
demonstrated biased signaling profiles, this mechanistic concept needs to be considered
when evaluating PAR2-mediated regulation of ion channel sensitization in diseases. Under-
standing the structural requirements that govern PAR2-biased signaling will be essential
for defining its analgesic potential and for the rational development of PAR2 antagonists or
modulators that selectively disrupt the pathological ion channels coupling to PAR2, while
preserving physiological signaling.
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3. PAR2-Driven Sensitization Mechanisms in Inflammatory Pain

PAR? has gained special attention for its role in inflammation, including inflammatory
pain. Activated by proteases such as trypsin and mast cell tryptase during tissue injury,
PAR?2 has been found to be evident in inflammatory responses in various tissues [48].

3.1. Signaling Mechanisms Driving Pain Sensitization

Upon activation, PAR2 stimulates multiple intracellular signaling cascades that con-
tribute to neural sensitization. The canonical Gq leads to increased intracellular Ca?* via
IP; and activation of protein kinase C (PKC) through DAG. These signaling events are
required for PAR2-mediated inflammatory sensitization of nociceptive neurons [49,50]. In
addition, PAR2 activation stimulates MAPK signaling, including ERK1/2 and p38, which
are particularly central to both peripheral and central sensitization [15]. The inhibition of
MAPK cascade attenuated neutrophil elastase-induced hyperalgesia to levels observed in
PAR2-knockout rodents, suggesting its critical role [51]. -arrestin-dependent pathways
also contribute to pain via sustained ERK activation, and a biased PAR2 antagonist target-
ing this signaling arm has shown efficacy in reducing spontaneous and evoked nociceptive
behaviors in vivo [32]. In addition, PAR2-mediated NF-kB activation leads to enhanced
release of proinflammatory cytokines, that in turn sensitize peripheral nociceptors and
contribute to sustained inflammatory pain [52-54]. The effects of the released proteases
and cytokines create a feedback loop that intensifies and maintains pain sensation.

3.2. Peripheral and Central Sensitization via PAR2

PAR? is expressed in mammalian peripheral neural tissue, including afferent sensory
neuron terminals and cell bodies [55], in addition to mesenteric and submucosal neu-
rons [56], positioning it to directly influence nociceptive transmission. Although PAR2 is
expressed in DRG neurons associated with itchiness, evidence showed that these neurons
contribute to pain sensitization. For example, Liu et al. demonstrated that PAR2 activa-
tion with selective agonist peptide (SLIGR) potentiated TRPV1 responses in DRG cultures
and induced thermal hyperalgesia in vivo, effects that were abolished in PAR2-deficient
mice [56]. Interestingly, trypsin-induced itch was paradoxically enhanced, suggesting a
minimal role of PAR? in itchiness. Complementing this, Hasseler et al. showed that PAR2
is expressed in a small subset (~3-4%) of DRG nociceptors that co-express TRPV1 and
markers for itch neurons. The PAR2 agonist produced robust mechanical allodynia, facial
grimacing that was abolished in sensory neuron-specific PAR2-knockouts [57]. Experimen-
tal models demonstrate that peripheral PAR2 activation induces both enhanced mechanical
allodynia [45] and thermal hyperalgesia in rodents [56,58] whether induced by proteases or
synthetic PAR2-activating peptides (PAR2-AP). Central PAR2 activation also contributes to
nociceptive sensitization. Intrathecal administration of PAR2-AP enhances thermal hyper-
algesia in a peripheral cutaneous inflammation model [59]. Supporting these behavioral
results, in vitro electrophysiological recordings showed increased frequency and amplitude
of dorsal horn neuronal activity following PAR2-AP application to ex vivo spinal cord
slices [57] These nociceptive effects are tightly linked to PAR2-mediated modulation of ion
channels, particularly members of the transient receptor potential (TRP) family, including
TRPV1 and TRPV4 [37].
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4. Role of PAR2 in Modulation of Ion Channels

A total of 27 papers were selected according to the eligibility criteria and are sum-
marized in Table 1. These studies provide compelling evidence for the modulatory role
of PAR?2 on various nociceptive ion channels involved in inflammatory pain. A graphical
summary illustrating the key mechanisms and signaling pathways through which PAR2
interacts with these ion channels is presented in Figure 2. Representative electrophysiologi-
cal traces illustrating the effect of PAR2 activation on ion channel currents are depicted in

