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ARTICLE INFO ABSTRACT

Managing Editor: Jingling Bao/Zhiyu Wang The nervous and immune systems are crucial in fighting infections and inflammation and in maintaining immune
homeostasis. The immune and nervous systems are independent, yet tightly integrated and coordinated organi-
zations. Numerous molecules and receptors play key roles in enabling communication between the two systems.
Transient receptor potential vanilloid subfamily member 1 (TRPV1) is a non-selective cation channel, recently
shown to be widely expressed in the neuroimmune axis and implicated in neuropathic pain, autoimmune disor-
ders, and immune cell function. TRPV1 is a key bridge in neuroimmune interactions, allowing for smooth and
convenient communication between the two systems. Here, we discuss the coordinated cross-talking between
the immune and nervous systems and the functional role and the functioning manner of the TRPV1 involved.
We suggest that TRPV1 provides new insights into the collaborative relationship between the nervous and im-
mune systems, highlighting exciting opportunities for advanced therapeutic approaches to treating neurogenic
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inflammation and immune-mediated diseases.

Introduction of Transient Receptor Potential Vanilloid
Subfamily Member 1 (TRPV1)

The transient receptor potential (TRP) channel superfamily
consists of over 30 subtypes that function as polymodal signal
integrators, which detect diverse environmental and physiolog-
ical signals in mammals.!! TRP channels are involved in diverse
physiological processes, including transducing chemoreception,
injury sensing, and mediating the release of cytokines and the
release of neuropeptides, all of which contribute to the mainte-
nance of immune homeostasis.>*! TRPV1 was the first member
of the TRP channel family to be identified, making it the most
thoroughly characterized TRP channel. Additionally, the struc-
ture and functional properties of TRPV1 are well-known in the
literature.

TRPV1 was originally known as a capsaicin receptor wherein
it is activated by capsaicin, sodium, and calcium ions influx to
depolarize nociceptive neurons, leading to the action potential
firing and the sensation of pain.*! In 1997, Michael et al.l>! first
cloned TRPV1 from rat dorsal root ganglia and identified its role
as a “noxious heat” sensor. Subsequently, several studies have

revealed the structure and functional properties of TRPV1. The
TRPV1 protein is encoded by the TRPV1 gene located on chro-
mosome 17pl13 and has a molecular weight of 95 KD. It is a
tetrameric protein consisting of four monomers, each of which
consists of six transmembrane segments (S1-S6) with cytoplas-
mic C- and N-terminal domains and a pore region between the
S5 and S6 domains.®

Besides being sensitive to capsaicin, as a polymodal no-
cisensor par excellence, TRPV1 is essential to nociception,
thermosensation, and chemaesthesis. Various biotins derived
from plants and animals are TRPV1 activators. DkTx, a toxin
from the Earth Tiger tarantula, is an irreversible TRPV1 ac-
tivator. DkTx has a bivalent nature; it traps TRPV1 in the
open state by interacting with residues in the presumptive
pore-forming region of the channel.!® Resiniferatoxin (RTX), a
phorbol ester isolated from the irritant lattices of the Moroccan
cactus, showed exquisite sensitivity to TRPV1, which may make
the channel more permeable to cations, ultimately leading to
an analgesic effect through channel desensitization.”-®! Addi-
tionally, RTX, piperine, gingerol, zingerone, camphor, eugenol,
ethanol, etc., can also activate TRPV1 channels.®! The endoge-
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nous ligands of TRPV1 are mainly lipid-derived molecules,
such as  N-arachidonoyl-dopamine, N-oleoyldopamine,
oleoylethanolamide, 12-(S)-hydroperoxyeicosatetraenoic acid,
and 15-(S)-hydroperoxyeicosatetraenoic acid.l®) Moreover, it
can be activated by proalgesic pathways, such as noxious heat
(>40 °C) and acidic solutions (pH <6.5)!'%! and by divalent
cations Mg?* and Ba?*+.['!]

Previous studies have shown that TRPV1 is mainly dis-
tributed in sensory neurons, including dorsal root neurons,
trigeminal neurons, and small- and medium-sized neurons of the
vagal ganglion.'”! TRPV1 has also been found in the neurons
and glial cells of the central nervous system (CNS), where it is
associated with thermoception and nociception. Additionally,
TRPV1 expression has been detected in non-neuronal tissues
such as heart, liver, lung, kidney, adipose tissue, skeletal mus-
cle, and intestine.!'?14 Thus, it has been associated with many
disease processes, such as neuroinflammatory diseases, autoim-
mune diseases, and hypersensitivity reactions. The function of
TRPV1 has also been studied in various physiological and patho-
logical processes, including vascular activation, inflammatory
response, anxiety and depression, cell proliferation, and apop-
tosis.

An Introduction to Neuroimmunity

Neuroimmune cross-talking is an emerging hotspot for medi-
cal and life science research. The two systems involved—the ner-
vous and immune systems—are highly complex and integrated
and can receive and process signals from all types of physical
and chemical stimuli in the environment. With human evolu-
tion, neuroimmune cross-talking is becoming increasingly com-
plex and advanced in response to environmental harms to pro-
tect tissues from damage.

The immune system consists of innate and adaptive im-
munity. When the innate immune system detects an invading
pathogen or tissue damage, it sends signals to the adaptive im-
mune system. The latter immediately exerts cellular and hu-
moral immunity by mobilizing various immune cells and cy-
tokines in the anti-inflammatory immune process.!'>! Contrary
to the immune system with mobile and dispersed cells, the or-
ganization of the nervous system is fixed and is divided into the
CNS and the peripheral nervous system (PNS). Typically, sen-
sory neurons are responsible for the translation of physical stim-
uli translation; stimuli such as touch, temperature, and exoge-
nous or endogenous chemicals can be translated into electrical
signals and then sent to the CNS.!"'® The CNS rapidly integrates
and processes the signals and directly activates muscle contrac-
tion and glandular secretion.!'®’ The nervous and immune sys-
tems are autonomous entities with unique characteristics, but
they often work together, acting in an integrated and coordi-
nated manner in host defense and, therefore, provide a more ef-
fective defense than when acting in isolation.!'”! Specific spatial
connections between neurons, nerve cells, and immune cells al-
low for easier and convenient communication between the two
systems, especially in the skin and mucous membranes, which
are rich in sensory neurons. In the mucosa of mice with aller-
gic airway inflammation, dendritic cells (DCs) and T cells were
either directly contacted by nerves or located near the nerve
fibers, which greatly enhanced the efficiency and speed of sig-
naling."'®) In the skin of psoriasis mice, most DCs are in close
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contact with nociceptive sensory neurons.'®! This close com-
munication induces the secretion of more proinflammatory fac-
tors and the aggregation of various immune cells, which pro-
motes local and systemic feedback activity, greatly increasing
the body’s efficiency and combativeness against inflammation
and pathogens.

The synergistic effects with high efficiency and existing be-
tween the nervous and immune systems have been attributed
to several factors. First, the two systems share “communication
language,” including cytokines, growth factors, and neuropep-
tides. Second, they share a variety of the same signaling re-
ceptor. Both systems share many recognition receptors for var-
ious pathogens, metabolites, and products of an inflammatory
response, enabling timely reception and feedback of abnormal
signals from the environment.!”-2°-2?] Third, they have their spe-
cialized roles. For instance, the nervous system responds more
quickly to physical stimuli, while the immune system is more
sensitive to chemical signals. The role of neuroimmunity in di-
verse disease contexts and the mechanisms involved are receiv-
ing increasing attention and focus, and the interaction involved
in neuroimmunity is increasingly being implicated in the patho-
physiology and pathological processes of tumors, neurological
disorders, infectious diseases, metabolic diseases, etc. However,
due to the different microenvironments, the functional role of
the neuroimmunity interaction is also diverse. Thus, the mech-
anisms involved are complex and varied, and the results from
animal and in vivo studies still require further clinical valida-
tion. Nevertheless, it is evident that an in-depth study of the
cellular and molecular mechanisms involved in neuroimmune
interactions may help discover novel therapeutic targets for dis-
eases.[2%]

TRPV1 and the Immune System

TRPV1 was originally thought to be exclusively neuronal, but
now it appears indispensable for the immune system. As a key
communication mediator between the nervous and immune sys-
tems, it is widely expressed in immune cells and regulates im-
mune cell activity and immune molecule secretion in various
ways. Hence, TRPV1 plays a wide range of regulatory roles in in-
flammatory responses and immune-related diseases (Figure 1).
However, data about its exact role in the immune system are
limited.

TRPV1 regulates the immune system through various
mechanisms

Expression of TRPV1 in the immune system

TRPV1 expression is widely distributed in the nervous sys-
tem, being found in astrocytes, microglia, and neurons. Re-
cent studies have detected TRPV1 in the hippocampus, cor-
tex, cerebellum, olfactory bulb, mesencephalon, hindbrain, and
other sites of the mouse, rat, and human brain.!**?>! Further-
more, studies have found TRPV1 in intracellular organelles of
astrocytes and microglia.['>%%! Additionally, using immunocy-
tochemistry at the ultrastructural level, TRPV1 expression was
also detected in astrocytes in the spinal cord.?>2”! The func-
tion of glial cells in the nervous system is similar to that of
macrophages in the immune system. TRPV1 actively engages
in proliferation, apoptosis, phagocytosis, and inflammatory fac-



J. Chen, W. Sun, Y. Zhu et al.

Noxious Capsaicin

Journal of Intensive Medicine 4 (2024) 442-452

heat ) %@ O
Y ® .~ Pro-inflammatory
== L e Proliferation response
e
immune challenge o
i / Qf/: @:
@ Differentiation
\ g J @
O] “
[ TRPVA °ag e SRl n
, ! 20 % oo | Under different
o %0 e T @ l,> Celldeath = > | gisease context

Neuropeptides release | @

@,

(including CGRP, SP et al.) Exert different e
; effet to @ 3

N immune cell

Nervous System

Recruitment

Anti-inflammatory
responses

Activation

Immune System

Figure 1. The effect of TRPV1 on the immune system. Many external factors, such as capsaicin, noxious heat, acidic solutions, and physical damage, as well as
immune challenges, rapidly activate TRPV1, resulting in the release of neuropeptides such as CGRP and SP. These neuropeptides activate immune cells, including
macrophages, T cells, and neutrophils, and exert various effects that influence immune cell proliferation, differentiation, death, recruitment, and activation. These
changes in cell activity may lead to proinflammatory or anti-inflammatory effects under different disease contexts (The picture was made using Figdraw).
CGRP: Calcitonin gene-related peptide; CNS: Central nervous system; SP: Substance P; TRPV1: Transient receptor potential vanilloid subfamily member 1.

tor secretion in microglia and astrocytes.?®! For instance, Has-
san et al.'*”! found that cannabidiol enhances microglial phago-
cytosis via TRPV1 channel activation, while inhibition of mi-
croglia TRPV1 promotes interleukin (IL)—6 release and nuclear
factor-kappa B (NF-xB) activation.*”) Similarly, in the periph-
eral immune system, since the first detection of TRPV1 in hu-
man peripheral blood mononuclear cells,'*!) many studies have
revealed the expression and role of TRPV1 on various immune
cells. TRPV1 expression has been detected in T lymphocytes,
macrophages, DCs, natural killer (NK) cells, neutrophils, and
other immune cells in human and mouse immune organs and
blood. 3234

TRPV1 promotes the secretion of neuropeptides to regulate the
immune system

TRPV1-expressing sensory neurons mediate the neuroim-
mune cross-talking by releasing neuropeptides to innervated tis-
sues and immune cells. TRPV1 activation can lead to the release
of calcitonin gene-related peptide (CGRP), substance P (SP), so-
matostatin, and other neurotransmitters, and these neuropep-
tides can mediate a range of immunological responses. CGRP is
a critical and highly expressed sensory signal, making it impor-
tant in neuroimmune communication pathways. One of the pri-
mary outcomes of TRPV1 activation is the release of CGRP. !
Similar to TRPV1, CGRP is expressed in sensory neurons and
CGRP* neurons have also been detected in many immune or-
gans and immune cells.*>*”] TRPV1 agonists (rutaecarpine, cap-
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saicin and its derivatives, etc.) stimulate the secretion of CGRP
and the antagonists inhibit the release of CGRP.!33839] Activa-
tion of TRPV1 by protons leads to the upregulation of CGRP via
calcium/calmodulin-dependent protein kinase II (CaMKII) and
CREB in dorsal root ganglion (DRG), while CGRP expression is
reduced in TRPV1-deficient mice.[*”) CGRP modulates the sys-
temic immune response through various mechanisms. For in-
stance, CGRP promotes DC motility, reduces phagocytic capac-
ity,!) and affects antigen-delivery function.[*?! It also regulates
lymphocyte differentiation and cytokine production 43! and af-
fects the migration and adhesion of T cells and monocytes.**
Jonathan et al.[**! fully illustrated the role of CGRP in the in-
flammatory response under TRPV1 induction. TRPV1 neuron
activation elicited the type 17 immune response and increased
secretion of CGRP—which is accompanied by the increased
secretion of type 17-related inflammatory factors IL17A and
IL22—while CGRP antagonism decreased the secretion of these
inflammatory factors, suggesting that TRPV1-induced CGRP re-
lease is required for the induction of type 17 inflammation. "
SP is a neuropeptide with immunomodulatory effects, which
is stored in peripheral sensory neurons and mainly released af-
ter pain stimuli.!*®) SP is mainly expressed in neurons, glial
cells, and non-neurological sites, including some immune cells,
such as T cells, DCs, and macrophages. The widespread expres-
sion of SP in diverse cell types suggests that it plays key roles
in many physiological and pathological processes by activating
several signaling pathways.!*”*8) In allergic diseases, allergens
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directly activate TRPV1* neurons, inducing SP release and the
DC migration to lymph nodes.!*®! Allergens also activate Mas-
related G protein-coupled receptor B2 in skin mast cells to ini-
tiate anaphylactic responses [*°! and promote leukocyte adhe-
sion.[*® The above-mentioned data indicate that SP has proin-
flammatory functions, although some studies have reported con-
trasting findings. Giovanna et al.[>*! found that SP significantly
reduces the production of proinflammatory cytokines and en-
zymes, such as tumor necrosis factor (TNF)-e, IL-6, inducible
nitric oxide synthase (iNOS), and cyclooxygenase-2, and facili-
tates migration of and phagocytic properties in lipopolysaccha-
ride (LPS)-stimulated RAW 264.7 cells. Also, SP stimulates the
anti-inflammatory effects of macrophages by suppressing NF-
kB activation and inducing hemeoxygenase-1 expression. These
findings suggest a diverse role for SP in immune response.

In addition to the release of neuropeptides, TRPV1 promotes
the release of other immunomodulatory factors to modulate the
immune response. For instance, Raffaele et al.>'! found that
TRPV1 activation leads to the release of miR-21-5p in the exo-
somal fraction by DRG neurons; miR-21-5p is readily phagocy-
tosed by macrophages in which increased miR-21-5p expression
promotes a proinflammatory phenotype.

TRPV1 activates Ca?* channels to modulate the immune system

Calcium acts as a second messenger in most immune cells,
and resting cells maintain a low concentration of Ca%*. How-
ever, the engagement of antigen receptors, such as the T-cell
receptor, B-cell receptor, chemokine, and co-stimulatory recep-
tors, induces calcium influx from the extracellular space.>%5°!
TRPV1 promotes Ca?* influx into immune cells, such as DCs
and T cells,>>>* while TRPV1 deficiency results in reduced
Ca?* influx.**% Calcium signaling is key to many cell func-
tions, including apoptosis, mobility, and immune responses.
Thus, TRPV1 may regulate immune cell activity by modulat-
ing Ca?* signaling. TRPV1-induced Ca?* influx attenuated M1
macrophage polarization, as TRPV1 promoted the phosphoryla-
tion of CaMKII and facilitated the nuclear localization of nuclear
factor-erythroid 2-related factor 2 (Nrf2), ultimately inhibiting
M1 macrophage polarization.[®® Ca2?* is also thought to regu-
late autophagy. TRPV1 activation causes Ca®* influx into the
microglia, activating ATG5 and Ca?*/CaMKK2/AMPK/mTOR
signaling pathways and promoting microglia phagocytosis. "]
TRPV1 blockade results in sustained perturbation in intracel-
lular calcium, which induces a rapid increase in mitochondrial
reactive oxygen species production and mitophagy and mito-
chondrial damage.*® Although TRPV1 regulates immune re-
sponses through Ca?* signaling, it cannot fully control the func-
tion of Ca?* signaling. Rebecca et al.>”! showed that elevated
hydrostatic pressure induced a significant increase in microglial
intracellular Ca2*, which in turn induced increased microglial
IL-6 and cytosolic NF-xB; however, TRPV1 activation by cap-
saicin alone was not sufficient to increase IL-6 levels. This in-
dicates that TRPV1 and Ca2?* can functionally compensate for
each other, but their roles differ.

In summary, TRPV1 expression can be detected in immune
cells. TRPV1 can regulate the function of immune cells through
the release of neuropeptides or calcium signals because im-
mune cells respond to TRPV1 agonists by promoting Ca?* influx
and neuropeptides such as CGRP and SP release. Additionally,
TRPV1 antagonists or TRPV1 knockdown significantly inhibits
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Ca?* influx and neuropeptide release. Finally, Ca%* or neuropep-
tides upregulated by TRPV1 induce subsequent marker activa-
tion and cytokine release to participate in immune regulation
and homeostasis. However, uncertainties persist about whether
Ca?* and neuropeptides such as CGRP act alone or in synergy
with each other. Nonetheless, it is becoming clear that TRPV1
can accelerate nerve/immune cell cross-talking through a range
of pathways.

Effect of TRPV1 on immune cells

TRPV1 has been shown to affect various aspects of immune
cells, such as proliferation, differentiation, and signal transmis-
sion. It exerts direct and rapid regulation of immune processes
and inflammatory signaling pathways and exerts diverse effects
under different disease backgrounds, demonstrating the sub-
stantial functional diversity of the TRPV1 channel.

TRPV1 and proliferation and differentiation of immune cells

The effect of TRPV1 on proliferation varies according to the
immune cells. Capsaicin, the ligand of TRPV1, regulates the
proliferation of immune cells. Oral administration of capsaicin
to mice promotes the proliferation of macrophages and results
in an altered macrophage activation state.[°?! In contrast, Feng
et al.[°! found that TRPV1 knockdown significantly increased
the number of macrophages, suggesting that the effect of TRPV1
on macrophage proliferation varies by disease type. TRPV1 also
regulates the number and activation state of NK cells. In malaria-
infected mice, capsazepine treatment increased the circulating
NK population without interfering with natural killer T (NKT)
cell numbers and blood NK and NKT activation.!°? However,
capsazepine reduced CD69 expression in spleen NKT but not
NK cells,®?! suggesting the effect of TRPV1 on DC proliferation
in different organs is diverse. A study investigating the effect of
TRPV1 on lymphocyte proliferation showed that capsaicin can
inhibit the proliferation of T cells in pancreatic lymph nodes. %]
Another ligand of TRPV1, piperine, inhibited B-cell proliferation
and activation. However, the inhibitory effect of piperine on B-
cell proliferation was not mediated through TRPV1, as piperine
also inhibited the proliferation of B cells in TRPV1 knock-out
(KO) mice.®3!