Figure 3.
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Figure 2. Crosstalk between PAR2 and ion channels in sensory neurons mediating inflammatory
pain. Schematic illustration of the molecular interplay between PAR2 and key ion channels in-
volved in nociceptive signaling in sensory neurons: TRPV1, TRPV4, TRPA1, ASIC3, P2X3, Cav3.2,
and Kv7 (M-current) channels. Activation of PAR2 by proteases (e.g., trypsin, neutrophil elastase)
triggers multiple intracellular signaling pathways, cAMP/PKA, PLC/DAG/PKC, and Rho kinase,
which modulate the function of these ion channels. TRPV1 and TRPV4: Sensitized via PKC- and
PKA-mediated phosphorylation and membrane trafficking, leading to thermal and mechanical hy-
peralgesia, and enhanced neuropeptide (substance P, calcitonin gene-related peptide CGRP) release
(TRPV1). TRPA1: Activated downstream of PLC-mediated PIP, depletion, resulting in increased Ca?*
currents (green + circle) and chemical hyperalgesia. ASIC3: Potentiated through PKC and PKA activa-
tion, amplifying proton-gated Ca®* currents and leading to acidosis-induced pain. P2X3: Modulated
via PKC/PKA-dependent trafficking, increasing surface expression and facilitating ATP-mediated
nociception. Voltage-gated ion channels (Cav3.2 and Kv7) represent voltage-gated calcium and potas-
sium channels, respectively. Cav3.2 is upregulated via PKA signaling leading to increased excitability
and referred hyperalgesia, while Kv7 is inhibited through PLC—-Ca?*-PIP, depletion (red — circle),
resulting in neural depolarization and increased excitability. Solid arrows (—): activation; blunt arrow
(—): inhibition; color coding: TRPV1 = red, TRPV4 = orange, TRPA1 = blue, Kv7 channels = purple,
ASIC3 = turquoise, P2X3 = light purple, Cav3.2 = yellow; blue boxes at lower side of the figure
indicate functional outcomes of PAR2-mediated modulation of each ion channel.
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Figure 3. Representative electrophysiological traces showing PAR2-mediated modulation of ion
channel activity involved in inflammatory pain. PAR2 activation by specific agonists (e.g., SL-NH,
or PAR2-AP) enhances neuronal currents through TRPV1 (A), TRPV4 (B), TRPA1 (C), ASIC3 (D),
and P2X3 (E), while inhibiting the M-current carried by Kv7 channels (F). Green plus signs show
the specific ion channel agonist/activating condition. Representative traces are redrawn from pub-
lished studies ((A): panel A, Figure 4 of [60]; (B): panel A, Figure 5 of [61]; (C): panel B, Figure 5
of [62]; (D): panel A, Figure 5 of [63]; (E): panel B, Figure 1 of [64]; (F): panel A, Figure 1 of [48]).
Black traces = baseline; red traces = after PAR2 activation. Increased currents contribute to hyperex-
citability and inflammatory pain, whereas Kv7 inhibition promotes depolarization.
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Table 1. Summary of PAR?2 interactions with ion channels in inflammatory pain models.

Ion Channel

Key Experimental Models/Techniques

Mechanistic Summary of Findings

Functional Significance

Citation

TRPV1

Mouse model of inflammatory pain; HEK293,
DRG neurons; Ca”* imaging; electrophysiology;
Western blot (TRPV1 phosphorylation) and IP;
behavioral assays (thermal hyperalgesia).

PAR?2 activation (SLIGRL-NH, /trypsin/tryptase) enhanced
TRPV1 currents, Ca* influx, and neuropeptide (SP/CGRP)
release via PLC/PKC, and increased TRPV1 phosphorylation.
Effect reversed by TRPV1 antagonist or knockout.

PAR2-TRPV1 coupling in thermal
hyperalgesia.

Amadesi et al.
(2004) [65]

Mouse model of inflammatory pain; HEK293,
DRG neurons; electrophysiology;
immunohistochemistry (Fos); behavioral assays
(thermal and mechanical hypersensitivity).

PAR? activation (SL-NH, / trypsin/tryptase) potentiated TRPV1
responses to capsaicin, heat, and protons via PKC signaling.
PAR2-induced enhanced Fos expression and pain behaviors
were reduced in TRPV1-deficient mice.

PAR2-TRPV1 sensitization is
PKC-dependent underlying thermal
and mechanical hyperalgesia.

Dai et al.
(2004) [60]

Mouse model of inflammatory pain; HEK293,
DRG neurons; electrophysiology; Ca?* imaging;
behavioral assays (thermal hyperalgesia).

PAR?2 activation (SLIGRL-NH, / trypsin) sensitized TRPV1 via
PKCe and PKA, increasing TRPV1 currents and Ca?* influx.
Co-application with capsaicin induced robust thermal
hyperalgesia in vivo.

PAR2-TRPV1 sensitization is
PKCe/PKA-dependent contributing to
inflammatory thermal hyperalgesia.

Amadesi et al.
(2006) [66]

Rat and mouse arthritis models; behavioral
assays (mechanical allodynia, weight bearing);
ELISA (IL-13, TNF-«x)

Intra-articular PAR2 activation (SLIGRL-NH,) induced
secondary mechanical hyperalgesia and spontaneous pain,
which were attenuated by TRPV1 antagonism or genetic
deletion. PAR2-induced IL-1p release was unaffected by
TRPV1 inhibition.

TRPV1 mediates PAR2-induced
mechanical hypersensitivity in arthritis,
independent of cytokine release.