TRPV1 and immune cell death

TRPV1 affects the cell death modality. TRPV1 KO mice dis-
played autophagy dysfunctions, as TRPV1 induces autophagy
through the Atg6/Beclin-1 pathway.®4%! Treatment with the
autophagy inducer rapamycin failed to reverse autophagy, in-
dicating that TRPV1 knockdown significantly inhibited au-
tophagy. Additionally, there is an interplay between autophagic
survival and apoptotic cell death under the influence of TRPV1,
as the level of apoptosis significantly increased after autophagy
inhibition and the apoptotic regulator Atf4 transcription factor
and ERp57 protein levels were upregulated.®® Further stud-
ies found that capsaicin affected thymocyte death in a dose-
dependent manner: low concentrations (5 ymol/L) of CPS in-
duced apoptosis, whereas high concentrations (25 ymol/L) in-
duced necrosis. The mechanism involved is related to TRPV1-
induced Ca?* influx, phosphatidylserine exposure, and mito-
chondrial permeability transmembrane pore opening.[®”! TRPV1
also regulates macrophage apoptosis. In peritoneal macrophages
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from TRPV1 KO mice, the expression of the apoptosis-associated
molecule FAS, as well as the apoptosis effectors p53 and
caspase-3, were significantly upregulated, suggesting that re-
duced TRPV1 expression significantly promotes macrophage
apoptosis. 68

TRPV1 and immune cell recruitment

TRPV1 neurons affect the recruitment of immune cells.
TRPV1 inhibited the recruitment of neutrophils. After using
RTX to chemically denervate and ablate TRPV1* neurons,
RTX-treated mice displayed greater lung neutrophil recruit-
ment and higher CD4 T cells number.[*”! Similarly, TRPV1
KO mice showed increased neutrophil numbers, as well as in-
creased expression of chemokines for neutrophil recruitment
(KC and macrophage inflammatory protein 2) and key adhe-
sion molecules ICAM-1.7% Different TRPV1 ligands may reg-
ulate the effect of TRPV1 on neutrophil aggregation. Some
of the constituents in essential oils from Ferula akitschkensis
are agonists, and some are antagonists for neutrophil aggrega-
tion; hence they exert different effects on neutrophil migration
and cell viability.”!! TRPV1 also regulates the aggregation of
macrophages and T cells. Capsaicin reduced the macrophage
and T-cell infiltration in the rat sciatic nerve, thereby exerting
an anti-inflammatory effect.[’?! In contrast, capsaicin treatment
resulted in a dose-dependent inhibition of T-cell proliferation
in the colon of mice. More unexpectedly, the TRPV1 antagonist
BCTC also showed a dose-dependent inhibition of T-cell prolifer-
ation.”3! We, therefore, conclude that capsaicin regulates T-cell
proliferation by a TRPV1 receptor-independent way. However,
this has not been fully confirmed, and the role and mechanism
of TRPV1 on T-cell proliferation still deserve to be further ex-
plored.

TRPV1 and immune cell activation

TRPV1 is involved in regulating immune cell activation.
TRPV1 is expressed in primary human T cells and primary
murine splenic T cells, and its expression increases during T-cell
activation. In contrast, knockdown or inhibition of TRPV1 activ-
ity results in reduced secretion of cytokines (including TNF, IL-
2, IL-6, and IL-17) and the downregulation of the phosphoryla-
tion of T-cell antigen receptor activates related molecules,!>*74
suggesting that inhibition of TRPV1 activity attenuates T-cell
activation. Consistently, TRPV1 knockdown decreases the ex-
pression of CD4* T-cell surface activity markers (CD25 and hu-
man leukocyte antigen-DR) in mice.l”> Collectively, these data
indicate that the TRPV1 channel plays an essential role in the
activation and the acquisition of inflammatory properties by T
cells. T-cell activation by TRPV1 was associated with Ca?* sig-
naling, as inhibition of TRPV1 channels reduced Ca?* influx and
T-cell activation.>* TRPV1 also regulates macrophage activa-
tion. Some TRPV1 antagonists such as AMG9810 and CPZ sig-
nificantly inhibited macrophage activation and macrophage se-
cretion of inflammatory factors such as IL-6, IL-18, and IL-18,
whereas some antagonists such as SB366791 and BCTC had no
significant effect on macrophage activity.”®!

TRPV1 regulates inflammatory response

TRPV1 plays a role in different inflammatory diseases by ex-
erting proinflammatory or anti-inflammatory responses depend-
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ing on the disease context. This section briefly discusses the clin-
ical implications of TRPV1 immunobiology for allergic diseases
and sepsis, where there is growing research interest in neuropep-
tides.

TRPV1 is expressed in a large subset of sensory nerves, es-
pecially in the skin and airway,!'”! where they integrate nu-
merous noxious stimuli.”””! Allergens like endogenous mediators
(eicosanoids, cytokines, and histamines) and exogenous sub-
stances (injurious heat or cold, ultraviolet [physical factors],
and chemical irritants or allergens) can further activate or sen-
sitize TRPV1,78! resulting in the rapid release of neurotrans-
mitters.””) The released neuropeptides act on skin and airway
cells, leading to degranulation, vasodilation, and extravasation
of plasma proteins and leukocytes, which enhance allergic reac-
tions. Many studies have shown that TRPV1 has a proinflamma-
tory effect in allergic inflammation. In atopic dermatitis, IL-31
induces itch by directly activating TRPV1* neurons in the skin;
TRPV1 facilitates the transmission of itch sensations *! and reg-
ulates the inflammatory response.®%#!] In psoriasiform skin in-
flammation, TRPV1 promotes IL-23 secretion by dermal DCs,
thereby promoting the recruitment of circulating neutrophils
and monocytes to provoke psoriasis-like inflammation.'°! The
effect of TRPV1 on allergic reactions was further confirmed by
TRPV1 antagonists. The TRPV1 antagonist PAC-14,028 cream
(Asivatrep: C21H22F5N303S) significantly inhibited cutaneous
inflammation and scratching behavior by decreasing the expres-
sion of inflammation factors.!®?! Similarly, TRPV1 deficiency re-
duced the levels of inflammatory factors, decreased eosinophil
numbers, and attenuated allergic responses in allergic rhinitis
mice 74; it also alleviated airway hyperresponsiveness and in-
flammation in asthma murine.®®! In summary, these results in-
dicate that the TRPV1 antagonist acts as an anti-inflammatory
factor in allergic reactions like allergic dermatitis, rhinitis, and
asthma. The TRPV1 receptor may be a potential drug target for
chronic inflammation.

TRPV1 plays a protective role in sepsis, as TRPV1 deficiency
disrupts immune homeostasis in septic mice. TRPV1 KO mice
displayed increased neutrophil recruitment, increased serum cy-
tokines (such as TNF-a, IL-18, and IL-6), and elevated serum lev-
els of creatinine and alanine aminotransferase, indicating liver
and kidney organ dysfunction. Additionally, enhanced hypoten-
sion, decreased core temperature, and edema suggest worse cir-
culatory failure systemic control.®*! A further study showed that
the mortality of TRPV1-deficient septic mice exceeded that of
wild-type mice, suggesting that TRPV1 KO may lead to a fa-
tal outcome in septic mice.[® The inhibitory effect of TRPV1
on inflammation is related to the Ca2?*/phosphatidylinositol 3-
kinase (PI3K)/threonine protein kinase B (PKB; also known
as AKT)/endothelial nitric oxide synthase (eNOS)/nitric oxide
(NO) pathway.®®! Additionally, TRPV1 agonists are protective
in sepsis. In contrast, antagonists promote septic inflammation.
20-Hydroxyeicosateraenoic acid, a TRPV1 activator, reduces
heart damage caused by sepsis in mice,®”! whereas prolonged
treatment with capsazepine or the selective TRPV1 antagonist
SB366791 increased mortality in septic wild-type mice. 5!

TRPV1 and the Nervous System

TRPV1 is widely distributed in the nervous system, including
the PNS and CNS. As a multimodal receptor, it can be activated
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by physical and thermal stimuli and chemokines.!*>’ TRPV1 is
like a functional switch. Activation of TRPV1* sensory neu-
rons triggers the action potential and subsequent neurogenic
responses. TRPV1™* neurons at different locations play different
roles in organ function, with the most recognized function being
the “polymodal nociceptor” in the PNS. As research progressed,
TRPV1* neurons were found to mediate several important func-
tions in the CNS and in different peripheral and visceral tissues.

The function of TRPV1 flows in the nervous system

Since the TRPV1 channel is widely expressed in neurons and
nerve cells of the central and PNS, it has diverse functional roles,
acting as “polymodal nociceptor” in the PNS and “emotional
lane” and “learning flow” in the CNS.

The role of TRPV1 in PNS functions

In the PNS, TRPV1 is highly expressed in a subset of primary
sensory neurons of the trigeminal, vagal, and DRG with C- and
A-§ fibers, which is found in various sensory fibers in the skin,
airway,!®”! bone,®*! viscera, etc. TRPV1 is best known for its
role in nociceptive sensory transmission, as it can be rapidly
activated by noxious stimuli.!®! Their activation excites the ter-
minals of primary sensory neurons, resulting in their depolariza-
tion and the initiation of action potentials, ultimately contribut-
ing to pain- and itch-associated responses. The role of TRPV1
in pain control has been most studied. TRPV1-expressing neu-
rons related to pain in diverse sites (skin, visceral, limb, etc.)
and different types (inflammatory pain, neuropathic pain, and
visceral pain) have been proposed in several diseases. The re-
sults demonstrated that TRPV1 collectively plays a critical fa-
cilitating role.[”'! A recent study reported that two individuals
with TRPV1 functional loss showed impaired heat pain- and cold
pain-detection thresholds and absent capsaicin-induced neuro-
genic inflammation,'®? providing strong evidence for the in-
volvement of TRPV1 in pain processing. TRPV1-targeted drugs
are, therefore, widely used as clinical routine analgesic medi-
cation.[”®! TRPV1 also serve as a promoter in itchy sensation
transmission. It is involved in acute and chronic itch and in his-
taminergic and non-histaminergic itch.®! Additionally, it has
been implicated in several itch-related diseases, including neu-
ropathic itch,!°> atopic dermatitis, allergic contact dermatitis,
and psoriasis.[?® TRPV1 expression positively correlates with
itch intensity,[®”! while TRPV1 KO mice showed impaired itch
and pain sensation.®®! However, in humans, TRPV1 inhibitors
cannot improve chronic itch in patients.!°”)

Apart from pain and itch, TRPV1* axons are also involved in
diverse other stimuli in various organs and tissues. In the respi-
ratory system, TRPV1 is expressed in the sensory nerves of the
airway wall and has been implicated in the airway smooth mus-
cle constriction,'°°! airway hyperresponsiveness,''°!) and mu-
cus secretion.'°?! Hence, it enhances the cough reflex in chronic
persistent cough of diverse causes [1°*! and worsens asthma. 1%
In the circulatory system, TRPV1 is involved in the modulation
of thermoregulation and vasodilation; vasodilators like anan-
damide exert their effects by activating TRPV1 on perivascu-
lar sensory nerves.1%! Eliminating TRPV1 expression in sensory
neurons abrogates capsaicin-induced body temperature pertur-
bations and hyperthermia in mice.['°! In the urinary tract,
TRPV1* neurons mediate the mechanosensation of the bladder
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during its filling.!'%”! The gastrointestinal system is known to be
rich in capsaicin-sensitive sensory nerves. As a capsaicin recep-
tor, TRPV1 has been extensively studied for the visceral sensa-
tions (urge to pain, defecate, burning, and warmth sensation)
mediated by ingested capsaicin.['°®! On this basis, studies re-
lated to TRPV1 expression levels, axonal distribution density,
and pain severity at different sites and in different models of the
digestive system have shown that TRPV1 plays a crucial facili-
tating role in pain induced by mechanical and chemical proal-
gesic factors. Additionally, TRPV1* sensory nerves have been
implicated in gastrointestinal motor activity, abdominal ther-
moregulation, nausea, and vomiting caused by toxic ingested
food or drugs.!'°%!1%! Furthermore, the activation of TRPV1*
axons induced the release of CGRP and SP substances, thereby
promoting vasodilatory mucus secretion by the gut and achiev-
ing the purpose of protecting the gastrointestinal mucosa. It is,
therefore, a potential target for drug action in digestive dis-
eases.[!11]

Many potential TRPV1 interaction partners, also known as
“TRPV1 chaperones,” influence the expression, sensitivity, and
activation of TPRV1. These molecules are mostly structurally co-
expressed/co-distributed/co-localized with TRPV1 in neurons,
for example, the scaffolding protein AKAP79/150,''2) GABAA
receptor associated protein,''¥l anoctamin 1,1!'%! voltage-
gated K channel accessory subunit beta 2,[''! Ankyrin-rich
membrane-spanning protein,[''® Whirlin,''”! inducible kinin
B1 receptor,!''®) N-methyl-D-aspartate receptors,!''*! and Toll-
like receptor 4.1'*°! Some of these molecules are distributed
in sensory fibers, DRG, or the spinal cord. The interaction of
TRPV1 and these chaperones may modulate aspects of TRPV1
function, enhancing TRPV1 sensitivity to capsaicin, thermal hy-
peralgesia, inflammatory or neuropathic pain transmission, and
histamine-induced itch. Other members of the TRP family also
interact with TRPV1 in some aspects to augment TRPV1 activ-
ity. The most prominent is transient receptor potential ankyrin
1 (TRPA1),°*! which can be activated simultaneously by many
nociceptive stimuli,*?"12?! in vitro mediators,?>124! and in vivo
inflammatory factors. >

The role of TRPV1 in peripheral central system functions

The putative role of TRPV1 as a nociceptor in the PNS is
well established, but its role in the CNS is less clear. TRPV1
is present in several brain areas, mainly in a contiguous band
of cells within and adjacent to the caudal hypothalamus in ex-
tremely low levels, 1251261 where it modulates the synaptic trans-
mission of nociceptive signals from the periphery. Besides the
brain, TRPV1 was also found in the spinal cord and trigeminal
ganglia.l'””! Capsaicin-sensitive sensory neurons transmit noci-
ceptive information from the periphery into the CNS, implicat-
ing TRPV1 in the CNS in pain processing, rendering this channel
a potential target of brain-acting drugs for pain relief.

Later studies showed that TRPV1 in CNS has some exciting
possibilities, as it may be involved in the control of emotions,
learning, and satiety. TRPV1 phosphorylation induced control
conditioned place aversion in mice,'?®) while TRPV1 KO mice
showed reduced anxiety, conditioned fear,'?! antidepressant-
like, anxiolytic, abnormal social, and reduced memorial behav-
iors.1'®% These findings highlight the role of TRPV1 as an “emo-
tional lane,” exaggerating depressed emotions or feelings.['3!]
Besides, TRPV1 was shown to induce “learning flow,” protecting
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learning and memory. 32} Downregulated TRPV1 expression is
correlated with learning and memory impairments following
biliary cirrhosis, '*3] while capsaicin or TRPV1 upregulation re-
versed memory deficits and ameliorated cognitive by regulat-
ing microglia functions in mice with Alzheimer’s disease.[!3413%]
Additionally, TRPV1 plays a role in modulating synaptic plas-
ticity and ameliorating synaptic functions ['%%!; TRPV1 activa-
tion channels enhanced excitability, while TRPV1 inhibition
suppressed ongoing electrographic seizures.!'%”-1%8! In summary,
TRPV1 is involved in numerous critical neuropathic responses,
but the mechanisms involved are still unclear. However, previ-
ous studies suggest that the functional role of TRPV1 is closely
linked with the region of the CNS in which it is expressed. It
is, therefore, involved in the regulation of many nervous system
functions, as it is ubiquitously expressed in the CNS.

Implications of the immune system (inflammatory mediators)
in TRPV1 and neurological disease

TRPV1 promotes the secretion of inflammatory factors but
can also be sensitized by many inflammatory mediators, includ-
ing cytokines, chemokines, and neurotransmitters. Most inflam-
matory mediators enhance TRPV1 activity, while sustaining in-
flammation might mediate a positive feedback loop of neuroin-
flammation and exacerbate neurological disorders (Figure 2).

Itch typically includes degrees of burning, prickling, and
stinging. As one of the prime noxious heat sensors, TRPV1
is responsible for itch-sensing. Some immune mediators are
known to activate TRPV1 and cause pruritus. Histamine is the
main cause of itching in patients with dermatitis. Won-Sik Shim
et al.['*1 showed histamine excites sensory neurons by acti-
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vating TRPV1, while scratching behavior was markedly less
frequent in TRPV1-deficient mice. Similarly, leukotriene B4 is
abundantly expressed in patients with atopic dermatitis. 14144
Leukotriene B4 can activate TRPV1 and induce itch-associated
responses; hence, it is presumed that the itching it causes may be
associated with TRPV1.['%%) Insulin-like growth factor-1 (IGF-1)
is a cytokine secreted by T cells. Cutaneous and intrathecal in-
jections of IL-31 evoked intense itch, while mice lacking TRPV1
showed markedly reduced IL-31-induced scratching compared
with wild type.[®!] These results indicate that TRPV1 plays a
key role in mediating the pruritogenic action.

Some substances enhance the activity of TRPV1 and conse-
quently facilitate pain. TRPV1 plays a role in inflammation, can-
cer, and neuropathic pain. In the rat model of arthritis, TNF-« in-
creased the proportion of neurons that express TRPV1 and thus
contributed to the generation and maintenance of inflammatory
pain.l'#!) IGF-1 is also a hepatokine. In a rat model of bone can-
cer pain, IGF-1 induced the upregulation of TRPV1 expression
and enhanced cancer-related pain.!'*?! In addition to mediating
pain and the itchy sensation, TRPV1 potentiates epileptogene-
sis. Huang et al.['**] reported that increased levels of proinflam-
matory factors, including IL-1p, IL-6, TNF-a, and high mobility
group box-1 protein (HMGB1), resulted in TRPV1 activation and
frequently repetitive febrile seizures. TRPV1 is believed to act
as a polymodal nociceptor. Inflammatory mediators cause sen-
sitization of nociceptors, which interact with the CNS to amplify
the perception of heat, pain, etc. Additionally, TRPV1 promotes
the secretion of neuropeptides that modulate the inflammatory
response.

Indeed, TRPV1 play a key “switch” role in neuroimmune in-
teractions. Its effect generally contributes to the amplification of
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Figure 2. The effect of inflammatory mediators on TRPV1 and neurological disease. TRPV1 can be sensitized by many inflammatory mediators and exacerbate
neurological disorders. For example, elevated levels of histamine, Leukotriene B4, and IL-31 lead to TRPV1 activation and induce itch.[8%13%140] Increased TNF-a
and IGF-1 induced the upregulation of TRPV1 expression and enhancement of pain.!'*"14?! Increased levels of proinflammatory factors, including IL-1p, IL-6, TNF-q,
and HMGBI, resulted in TRPV1 activation and frequently repetitive febrile seizures.!'**! (The picture was made using Figdraw).