Helyes et al.
(2010) [67]

Rat arthritis model; electrophysiology (joint
afferent recordings); intravital microscopy
(leukocyte kinetics).

PAR?2 activation (2-fu-LIGRLO-NH),) increased joint afferent
firing and promoted leukocyte rolling and adhesion. These
effects were blocked by TRPV1 and NK1 receptor antagonists.

PAR2-TRPV1-NKI1 axis contributes to
peripheral sensitization and
inflammation in arthritis.

Russell et al.
(2012) [68]

Rat model of inflammatory pain;
electrophysiology; behavioral assays (thermal
and mechanical hypersensitivity).

Intrathecal PAR2 activation (SLIGKV-NH,) increased synaptic
transmission and thermal hyperalgesia via TRPV1-dependent
mechanisms in the spinal dorsal horn.

Spinal PAR2-TRPV1 signaling enhances
nociceptive transmission and thermal
sensitivity.

Mrozkova et al.
(2016) [69]

Mouse model of myocardial
ischemia/reperfusion; Langendorff heart
preparation; hemodynamic analysis;
TTC staining.

PAR?2 activation (SLIGRL) reduced infarct size and improved
cardiac function through TRPV1 sensitization via a
12-LOX-dependent pathway, promoting CGRP and SP release.
Effects were abolished in TRPV1-deficient mice.

TRPV1 mediates PAR2-driven
cardioprotection through
neuropeptide-dependent signaling.

Zhong et al.
(2019) [70]

Rat model of carrageenan-induced
inflammatory pain; electrophysiology;
behavioral assay (thermal hyperalgesia).

Intrathecal PAR2 inhibition (FSLLRY-NHj) reduced thermal
hyperalgesia and attenuated excitatory synaptic transmission in
the dorsal horn via TRPV1 and kinase-dependent pathways.

PAR2-TRPV1 signaling sustains spinal
sensitization and thermal pain in
inflammatory states.

Mrozkova et al.
(2021) [59]
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Ion Channel Key Experimental Models/Techniques Mechanistic Summary of Findings Functional Significance Citation

TRPVI, Mouse model of cystitis; human bladder PAR2 acfavahon .(SLIGRL) 1ncrease.d.CO.X -2-mediated PGE, PAR2-TRPV1 signaling promotes

Cav3.2 1 . . production, leading to TRPV1 sensitization and Cav3.2 ) . Tsubota et al.

oy epithelial T24 cells; behavioral assay (referred . . . . visceral hypersensitivity through

(T-type Ca . upregulation via PKA signaling. TRPV1 blockade prevented . (2018) [71]
hyperalgesia). . prostanoid-PKA pathways.

channel) referred hyperalgesia.
Mouse model of inflammatory pain; HBE cells, - prpy o tivation (SLIGRL-NH,) sensitized TRPV4 by enhancing - *R2_ | RF V4 signaling amplifies
HEK293, DRG neurons; Ca~* imaging; Ca?* influx and currents via PLC, PKC, and PKA pathways mechanical hypersensitivity through Grant et al.
electrophysiology; neuropeptide assays; . ’ ’ P ye. kinase-dependent sensitization and (2007) [72]

. . . This increased SP and CGRP release from dorsal horn neurons. .
behavioral assay (mechanical hyperalgesia). neuropeptide release.
. . PAR2 activation (trypsin, SLIGRL-NH;) induced sustained TRPV4 activation by PAR2 contributes
]RD?;Gm I?iio(;fsl_ng:;? rirrlre:;oriﬁ Pirﬁfjﬁiziieus’ TRPV4-mediated Ca®* influx via arachidonic acid derivatives to sustained inflammatory signaling via  Poole et al.
assessment ( Ia w thicknegss)g, (e.g., 5,6-EET) and Src-dependent Tyr-110 phosphorylation. lipid mediators and tyrosine (2013) [73]
P ’ TRPV4 deficiency reduced paw edema. phosphorylation.

Mouse model of inflammatory pain; HEK293, Cathepsin S cleaved PAR2 at a non-canonical site (E56¢T57), . . . . .
KNRK cells, DRG neurons, Xenopus oocytes; inducing biased Gas/cAMP/PKA signaling without Ca?* 3;?32‘: "11”31?15{\% 45_1 g:ii?;ﬁ:ﬁj;ﬁ:ﬁfg;s Zhao et al.
Ca’* imaging; electrophysiology; behavioral mobilization or ERK activation. This sensitized TRPV4 and ain and inﬂamnfation (2014) [30]
assays (mechanical hyperalgesia, paw edema)  enhanced neuronal excitability and mechanical hyperalgesia. P '

TRPV4

Mouse model of inflammatory pain; HEK293
cells; Ca?* imaging; behavioral assay
(mechanical hyperalgesia)

PAR? activation (SLIGRL-NH,, trypsin) induced sustained
TRPV4-mediated Ca?* influx, which was blocked by the
tyrosine kinase inhibitor bafetinib. Bafetinib also attenuated
PAR2-TRPV4-induced mechanical hyperalgesia in vivo.

Tyrosine kinase-dependent TRPV4
sensitization underlies PAR2-mediated
mechanical hypersensitivity.

Grace et al.
(2014) [74]

Xenopus oocytes; electrophysiology;
intracellular CaZ* chelation (BAPTA-AM)

PAR?2 activation (trypsin, SLIGRL-NH;) enhanced TRPV4
responses independent of intracellular Ca?* signaling. This
sensitization was independent of intracellular Ca®* signaling
(BAPTA-AM had no effect). Neutrophil elastase, a biased PAR2
agonist, sensitized TRPV4 via the Rho-kinase pathway:.

TRPV4 sensitization by biased PAR2
agonists occurs through
Ca2+-independent,
Rho-kinase-mediated mechanisms.

Sostegni et al.
(2015) [61]

Mouse model of inflammatory pain; KNRK
cells, HEK293 cells, Xenopus oocytes;
electrophysiology; Ca?* imaging; behavioral
assays (mechanical hyperalgesia, paw edema)

Neutrophil elastase, a biased PAR2 agonist, selectively activated
Gos/cAMP/PKA signaling (not Gaq/Ca®*), leading to TRPV4
sensitization, ERK phosphorylation, and TRPV4-dependent
mechanical hyperalgesia with inflammatory edema.

Biased PAR?2 signaling promotes
TRPV4-dependent pain and
inflammation via Gos-PKA pathways.

Zhao et al.
(2015) [45]
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Table 1. Cont.

Ion Channel

Key Experimental Models/Techniques

Mechanistic Summary of Findings

Functional Significance

Citation

Mouse model of LPS-induced acute lung injury;

PAR?2 activation (thrombin) increased cAMP in alveolar
macrophages, which suppressed TRPV4-mediated Ca?* influx

PAR2 negatively regulates TRPV4 in

Rayees et al.

TRPV4 alveolar macrophage culture; cytosolic Ca** and downstream NFAT activation. PAR2 deletion enhanced lung inflammation, contributing to (2019) [75]
measurement TRPV4 activity and inflammation; restoration of PAR2 or TRPV4  resolution of acute lung injury.
inhibition reversed the effect.
Rat model of inflammatory pain; HEK293 cells, .PAR.Z activation (SLIGRL-NHj) enhanced TRPAL curre.-nts PAR2-TRPA1 coupling heightens .
. . in vitro through a PLC-PIP,-dependent pathway. In vivo, . . . . Dai et al.
DRG neurons; electrophysiology; behavioral . O ] ] chemical nociception via PLC-PIP,
. . PAR?2 agonist increased nocifensive responses to TRPA1 . . (2007) [62]
assay (chemical-induced acute pain) . signaling.
agonists.
Rat model of cystitis; cystometry; Western blot  Inhibition of PAR2 (FSLLRY-NH;) reduced TRPA1 upregulation = Spinal PAR2-TRPA1 signaling Chen et al
TRPA1 (TRPA1 expression); behavioral assay in spinal tissue and alleviated bladder hyperactivity and contributes to cystitis-associated pain (2016) [7 6].
(mechanical hypersensitivity) mechanical pain in inflamed rats. and bladder dysfunction.
Multiple mouse models of migraine; behavioral Cutgneous allodym? 1r}d.u‘ced by. TRPA1 activation was PAR2 51gn.ahng mainfains - Kopruszinski
assay (cutaneous allodynia) abolished by PAR?2 inhibition using the monoclonal antibody TRPA1-driven allodynia in migraine, et al. (2025) [77]
y yn MEDIO0618. indicating a therapeutic target. ’
e PAR? activation (SLIGRL-NH>) in the pancreas increased spinal -
TRPA1, Mouse quel of pgncreatlt}s, . Fos expression. TRPA1 inhibition blocked this effect; TRPV1 TRPAL and TRPVI act synerglstlcally Terada et al.
immunohistochemistry (spinal Fos expression); . ="~ . . downstream of PAR2 to mediate
TRPVI behavioral assay (referred hyperalgesia) inhibition reversed referred hyperalgesia, which was further ancreatitis-associated referred pain (2013) [78]
y yperalg reduced by combined TRPA1 and TRPV1 blockade. p pai.
TRPV], .\ . PAR?2 activation by neutrophil elastase sensitized TRPV1 and PARZ_TRPVUTRPAl mg{lahng.
Rat model of oral mucositis; behavioral assays . . . underlies spontaneous pain, while Ito et al.
TRPA1, . ; . TRPA1 to mediate spontaneous pain, and TRPV4 to drive . .
(spontaneous pain, mechanical allodynia) . . PAR2-TRPV4 drives mechanical (2017) [79]
TRPV4 prolonged mechanical allodynia. o s
allodynia in mucositis.
Primary human esophageal epithelial cells PAR2 activation (trypsin, SLIGKV-NH;) enhanced weak PAR2 enhances acid-induced ATP
ASIC3, (HEE CZ)' ATP biolufnin%scenfe assav: SIRNA acid—-induced ATP release via TRPV1 and ASIC3 sensitization.  signaling in esophageal cells via TRPV1  Wu et al.
TRPV1 ! ¥ TRPV1, but not ASIC3, was phosphorylated. Effects were and ASIC3, contributing to sensory (2015) [80]
knockdown; Western blot; IP - : : S
reduced by antagonists or gene silencing. hypersensitivity.
Rat model of acidosis-induced inflammatory pain; PAR2 activation (2-fu-LIGRLO-NH3) potentiated ASIC3 PAR2-ASIC3 signaling amplifies Wu et al
ASIC3 CHO cells, DRG neurons; electrophysiology; currents via PLC, PKC, and PKA signaling. This enhanced acid-evoked pain through )