CNS: Central nervous system; HMGB1: High mobility group box-1 protein; IGF-1: Insulin-like growth factor-1; IL: Interleukin; TNF-a: Tumor necrosis factor-a; TRPV1:

Transient receptor potential vanilloid subfamily member 1.
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maladaptive feedforward inflammatory loops, enabling the de-
velopment of allergy, autoimmunity, itch, and pain. During bac-
terial infection, the pore-forming toxin Streptolysin S secreted
by Streptococcus pyogenes directly activates TRPV1 neurons to
induce pain, while increasing the release of CGRP from TRPV1*
neurons and impairing neutrophil recruitment and bactericidal
activity.“®! Thus, during the body’s defense against S. pyogenes,
TRPV1 acts as a transmitter between the nervous and immune
systems, accelerating the immune response. Similarly, formy-
lated peptides and alpha-hemolysin (Hla) secreted by Staphylo-
coccus aureus directly activated TRPV1 neurons and promoted
the release of CGRP from TRPV1* neurons, thereby modulating
pain and immune response, while TRPV1 antagonists reduced
pain and inflammatory responses such as leukocyte infiltration
and inflammatory factor secretion,'*”! demonstrating the bidi-
rectional regulatory role of TRPV1 on the nervous and immune
systems.

Summary and Conclusions

The nervous and immune systems are close in spatial lo-
cation. They are functionally interconnected, intimately com-
municating with each other, and bidirectionally regulated. The
two systems communicate through common neuropeptides and
use unique sensing mechanisms to detect environmental danger
signals to terminate damage and restore organismal homeosta-
sis, which is fundamental for the organism to defend against
pathogens and maintain homeostasis. TRPV1 is a key bridge
in neuroimmune interactions, expressed in neuroimmune axes
and directly regulates immune cell function. Besides, it pro-
motes the secretion of CGRP, SP, and other neuropeptides
and immunomodulatory factors. Hence, it plays a critical role
in the regulation of immune diseases and neurological-related
disorders such as pain and itching. The role of TRPV1 in
strengthening the interaction between the two systems pro-
vides insights into our understanding of neuroimmune inter-
actions. Many unknowns remain regarding neuroimmune in-
teractions, and the related mechanism of TRPV1 involvement
has not been completely understood. Additionally, the clinical
translation of TRPV1 into practical applications still needs fur-
ther exploration. In summary, TRPV1 in neuroimmune inter-
actions offers a deeper understanding of organismic immunity
and opens new directions and opportunities for diagnosis and
treatment.

Author Contributions

Jianwei Chen: Writing — review & editing. Wenqgian Sun:
Writing — original draft. Youjia Zhu: Writing — original draft.
Feng Zhao: Writing - original draft. Shuixiang Deng: Writing
—original draft. Mi Tian: Writing — review & editing. Yao Wang:
Writing — review & editing. Ye Gong: Writing — review & editing.

Acknowledgments

A special thanks to all members of our groups, past and
present, and to Yutao Ye who has provided writing assistance
to this review.

449

Journal of Intensive Medicine 4 (2024) 442-452
Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Ethics Statement

Not applicable.

Conflict of Interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Data Availability

The data sets generated during and/or analyzed during the
current study are available from the corresponding author upon
reasonable request.

References

[1] Moran MM. TRP channels as potential drug targets. Annu Rev Pharmacol Toxicol
2018;58:309-30. doi:10.1146/annurev-pharmtox-010617-052832.

Ramsey IS, Delling M, Clapham DE. An introduction to TRP channels. Annu Rev
Physiol 2006;68:619-47. doi:10.1146/annurev.physiol.68.040204.100431.

Diver MM, Lin King JV, Julius D, Cheng Y. Sensory TRP channels in
three dimensions. Annu Rev Biochem 2022;91:629-49. doi:10.1146/
annurev-biochem-032620-105738.

Yang F, Zheng J. Understand spiciness: mechanism of TRPV1 channel activation
by capsaicin. Protein Cell 2017;8(3):169-77. doi:10.1007/s13238-016-0353-7.
Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. The
capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature
1997;389(6653):816-24. doi:10.1038,/39807.

Bohlen CJ, Priel A, Zhou S, King D, Siemens J, Julius D. A bivalent tarantula toxin
activates the capsaicin receptor, TRPV1, by targeting the outer pore domain. Cell
2010;141(5):834-45. doi:10.1016/j.cell.2010.03.052.

Elokely K, Velisetty P, Delemotte L, Palovcak E, Klein ML, Rohacs T, et al. Un-
derstanding TRPV1 activation by ligands: insights from the binding modes of
capsaicin and resiniferatoxin. Proc Natl Acad Sci U S A 2016;113(2) E137-45.
doi:10.1073/pnas.1517288113.

Holzer P. The pharmacological challenge to tame the transient receptor potential
vanilloid-1 (TRPV1) nocisensor. Br J Pharmacol 2008;155(8):1145-62. doi:10.
1038/bjp.2008.351.

Zhang C, Ye L, Zhang Q, Wu F, Wang L. The role of TRPV1 channels in atheroscle-
rosis. Channels (Austin) 2020;14(1):141-50. doi:10.1080/0.2020.1747803.
Tominaga M, Caterina MJ, Malmberg AB, Rosen TA, Gilbert H, Skinner K, et al.
The cloned capsaicin receptor integrates multiple pain-producing stimuli. Neuron
1998;21(3):531-43. doi:10.1016/50896-6273(00)80564-4.

Cao X, Ma L, Yang F, Wang K, Zheng J. Divalent cations potentiate TRPV1 chan-
nel by lowering the heat activation threshold. J Gen Physiol 2014;143(1):75-90.
doi:10.1085/jgp.201311025.

Ho KW, Lambert WS, Calkins DJ. Activation of the TRPV1 cation channel con-
tributes to stress-induced astrocyte migration. Glia 2014;62(9):1435-51. doi:10.
1002/glia.22691.

Miyake T, Shirakawa H, Nakagawa T, Kaneko S. Activation of mitochondrial tran-
sient receptor potential vanilloid 1 channel contributes to microglial migration.
Glia 2015;63(10):1870-82. doi:10.1002/glia.22854.

Bujak JK, Kosmala D, Szopa IM, Majchrzak K, Bednarczyk P. Inflammation, cancer
and immunity-implication of TRPV1 channel. Front Oncol 2019;9:1087. doi:10.
3389/fonc.2019.01087.

Parkin J, Cohen B. An overview of the immune system.
2001;357(9270):1777-89. doi:10.1016,/50140-6736(00)04904-7.

Sousa AMM, Meyer KA, Santpere G, Gulden FO, Sestan N. Evolution of the human
nervous system function, structure, and development. Cell 2017;170(2):226-47.
do0i:10.1016/j.cell.2017.06.036.

Franco R, Pacheco R, Lluis C, Ahern GP, O’Connell PJ. The emergence of neuro-
transmitters as immune modulators. Trends Immunol 2007;28(9):400-7. doi:10.
1016/j.it.2007.07.005.

Veres TZ, Shevchenko M, Krasteva G, Spies E, Prenzler F, Rochlitzer S, et al. Den-
dritic cell-nerve clusters are sites of T cell proliferation in allergic airway inflam-
mation. Am J Pathol 2009;174(3):808-17. doi:10.2353/ajpath.2009.080800.
Riol-Blanco L, Ordovas-Montanes J, Perro M, Naval E, Thiriot A, Alvarez D, et al.
Nociceptive sensory neurons drive interleukin-23-mediated psoriasiform skin in-
flammation. Nature 2014;510(7503):157-61. doi:10.1038/nature13199.

[2

—

[3]

[4

=

[5

=

[6

—

[7

—

[8

—

[9

—_

[10]

[11]

[12]

[13]

[14]

[15] Lancet

[16]

[17]

[18]

[19]


https://doi.org/10.1146/annurev-pharmtox-010617-052832
https://doi.org/10.1146/annurev.physiol.68.040204.100431
https://doi.org/10.1146/annurev-biochem-032620-105738
https://doi.org/10.1007/s13238-016-0353-7
https://doi.org/10.1038/39807
https://doi.org/10.1016/j.cell.2010.03.052
https://doi.org/10.1073/pnas.1517288113
https://doi.org/10.1038/bjp.2008.351
https://doi.org/10.1080/0.2020.1747803
https://doi.org/10.1016/s0896-6273(00)80564-4
https://doi.org/10.1085/jgp.201311025
https://doi.org/10.1002/glia.22691
https://doi.org/10.1002/glia.22854
https://doi.org/10.3389/fonc.2019.01087
https://doi.org/10.1016/S0140-6736(00)04904-7
https://doi.org/10.1016/j.cell.2017.06.036
https://doi.org/10.1016/j.it.2007.07.005
https://doi.org/10.2353/ajpath.2009.080800
https://doi.org/10.1038/nature13199

J. Chen, W. Sun, Y. Zhu et al.

[20]

[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Chiu IM, von Hehn CA, Woolf CJ. Neurogenic inflammation and the pe-
ripheral nervous system in host defense and immunopathology. Nat Neurosci
2012;15(8):1063-7. doi:10.1038/nn.3144.
Medzhitov R. Origin and physiological roles
2008;454(7203):428-35. doi:10.1038/nature07201.
Ren K, Dubner R. Interactions between the immune and nervous systems in pain.
Nat Med 2010;16(11):1267-76. doi:10.1038/nm.2234.

Talbot S, Foster SL, Woolf CJ. Neuroimmunity: physiology and pathology. Annu
Rev Immunol 2016;34:421-47. doi:10.1146/annurev-immunol-041015-055340.
Huang WX, Min JW, Liu YQ, He XH, Peng BW. Expression of TRPV1 in the
C57BL/6 mice brain hippocampus and cortex during development. Neuroreport
2014;25(6):379-85. doi:10.1097/WNR.0000000000000105.

Hironaka K, Ozaki N, Hattori H, Nagamine K, Nakashima H, Ueda M, et al. Involve-
ment of glial activation in trigeminal ganglion in a rat model of lower gingival
cancer pain. Nagoya J Med Sci 2014;76(3-4):323-32.