behavioral assay (acetic acid test)

nocifensive behavior in response to tissue acidosis.

kinase-dependent sensitization.

(2017) [63]
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Table 1. Cont.

Ion Channel

Key Experimental Models/Techniques

Mechanistic Summary of Findings

Functional Significance

Citation

Rat model of «,3-meATP-induced acute pain;
DRG neurons; immunohistochemistry (c-Fos);
behavioral assay (chemical nociception)

PAR2 activation (SLIGRL-NH,) enhanced «,3-meATP-evoked
nocifensive behavior and increased spinal c-Fos expression,
indicating elevated P2X3 activity and central sensitization.

PAR?2 enhances P2X3-mediated pain
signaling and spinal activation during
acute chemical nociception.

Zhu et al.
(2006) [81]

DRG neurons; electrophysiology

PAR? activation (SL-NH; or trypsin) reduced the amplitude but
accelerated the opening kinetics of P2X3 currents, indicating a
dual modulatory effect on channel function.

PAR2 modulates P2X3 gating properties,
altering sensory neuron excitability.

Luetal.
(2010) [82]

P2X3
Rat model of oc,[S—meATP—mduced pain; DRG PAR?2 activation (SL-NH, or trypsin) enhanced P2X3 currents PAR2 enhances P2X3-mediated
neurons; electrophysiology; Western blot; . - - o .
mmunopredpitation (IP); immunohistochemistry via PKA /PKC-dependent membrane trafficking. This increased nociception by promoting receptor Wang et al.
(ERK); P2X3 traffickin as,sa < behavioral assa ERK phosphorylation and nocifensive behavior in response to  trafficking and spinal signal (2012) [64]
# . ang s y «,3-meATP. amplification.
(chemical nociception test)
PAR2 activation (2f-LIGRLO-amide, trypsin) inhibited Kv7 .
g\jfcurren t Rat model of inflammatory pain; DRG neurons; (M-current) via a PLC-dependent pathway involving frﬁi{eiz;p psr:rslzzi KZZ&?;V:S; tabilit Linlev et al
otassium electrophysiology; behavioral assays (thermal  intracellular Ca?* increase and PIP, depletion, leading to and cont;gibu tin i]o inflammator y (2008;1 [48] )
P and mechanical hyperalgesia) neuronal depolarization and excitability. Co-application with utng y
channel) hyperalgesia.

Kv?7 blocker (XE991) enhanced nociception.

Abbreviations: DRG (dorsal root ganglion), EET (Epoxyeicosatrienoic acid), HEK (human embryonic kidney), HBE (human bronchial epithelial), PKA (protein kinase A), PKC (protein
kinase C), PLC (phospholipase C), PIP, (phosphatidylinositol 4,5-bisphosphate), ERK (extracellular signal-regulated kinase), SP (substance P), CGRP (calcitonin gene-related peptide),
COX-2 (cyclooxygenase-2), PGE,; (prostaglandin E;), FSLLRY-NH, (a PAR2 antagonist peptide), SLIGRL-NH, /SL-NH, (PAR2 agonist peptides), TTC staining (triphenyl tetrazolium
chloride staining), T24 cells (human bladder epithelial carcinoma cell line), CHO cells (Chinese hamster ovary cells), Fos (an immediate early gene product used as a marker of neuronal
activation), NFAT (nuclear factor of activated T cells), LOX (lipoxygenase), NK1 (neurokinin 1 receptor), BAPTA-AM (1,2-Bis-(0-Aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid,
tetraacetoxymethyl ester: a membrane-permeable calcium chelator), IP (Immunoprecipitation).
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4.1. TRPV1