Téth A, Boczdn J, Kedei N, Lizanecz E, Bagi Z, Papp Z, et al. Expression
and distribution of vanilloid receptor 1 (TRPV1) in the adult rat brain. Brain
Res Mol Brain Res 2005;135(1-2):162-8. doi:10.1016/j.molbrainres.2004.12.
003.

Doly S, Fischer J, Salio C, Conrath M. The vanilloid receptor-1 is expressed in rat
spinal dorsal horn astrocytes. Neurosci Lett 2004;357(2):123-6. doi:10.1016/j.
neulet.2003.12.051.

Kong WL, Peng YY, Peng BW. Modulation of neuroinflammation: role and ther-
apeutic potential of TRPV1 in the neuro-immune axis. Brain Behav Immun
2017;64:354-66. doi:10.1016/j.bbi.2017.03.007.

Hassan S, Eldeeb K, Millns PJ, Bennett AJ, Alexander SP, Kendall DA.
Cannabidiol enhances microglial phagocytosis via transient receptor potential
(TRP) channel activation. Br J Pharmacol 2014;171(9):2426-9. do0i:10.1111/bph.
12615.

Sappington RM, Calkins DJ. Contribution of TRPV1 to microglia-derived IL-6 and
NF-kB translocation with elevated hydrostatic pressure. Invest Ophthalmol Vis Sci
2008;49(7):3004-17. doi:10.1167/iovs.07-1355.

Saunders CI, Kunde DA, Crawford A, Geraghty DP. Expression of transient recep-
tor potential vanilloid 1 (TRPV1) and 2 (TRPV2) in human peripheral blood. Mol
Immunol 2007;44(6):1429-35. doi:10.1016/j.molimm.2006.04.027.

Zhao JF, Ching LC, Kou YR, Lin SJ, Wei J, Shyue SK, et al. Activation of
TRPV1 prevents OxLDL-induced lipid accumulation and TNF-alpha-induced in-
flammation in macrophages: role of liver X receptor alpha. Mediators Inflamm
2013;2013:925171. doi:10.1155/2013/925171.

Assas MB, Wakid MH, Zakai HA, Miyan JA, Pennock JL. Transient receptor poten-
tial vanilloid 1 expression and function in splenic dendritic cells: a potential role
in immune homeostasis. Immunology 2016;147(3):292-304. doi:10.1111/imm.
12562.

Assas BM, Abdulaal WH, Wakid MH, Zakai HA, Miyan J, Pennock JL. The use of
flow cytometry to examine calcium signalling by TRPV1 in mixed cell populations.
Anal Biochem 2017;527:13-19. do0i:10.1016/j.ab.2017.03.025.

Wu C, Liu R, Luo Z, Sun M, Qile M, Xu S, et al. Spinal cord astrocytes regulate
myocardial ischemia-reperfusion injury. Basic Res Cardiol 2022;117(1):56. doi:10.
1007/500395-022-00968-x.

Wang X, Xing L, Xing Y, Tang Y, Han C. Identification and characterization of im-
munoreactive calcitonin gene-related peptide from lymphocytes of the rat. J Neu-
roimmunol 1999;94(1-2):95-102. doi:10.1016/s0165-5728(98)00230-6.
Bracci-Laudiero L, Aloe L, Caroleo MC, Buanne P, Costa N, Starace G, et al. En-
dogenous NGF regulates CGRP expression in human monocytes, and affects HLA-
DR and CD86 expression and IL-10 production. Blood 2005;106(10):3507-14.
doi:10.1182/blood-2004-10-4055.

Russell FA, King R, Smillie SJ, Kodji X, Brain SD. Calcitonin gene-related peptide:
physiology and pathophysiology. Physiol Rev 2014;94(4):1099-142. doi:10.1152/
physrev.00034.2013.

Ma WJ, Yin YC, Zhang BK, Li YJ, Li WQ. Calcitonin gene-related peptide-mediated
pharmacological effects in cardiovascular and gastrointestinal diseases [review].
Mol Med Rep 2021;23(1):27. doi:10.3892/mmr.2020.11665.

Nakanishi M, Hata K, Nagayama T, Sakurai T, Nishisho T, Wakabayashi H, et al.
Acid activation of Trpv1 leads to an up-regulation of calcitonin gene-related peptide
expression in dorsal root ganglion neurons via the CaMK-CREB cascade: a potential
mechanism of inflammatory pain. Mol Biol Cell 2010;21(15):2568-77. doi:10.
1091/mbc.E10-01-0049.

Voedisch S, Rochlitzer S, Veres TZ, Spies E, Braun A. Neuropeptides control the
dynamic behavior of airway mucosal dendritic cells. PLoS ONE 2012;7(9):e45951.
doi:10.1371/journal.pone.0045951.

Mikami N, Matsushita H, Kato T, Kawasaki R, Sawazaki T, Kishimoto T, et al.
Calcitonin gene-related peptide is an important regulator of cutaneous immunity:
effect on dendritic cell and T cell functions. J Immunol 2011;186(12):6886-93.
doi:10.4049/jimmunol.1100028.

Levite M. Nerve-driven immunity. The direct effects of neurotransmitters on T-cell
function. Ann N Y Acad Sci 2000;917:307-21. doi:10.1111/j.1749-6632.2000.
tb05397 .x.

Assas BM, Pennock JI, Miyan JA. Calcitonin gene-related peptide is a key neuro-
transmitter in the neuro-immune axis. Front Neurosci 2014;8:23. doi:10.3389/
fnins.2014.00023.

Cohen JA, Edwards TN, Liu AW, Hirai T, Jones MR, Wu J, et al. Cutaneous
TRPV1+ neurons trigger protective innate type 17 anticipatory immunity. Cell
2019;178(4):919-32 .e14. doi:10.1016/j.cell.2019.06.022.

Mashaghi A, Marmalidou A, Tehrani M, Grace PM, Pothoulakis C, Dana R.
Neuropeptide substance P and the immune response. Cell Mol Life Sci
2016;73(22):4249-64. doi:10.1007/s00018-016-2293-z.

of inflammation. Nature

450

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

671

[68]

[69]

[70]

[71]

[72]

Journal of Intensive Medicine 4 (2024) 442-452

Snijdelaar DG, Dirksen R, Slappendel R, Crul BJ, Substance P. Eur J Pain
2000;4(2):121-35. doi:10.1053/eujp.2000.0171.

Perner C, Flayer CH, Zhu X, Aderhold PA, Dewan ZNA, Voisin T, et al. Substance P
release by sensory neurons triggers dendritic cell migration and initiates the type-2
immune response to allergens. Inmunity 2020;53(5):1063-77 .e7. doi:10.1016/j.
immuni.2020.10.001.

Serhan N, Basso L, Sibilano R, Petitfils C, Meixiong J, Bonnart C, et al. House dust
mites activate nociceptor-mast cell clusters to drive type 2 skin inflammation. Nat
Immunol 2019;20(11):1435-43. do0i:10.1038/541590-019-0493-z.

Montana G, Lampiasi N. Substance P induces HO-1 expression in RAW
264.7 cells promoting switch towards M2-like macrophages. PLoS One
2016;11(12):e0167420. doi:10.1371/journal.pone.0167420.

Simeoli R, Montague K, Jones HR, Castaldi L, Chambers D, Kelleher JH, et al.
Exosomal cargo including microRNA regulates sensory neuron to macrophage
communication after nerve trauma. Nat Commun 2017;8(1):1778. doi:10.1038/
$41467-017-01841-5.

Vig M, Kinet JP. Calcium signaling in immune cells. Nat Immunol 2009;10(1):21-
7. doi:10.1038/ni.f.220.

Feske S. Calcium signalling in lymphocyte activation and disease. Nat Rev Immunol
2007;7(9):690-702. doi:10.1038/nri2152.

Majhi RK, Sahoo SS, Yadav M, Pratheek BM, Chattopadhyay S, Goswami C. Func-
tional expression of TRPV channels in T cells and their implications in immune
regulation. FEBS J 2015;282(14):2661-81. doi:10.1111/febs.13306.

Wilzopolski J, Kietzmann M, Mishra SK, Stark H, Bdumer W, Rossbach K. TRPV1
and TRPA1 channels are both involved downstream of histamine-induced itch.
Biomolecules 2021;11(8):1166. doi:10.3390/biom11081166.

Lv Z, XuX, Sun Z, Yang YX, Guo H, Li J, et al. TRPV1 alleviates osteoarthritis by in-
hibiting M1 macrophage polarization via Ca(2*)/CaMKII/Nrf2 signaling pathway.
Cell Death Dis 2021;12(6):504. doi:10.1038/s41419-021-03792-8.

Yuan J, Liu H, Zhang H, Wang T, Zheng Q, Li Z. Controlled Activation of TRPV1
channels on microglia to boost their autophagy for clearance of alpha-synuclein
and enhance therapy of Parkinson’s disease. Adv Mater 2022;34(11):e2108435.
doi:10.1002/adma.202108435.

Beider K, Rosenberg E, Dimenshtein-Voevoda V, Sirovsky Y, Vladimirsky J, Ma-
gen H, et al. Blocking of transient receptor potential vanilloid 1 (TRPV1) promotes
terminal mitophagy in multiple myeloma, disturbing calcium homeostasis and tar-
geting ubiquitin pathway and bortezomib-induced unfolded protein response. J
Hematol Oncol 2020;13(1):158. doi:10.1186/513045-020-00993-0.

Sappington RM, Calkins DJ. Contribution of TRPV1 to microglia-derived IL-6 and
NF-xB translocation with elevated hydrostatic pressure. Invest Ophthalmol Vis Sci
2008;49(7):3004-17. d0i:10.1167/iovs.07-1355.