The functional interaction between PAR2 and TRPV1 is supported by a total of twelve
in vivo and in vitro studies across multiple experimental systems. TRPV1 is one of the
six members of the cationic transient receptor potential vanilloid (TRPV) ion channels. It
is highly expressed in primary sensory neurons and in a subset of DRG and trigeminal
neurons. It serves as a molecular sensor for thermal and chemical noxious stimuli and is
activated by capsaicin (the active ingredient of chili peppers), noxious heat (>42 °C), toxins,
and protons [83]. Immunofluorescence studies have demonstrated co-localization of PAR2
and TRPV1 in DRG neurons, where most capsaicin-responsive neurons also responded
to PAR2-AP [65]. In vitro, PAR2 activation leads to a transient rise in intracellular Ca?*
concentration, potentiating capsaicin-evoked TRPV1 currents (Figure 3A), and lowers
thermal activation thresholds of TRPV1 [60,66]. These molecular findings are further
supported by behavioral studies. In models of peripheral inflammation, treatment with a
TRPV1 antagonist significantly reduced PAR2-AP-induced thermal hyperalgesia [65], while
TRPV1 genetic deletion abolished these effects completely [60,65]. Examining central PAR2
activation, intrathecal administration of PAR2-AP elicited thermal hypersensitivity that
was blocked by spinal TRPV1 inhibition [59,69], and was absent in PAR2-deficient mice [84].
Mechanistically, PAR2-induced TRPV1 sensitization is mediated through PLC(3, PKCe,
and PKA, where pharmacological inhibition of these intracellular enzymes suppressed
TRPV1-evoked Ca?* signals in culture and attenuated thermal hypersensitivity in vivo [66].

4.2. TRPV4

For TRPV4, a total of eight studies provided evidence of functional interaction between
PAR?2 and this channel utilizing various models of inflammatory pain. TRPV4 is another
member of the TRPV ion channels, activated by lipid mediators, as well as osmotic and
mechanical stress. Hence, it plays a major role in osmoregulation and mechanotrasnduc-
tion in the body [73,83]. TRPV4 and PAR2 are co-expressed in primary sensory neurons
and in a subset of DRG neurons, and their coupling is significant for the induction of
inflammatory hyperalgesia [72]. In cultured DRG neurons and transfected HEK cells, PAR2
activation potentiated TRPV4-mediated calcium influx and enhanced responses to the
TRPV4 agonist 4x-Phorbol 12,13-didecanoate (4xPDD). This sensitization was dependent
on PLCp and multiple kinase pathways, including PKA, PKC, and PKD, as evidenced by
pharmacological inhibition studies [72]. This sensitization is mediated by PLC(3-, PKA-,
PKC-, and PKD-dependent signaling, as shown by the use of specific kinase inhibitors. In
the same study, intraplantar injection of PAR2 agonist induced mechanical hyperalgesia
in mice and enhanced pain responses of TRPV4 agonist (4«PDD). Further mechanistic
studies have shown that sustained PAR2 signaling leads to increased intracellular Ca?* in a
TRPV4-dependent manner, and that both pharmacological blockade and genetic deletion
of TRPV4 abolish this response and attenuate PAR2-induced inflammation [73]. Inhibitors
of both phospholipase A2 and cytochrome P450 epoxygenase required for catalysis of
arachidonic acid markedly attenuated the sustained response of PAR?2, suggesting that
PAR?2 activation leads to increased endogenous release of arachidonic acid derivatives
such as 5,6-Epoxyeicosatrienoic acid which ultimately activates TRPV4 [73]. The activation
of TRPV4 by PAR?2 also requires phosphorylation at a key tyrosine residue (Tyr-110). In-
hibitors of Src family kinases, such as Srcl, and the multi-kinase inhibitor bafetinib both
suppressed PAR2-induced TRPV4 activation and associated mechanical hyperalgesia in
animal models [73,85]. Another study proposed the participation of neutrophil elastase,
a biased agonist of PAR2, and the activation of Rho-kinase signaling pathway in the sen-
sitization of TRPV4 by PAR?2 [61]. Further, it has been found that both cathepsin S and
neutrophil elastase-biased agonism of PAR2 results in Gs-mediated cAMP formation, as
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well as the activation of adenylyl cyclase and PKA, which ultimately activate TRPV4 and
sensitize nociceptive neurons to cause inflammatory pain [30,45]. PAR2-TRPV4 coupling
is supported primarily by functional/signaling assays (indirect modulation) rather than
direct molecular interactions. Distinguishing direct binding from second messenger modu-
lation is critical, as it dictates selective therapeutic strategies (protein—protein interaction
disruption versus pathway inhibition/biased ligands).

Most studies investigating PAR2-TRPV4 coupling derive from rodent models, in
which PAR? activation sensitizes TRPV4 to promote mechanical hyperalgesia. However,
recent human DRG transcriptomic datasets including single-nucleus and spatial RNA
sequencing, indicate that TRPV4 transcripts are expressed at low abundance or are rarely
detected across human nociceptor subtypes [86,87], whereas TRPV1 and TRPA1 are robustly
expressed. Thus, while direct neuronal PAR2-TRPV4 interactions are well supported in
rodents, their presence in human DRG remains unverified and should be considered
with appropriate translational caution. Given these species differences, clinical targeting
of the PAR2-TRPV4 axis may be better directed toward non-neuronal compartments
(e.g., keratinocytes), where TRPV4 is abundantly expressed in humans and can modulate
nociceptor excitability via mediator release (e.g., endothelin-1) [88,89].

4.3. TRPA1

TRPA1, the only member of the ankyrin subfamily of TRP channels, is a non-selective
cation channel expressed in primary sensory neurons, including subsets of DRG and TG
neurons [83,90-93]. It functions as a chemosensor and is activated by a broad range of
endogenous proalgesic molecules (e.g., nitro-oleic acid, bradykinin, HyO,) [94], and ex-
ogenous irritants including menthol, horseradish, mustard oil, allicin derived from garlic
extract, cinnamaldehyde from cinnamon, and acrolein from exhaust fumes [12,95,96]. The
functional interaction between PAR2 and TRPA1 is supported by five independent studies.
Co-localization of the two receptors has been demonstrated in DRG neurons [62]. Func-
tional interaction between PAR2 and TRPA1 has also been reported, explaining one of the
mechanisms behind PAR2-mediated inflammatory pain [62,76,78]. Electrophysiological
studies using TRPA1-transfected HEK293 cells and cultured DRG neurons showed that
PAR? activation significantly potentiated TRPA1 currents; see Figure 3C [62]. Moreover, this
potentiation was suppressed with the application of PLC inhibitor or phosphatidylinositol-
4,5-bisphosphate (PIP,), highlighting their role in TRPA1 sensitization following PAR2
activation; see Figure 2. In vivo studies showed that sub-inflammatory doses of PAR2
agonists (e.g., SL-NH;) enhanced nocifensive behaviors induced by TRPA1 agonists such as
Allyl isothiocyanate (AITC) and cinnamaldehyde. Moreover, TRPA1 inhibition using the se-
lective antagonist N-(4-tert-butylphenyl)-4-(3-chloropyridin-2-yl)piperazine-1-carboxamide
(AP18) significantly reduced spinal Fos expression and referred hyperalgesia in a pancreati-
tis model, confirming TRPA1 as a downstream effector of PAR2 signaling [78]. A similar
study also revealed that the activation of PAR2 and TRPA1 contributes to cystitis-associated
pain, indicating that their inhibition might be a potential therapeutic approach [76].

4.4. ASIC3

Acid-sensing ion channel 3 (ASIC3) is a proton-gated, non-selective cation channel
within the acid-sensing ion channel (ASIC) family, which comprises six subunits that
assemble as trimeric complexes in mammals: ASICla, ASIC1b, ASIC2a, ASIC2b, ASIC3,
and ASIC4 [97]. Most of the ASIC subunits are expressed in both DRG and primary sensory
neurons and contribute to acidosis-evoked pain [98-100]. ASIC3, in particular, exhibits
high sensitivity to changes in pH, with a pHsg near 6.5, and is predominantly expressed in
DRG and primary afferent sensory neurons [98,100-102]. Physiological pH can decrease
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due to the extracellular release of protons during inflammation, ischemic stroke, and tissue
injury, which in turn activates ASIC3 located at the sensory nerve terminals, evoking
pain sensations [103,104]. Previous studies have shown that both ASIC3 and PAR?2 play
essential roles in the pathogenesis of inflammatory pain [54,101] and two studies provide
evidence for a functional interaction between them, which contributes to acidosis-evoked
nociception [63,80]. At the cellular level, it has been demonstrated that activation of PAR2
by PAR2-AP or trypsin potentiated ASIC3 currents in both DRG neurons and Chinese
Hamster Ovary (CHO) cells co-transfected with ASIC3 and PAR?2; see Figure 3D [63].
Moreover, the potentiation of ASIC3 currents by PAR2-AP was blocked by GDP-$3-S (a
G protein inhibitor), PLC, PKC, and PKA inhibitors, indicating the involvement of these
kinases in the intracellular mechanisms underlying this potentiation [63]. In behavioral
studies, it has been shown that intraplantar pretreatment with PAR2-AP enhanced acidosis-
evoked nociceptive behaviors in a dose-dependent manner [63]. Additionally, in a model
of esophageal inflammation (nonerosive reflux disease, NERD), PAR2 activation increased
ATP release from human esophageal epithelial cells through a mechanism involving ASIC3
sensitization [80].