Nevius E, Srivastava PK, Basu S. Oral ingestion of capsaicin, the pungent com-
ponent of chili pepper, enhances a discreet population of macrophages and con-
fers protection from autoimmune diabetes. Mucosal Immunol 2012;5(1):76-86.
do0i:10.1038/mi.2011.50.

Feng J, Yang P, Mack MR, Dryn D, Luo J, Gong X, et al. Sensory TRP channels
contribute differentially to skin inflammation and persistent itch. Nat Commun
2017;8(1):980. doi:10.1038/541467-017-01056-8.

Fernandes ES, Brito CX, Teixeira SA, Barboza R, dos Reis AS, Azevedo-
Santos AP, et al. TRPV1 antagonism by capsazepine modulates innate immune
response in mice infected with Plasmodium berghei ANKA. Mediators Inflamm
2014;2014:506450. doi:10.1155/2014/506450.

Soutar DA, Doucette CD, Liwski RS, Hoskin DW. Piperine, a pungent alkaloid from
black pepper, inhibits B lymphocyte activation and effector functions. Phytother
Res 2017;31(3):466-74. doi:10.1002/ptr.5772.

Farfariello V, Amantini C, Santoni G. Transient receptor potential vanilloid 1 acti-
vation induces autophagy in thymocytes through ROS-regulated AMPK and Atg4C
pathways. J Leukoc Biol 2012;92(3):421-31. doi:10.1189/j1b.0312123.

McLeod IX, He YW. Editorial: TRPV1: how thymocytes sense stress and respond
with autophagy. J Leukoc Biol 2012;92(3):409-11. doi:10.1189/jlb.0612269.
Amantini C, Farfariello V, Cardinali C, Morelli MB, Marinelli O, Nabissi M,
et al. The TRPV1 ion channel regulates thymocyte differentiation by modulat-
ing autophagy and proteasome activity. Oncotarget 2017;8(53):90766-80. doi:10.
18632/oncotarget.21798.

Amantini C, Mosca M, Lucciarini R, Perfumi M, Morrone S, Piccoli M, et al. Dis-
tinct thymocyte subsets express the vanilloid receptor VR1 that mediates capsaicin-
induced apoptotic cell death. Cell Death Differ 2004;11(12):1342-56. doi:10.
1038/sj.cdd.4401506.

Fernandes ES, Liang L, Smillie SJ, Kaiser F, Purcell R, Rivett DW, et al. TRPV1
deletion enhances local inflammation and accelerates the onset of systemic in-
flammatory response syndrome. J Immunol 2012;188(11):5741-51. doi:10.4049/
jimmunol.1102147.

Baral P, Umans BD, Li L, Wallrapp A, Bist M, Kirschbaum T, et al. Nocicep-
tor sensory neurons suppress neutrophil and gammadelta T cell responses in
bacterial lung infections and lethal pneumonia. Nat Med 2018;24(4):417-26.
doi:10.1038/nm.4501.

Wang Y, Wang DH. TRPV1 ablation aggravates inflammatory responses and or-
gan damage during endotoxic shock. Clin Vaccine Immunol 2013;20(7):1008-15.
doi:10.1128/CVI.00674-12.

Schepetkin IA, Kushnarenko SV, Ozek G, Kirpotina LN, Sinharoy P, Utegenova GA,
et al. Modulation of human neutrophil responses by the essential oils from Fer-
ula akitschkensis and their constituents. J Agric Food Chem 2016;64(38):7156-70.
doi:10.1021/acs.jafc.6b03205.

Motte J, Ambrosius B, Griiter T, Bachir H, Sgodzai M, Pedreiturria X, et al.
Capsaicin-enriched diet ameliorates autoimmune neuritis in rats. J Neuroinflam-
mation 2018;15(1):122. doi:10.1186/s12974-018-1165-x.


https://doi.org/10.1038/nn.3144
https://doi.org/10.1038/nature07201
https://doi.org/10.1038/nm.2234
https://doi.org/10.1146/annurev-immunol-041015-055340
https://doi.org/10.1097/WNR.0000000000000105
http://refhub.elsevier.com/S2667-100X(24)00032-X/sbref0025
https://doi.org/10.1016/j.molbrainres.2004.12.penalty -@M 003
https://doi.org/10.1016/j.neulet.2003.12.051
https://doi.org/10.1016/j.bbi.2017.03.007
https://doi.org/10.1111/bph.12615
https://doi.org/10.1167/iovs.07-1355
https://doi.org/10.1016/j.molimm.2006.04.027
https://doi.org/10.1155/2013/925171
https://doi.org/10.1111/imm.12562
https://doi.org/10.1016/j.ab.2017.03.025
https://doi.org/10.1007/s00395-022-00968-x
https://doi.org/10.1016/s0165-5728(98)00230-6
https://doi.org/10.1182/blood-2004-10-4055
https://doi.org/10.1152/physrev.00034.2013
https://doi.org/10.3892/mmr.2020.11665
https://doi.org/10.1091/mbc.E10-01-0049
https://doi.org/10.1371/journal.pone.0045951
https://doi.org/10.4049/jimmunol.1100028
https://doi.org/10.1111/j.1749-6632.2000.tb05397.x
https://doi.org/10.3389/fnins.2014.00023
https://doi.org/10.1016/j.cell.2019.06.022
https://doi.org/10.1007/s00018-016-2293-z
https://doi.org/10.1053/eujp.2000.0171
https://doi.org/10.1016/j.immuni.2020.10.001
https://doi.org/10.1038/s41590-019-0493-z
https://doi.org/10.1371/journal.pone.0167420
https://doi.org/10.1038/s41467-017-01841-5
https://doi.org/10.1038/ni.f.220
https://doi.org/10.1038/nri2152
https://doi.org/10.1111/febs.13306
https://doi.org/10.3390/biom11081166
https://doi.org/10.1038/s41419-021-03792-8
https://doi.org/10.1002/adma.202108435
https://doi.org/10.1186/s13045-020-00993-0
https://doi.org/10.1167/iovs.07-1355
https://doi.org/10.1038/mi.2011.50
https://doi.org/10.1038/s41467-017-01056-8
https://doi.org/10.1155/2014/506450
https://doi.org/10.1002/ptr.5772
https://doi.org/10.1189/jlb.0312123
https://doi.org/10.1189/jlb.0612269
https://doi.org/10.18632/oncotarget.21798
https://doi.org/10.1038/sj.cdd.4401506
https://doi.org/10.4049/jimmunol.1102147
https://doi.org/10.1038/nm.4501
https://doi.org/10.1128/CVI.00674-12
https://doi.org/10.1021/acs.jafc.6b03205
https://doi.org/10.1186/s12974-018-1165-x

J. Chen, W. Sun, Y. Zhu et al.

[73]

[74]

[75]

[76]

[77]

[78]

[791

[80]

[81]

[82]

[83]

[84]

[85]

[86]

871

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

Belmaati MS, Diemer S, Hvarness T, Baumann K, Pedersen AE, Christensen RE,
et al. Antiproliferative effects of TRPV1 ligands on nonspecific and enteroantigen-
specific T cells from wild-type and Trpvl KO mice. Inflam Bowel Dis
2014;20(6):1004-14. doi:10.1097/MIB.0000000000000039.

Samivel R, Kim DW, Son HR, Rhee YH, Kim EH, Kim JH, et al. The role of TRPV1
in the CD4* T cell-mediated inflammatory response of allergic rhinitis. Oncotarget
2016;7(1):148-60. doi:10.18632/oncotarget.6653.

Bertin S, Aoki-Nonaka Y, de Jong PR, Nohara LL, Xu H, Stanwood SR, et al. The ion
channel TRPV1 regulates the activation and proinflammatory properties of CD4(+)
T cells. Nat Immunol 2014;15(11):1055-63. doi:10.1038/ni.3009.

Ninomiya Y, Tanuma SI, Tsukimoto M. Differences in the effects of four
TRPV1 channel antagonists on lipopolysaccharide-induced cytokine production
and COX-2 expression in murine macrophages. Biochem Biophys Res Commun
2017;484(3):668-74. doi:10.1016/j.bbrc.2017.01.173.

Stinder S, Moormann C, Schumacher M, Buddenkotte J, Artuc M, Shpacovitch V,
et al. Expression of vanilloid receptor subtype 1 in cutaneous sensory nerve
fibers, mast cells, and epithelial cells of appendage structures. Exp Dermatol
2004;13(3):129-39. doi:10.1111/j.0906-6705.2004.0178.x.

Roosterman D, Goerge T, Schneider SW, Bunnett NW, Steinhoff M. Neuronal con-
trol of skin function: the skin as a neuroimmunoendocrine organ. Physiol Rev
2006;86(4):1309-79. doi:10.1152/physrev.00026.2005.

Pavon-Romero GF, Serrano-Pérez NH, Garcia-Sdnchez L, Ramirez-Jiménez F,
Teran LM. Neuroimmune pathophysiology in asthma. Front Cell Dev Biol
2021;9:663535. doi:10.3389/fcell.2021.663535.

Feld M, Garcia R, Buddenkotte J, Katayama S, Lewis K, Muirhead G, et al. The
pruritus- and TH2-associated cytokine IL-31 promotes growth of sensory nerves. J
Allergy Clin Immunol 2016;138(2) 500.e-8.e. doi:10.1016/j.jaci.2016.02.020.
Cevikbas F, Wang X, Akiyama T, Kempkes C, Savinko T, Antal A, et al. A sen-
sory neuron-expressed IL-31 receptor mediates T helper cell-dependent itch: in-
volvement of TRPV1 and TRPA1. J Allergy Clin Immunol 2014;133(2):448-60.
doi:10.1016/j.jaci.2013.10.048.