4.5. P2X3

P2X3 is a ligand-gated ion channel that belongs to the purinergic P2X receptor family
and is uniquely expressed in nociceptive primary afferent neurons [81,91,105,106]. Among
the seven known P2X subtypes, P2X3 is the most selectively expressed in sensory neu-
rons and plays a critical role in mediating pain transmission in response to extracellular
ATP, which is released following tissue injury or inflammation [81,91,105-107]. Evidence
from three independent studies supports a functional interaction between PAR2 and P2X3.
Co-expression of the two receptors in rat DRG neurons has been demonstrated [81], and
electrophysiological recordings reveal that PAR2 activation, via SL-NH, or trypsin, potenti-
ates o, 3-methylene-ATP-evoked P2X3 currents in DRG neurons; see Figure 3E. Moreover,
the application of PKC and PKA inhibitors significantly suppressed this potentiation, while
the application of their activators enhanced P2X3 current [64]. Conversely, a similar study
revealed that PAR2 activation significantly decreases the amplitude of P2X3 currents, while
simultaneously accelerating the opening of P2X3 channels [82]. Beyond changes in current
amplitude, PAR2 also promotes P2X3 receptor trafficking to the plasma membrane, enhanc-
ing receptor availability. This process is accompanied by ERK phosphorylation in DRG
neurons and correlates with increased nocifensive behaviors in vivo [64]; see Figure 2. In a
behavioral assessment, it was demonstrated that a PAR2 agonist increased the nocifensive
behavior induced by «,-methylene-ATP, and the dose of the latter required to produce
nociception was 100-fold lower in the inflamed tissue. Furthermore, the same study showed
that the administration of PAR2 agonist also increased «,3-methylene-ATP-induced Fos
expression in the dorsal horn neurons [81].

4.6. Cav3.2 and Kv7

Voltage-gated ion channels are essential mediators of membrane excitability contribut-
ing to neuronal signaling. Among these, Cav3.2 (T-type calcium channels) and Kv7 (M-
current) have emerged as functionally relevant targets of PAR2 signaling in inflammatory
pain [48,71]. Cav3.2 channels facilitate low-threshold calcium influx, leading to increased
sensory neurons excitability. PAR2 activation in the bladder induced prostanoid-dependent
referred hyperalgesia in a mouse model of bladder inflammation, with Cav3.2 channel
contributing to its maintenance. Specifically, PAR2 activation enhanced cyclooxygenase-2
(COX-2) expression and PGE, production, inducing an upregulated Cav3.2 expression
through a PKA-dependent pathway. Pharmacological blockade of Cav3.2 reversed PAR2-
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induced hyperalgesia, highlighting its functional contribution to visceral pain amplifica-
tion [71]. Conversely, Kv7 channels act as stabilizers of neuronal membrane potential by
suppressing excitability through the M-current [48]. In DRG neurons, PAR?2 activation in-
hibits Kv7-mediated M-type potassium currents through a PLC-dependent mechanism; see
Figure 3F. This inhibition involves intracellular Ca?* elevation and depletion of membrane
PIP;, leading to membrane depolarization and increased neuronal firing. In vivo, adminis-
tration of either a PAR2 agonist or a Kv7 channel blocker (XE991) enhanced nociceptive
behaviors [48].

5. Conclusions

PAR?2 is a GPCR activated by proteases released during inflammation, such as trypsin,
tryptase, elastase, and cathepsin S. It is co-expressed with multiple nociceptive ion channels
and plays a central role in inflammatory pain, mostly through modulation of their activity
through diverse signaling pathways. To date, six ion channels, TRPV1, TRPV4, TRPA1,
ASIC3, P2X3, Cav3.2 and Kv7 (M-current) channels, have been reported to interact with
PAR?2 leading to enhanced nociception during inflammation. These interactions are medi-
ated via cellular mechanisms involving PLC(, PKC, PKA, ERK, and membrane trafficking,
and can arise from both canonical and biased signaling modes. PAR2-induced sensitization
of these channels contributes to thermal, mechanical, chemical, and visceral hyperalgesia in
various in vivo models. Given that PAR2 plays a role in maintaining normal physiological
homeostasis, its direct antagonism may lead to adverse effects. Therefore, targeting the
specific molecular interactions between PAR2 and these ion channels may represent a
promising therapeutic strategy for the treatment of inflammatory pain. Future research
should focus on defining the structural and contextual basis of this crosstalk to enable more
precise intervention strategies.
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Abbreviations

The following abbreviations are used in this manuscript:

ATP Adenosine triphosphate

ASIC3 Acid-sensing ion channel 3
cAMP cyclic adenosine monophosphate
CGRP Calcitonin gene-related peptide
DAG Diacylglycerol
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DRG Dorsal root ganglia
ERK Extracellular Signal-Regulated Kinase
Fos an immediate early gene product used as a marker of neuronal activation
GPCR G protein-coupled receptor
HEK human embryonic kidney
1P3 Inositol Trisphosphate
Kv7 Voltage-gated potassium channels
MAPK Mitogen-Activated Protein Kinase
PAR2 Protease-activated receptor 2
PAR2-AP PAR2-activating peptide
PGE; prostaglandin E;
PIP, Phosphatidylinositol 4,5-bisphosphate
PKA Protein kinase A
PKC Protein kinase C
PLCp Phospholipase C-f3
P2X3 P2X purinoceptor 3
SP Substance P
SL-NH; Ser-Leu amide (PAR2-agonist peptide)
SLIGRL-NH, H-Ser-Leu-Ile-Gly-Arg-Leu-NH, (PAR2-agonist peptide)
TG Trigeminal ganglia
TL Tethered ligand
TRPA1 Transient receptor potential ankyrin 1
TRPV1, TRPV4 Transient receptor potential vanilloid 1 and 4
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