Lee JH, Choi CS, Bae IH, Choi JK, Park YH, Park M. A novel, topical, nonsteroidal,
TRPV1 antagonist, PAC-14028 cream improves skin barrier function and exerts
anti-inflammatory action through modulating epidermal differentiation markers
and suppressing Th2 cytokines in atopic dermatitis. J Dermatol Sci 2018 S0923-
1811(18)30204-4. doi:10.1016/j.jdermsci.2018.04.017.

Choi JY, Lee HY, Hur J, Kim KH, Kang JY, Rhee CK, et al. TRPV1 blocking alleviates
airway inflammation and remodeling in a chronic asthma murine model. Allergy
Asthma Immunol Res 2018;10(3):216-24. doi:10.4168/aair.2018.10.3.216.
Clark N, Keeble J, Fernandes ES, Starr A, Liang L, Sugden D, et al. The transient
receptor potential vanilloid 1 (TRPV1) receptor protects against the onset of sepsis
after endotoxin. FASEB J 2007;21(13):3747-55. doi:10.1096/fj.06-7460com.
Guptill V, Cui X, Khaibullina A, Keller JM, Spornick N, Mannes A, et al. Dis-
ruption of the transient receptor potential vanilloid 1 can affect survival, bacte-
rial clearance, and cytokine gene expression during murine sepsis. Anesthesiology
2011;114(5):1190-9. doi:10.1097/ALN.0b013e318212515b.

Wang Y, Cui L, Xu H, Liu S, Zhu F, Yan F, et al. TRPV1 agonism inhibits en-
dothelial cell inflammation via activation of eNOS/NO pathway. Atherosclerosis
2017;260:13-19. doi:10.1016/j.atherosclerosis.2017.03.016.

Chen J, Hamers AJP, Finsterbusch M, Massimo G, Zafar M, Corder R, et al. Endoge-
nously generated arachidonate-derived ligands for TRPV1 induce cardiac protec-
tion in sepsis. FASEB J 2018;32(7):3816-31. doi:10.1096/fj.201701303R.
Foreman JC, Jordan CC, Oehme P, Renner H. Structure-activity relationships for
some substance P-related peptides that cause wheal and flare reactions in human
skin. J Physiol 1983;335:449-65. doi:10.1113/jphysiol.1983.sp014543.
Watanabe N, Horie S, Michael GJ, Keir S, Spina D, Page CP, et al. Immuno-
histochemical co-localization of transient receptor potential vanilloid (TRPV)1
and sensory neuropeptides in the guinea-pig respiratory system. Neuroscience
2006;141(3):1533-43. doi:10.1016/j.neuroscience.2006.04.073.

Brenneis C, Kistner K, Puopolo M, Segal D, Roberson D, Sisignano M, et al.
Phenotyping the function of TRPV1-expressing sensory neurons by targeted ax-
onal silencing. J Neurosci 2013;33(1):315-26. doi:10.1523/JNEUROSCI.2804-12.
2013.

Frias B, Merighi A. Capsaicin, nociception and pain. Molecules 2016;21(6):797.
doi:10.3390/molecules21060797.

Katz B, Zaguri R, Edvardson S, Maayan C, Elpeleg O, Lev S, et al. Nocicep-
tion and pain in humans lacking a functional TRPV1 channel. J Clin Invest
2023;133(3):e153558. doi:10.1172/JCI153558.

Iftinca M, Defaye M, Altier C. TRPV1-targeted drugs in development for human
pain conditions. Drugs 2021;81(1):7-27. doi:10.1007/540265-020-01429-2.
Gouin O, L’Herondelle K, Lebonvallet N, Le Gall-Ianotto C, Sakka M, Buhé V,
et al. TRPV1 and TRPA1 in cutaneous neurogenic and chronic inflammation: pro-
inflammatory response induced by their activation and their sensitization. Protein
Cell 2017;8(9):644-61. doi:10.1007/s13238-017-0395-5.

Chen O, He Q, Han Q, Furutani K, Gu Y, Olexa M, et al. Mechanisms and
treatments of neuropathic itch in a mouse model of lymphoma. J Clin Invest
2023;133(4):€160807. doi:10.1172/JCI160807.

Mahmoud O, Soares GB, Yosipovitch G. Transient receptor potential channels and
itch. Int J Mol Sci 2022;24(1):420. doi:10.3390/ijms24010420.

Nattkemper LA, Tey HL, Valdes-Rodriguez R, Lee H, Mollanazar NK, Albornoz C,
et al. The genetics of chronic itch: gene expression in the skin of patients with atopic
dermatitis and psoriasis with severe itch. J Invest Dermatol 2018;138(6):1311-17.
doi:10.1016/j.jid.2017.12.029.

Duo L, Hu L, Tian N, Cheng G, Wang H, Lin Z, et al. TRPV1 gain-
of-function mutation impairs pain and itch sensations in mice. Mol Pain
2018;14(2070401489):1744806918762031. doi:10.1177/1744806918762031.

451

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Journal of Intensive Medicine 4 (2024) 442-452

Gibson RA, Robertson J, Mistry H, McCallum S, Fernando D, Wyres M, et al. A ran-
domised trial evaluating the effects of the TRPV1 antagonist SB705498 on pruritus
induced by histamine, and cowhage challenge in healthy volunteers. PLoS ONE
2014;9(7):€100610. doi:10.1371/journal.pone.0100610.

Manzini S, Maggi CA, Geppetti P, Bacciarelli C. Capsaicin desensitization protects
from antigen-induced bronchospasm in conscious guinea-pigs. Eur J Pharmacol
1987;138(2):307-8. doi:10.1016/0014-2999(87)90451-1.

Herd CM, Gozzard N, Page CP. Capsaicin pre-treatment prevents the develop-
ment of antigen-induced airway hyperresponsiveness in neonatally immunised
rabbits. Eur J Pharmacol 1995;282(1-3):111-19. doi:10.1016/0014-2999(95)
00291-r.

Karmouty-Quintana H, Cannet C, Sugar R, Fozard JR, Page CP, Beckmann N.
Capsaicin-induced mucus secretion in rat airways assessed in vivo and non-
invasively by magnetic resonance imaging. Br J Pharmacol 2007;150(8):1022-30.
doi:10.1038/sj.bjp.0707168.

Groneberg DA, Niimi A, Dinh QT, Cosio B, Hew M, Fischer A, et al. Increased
expression of transient receptor potential vanilloid-1 in airway nerves of chronic
cough. Am J Respir Crit Care Med 2004;170(12):1276-80. doi:10.1164/rccm.
200402-1740C.

Couto M, de Diego A, Perpifii M, Delgado L, Moreira A. Cough reflex testing with
inhaled capsaicin and TRPV1 activation in asthma and comorbid conditions. J In-
vestig Allergol Clin Immunol 2013;23(5):289-301.

Zygmunt PM, Petersson J, Andersson DA, Chuang H, Sergard M, Di Marzo V,
et al. Vanilloid receptors on sensory nerves mediate the vasodilator action of anan-
damide. Nature 1999;400(6743):452-7. doi:10.1038/22761.

Yue WWS, Yuan L, Braz JM, Basbaum Al, Julius D. TRPV1 drugs alter core body
temperature via central projections of primary afferent sensory neurons. Elife
2022;11:e80139. doi:10.7554/eLife.80139.

Phan TX, Ton HT, Chen Y, Basha ME, Ahern GP. Sex-dependent expression of
TRPV1 in bladder arterioles. Am J Physiol Ren Physiol 2016;311(5):F1063-73.
doi:10.1152/ajprenal.00234.2016.

van Wanrooij SJ, Wouters MM, Van Oudenhove L, Vanbrabant W, Mondelaers S,
Kollmann P, et al. Sensitivity testing in irritable bowel syndrome with rectal cap-
saicin stimulations: role of TRPV1 upregulation and sensitization in visceral hy-
persensitivity? Am J Gastroenterol 2014;109(1):99-109. doi:10.1038/ajg.2013.
371.

Storozhuk MV, Moroz OF, Zholos AV. Multifunctional TRPV1 ion channels in phys-
iology and pathology with focus on the brain, vasculature, and some visceral sys-
tems. Biomed Res Int 2019;2019:5806321. doi:10.1155/2019/5806321.

Du Q, Liao Q, Chen C, Yang X, Xie R, Xu J. The role of transient receptor poten-
tial vanilloid 1 in common diseases of the digestive tract and the cardiovascular
and respiratory system. Front Physiol 2019;10:1064. doi:10.3389/fphys.2019.
01064.

Holzer P. Transient receptor potential (TRP) channels as drug targets for dis-
eases of the digestive system. Pharmacol Ther 2011;131(1):142-70. doi:10.1016/
j-pharmthera.2011.03.006.

Zhang X, Li L, McNaughton PA. Proinflammatory mediators modulate the heat-
activated ion channel TRPV1 via the scaffolding protein AKAP79/150. Neuron
2008;59(3):450-61. doi:10.1016/j.neuron.2008.05.015.

Lainez S, Valente P, Ontoria-Oviedo I, Estévez-Herrera J, Camprubi-Robles M,
Ferrer-Montiel A, et al. GABAA receptor associated protein (GABARAP) mod-
ulates TRPV1 expression and channel function and desensitization. FASEB J
2010;24(6):1958-70. doi:10.1096/fj.09-151472.

Takayama Y, Uta D, Furue H, Tominaga M. Pain-enhancing mechanism through
interaction between TRPV1 and anoctamin 1 in sensory neurons. Proc Natl Acad
Sci US A 2015;112(16):5213-18. doi:10.1073/pnas.1421507112.

Bavassano C, Marvaldi L, Langeslag M, Sarg B, Lindner H, Klimaschewski L, et al.
Identification of voltage-gated K(+) channel beta 2 (Kvbeta2) subunit as a novel
interaction partner of the pain transducer transient receptor potential vanilloid 1
channel (TRPV1). Biochim Biophys Acta 2013;1833(12):3166-75. doi:10.1016/j.
bbamecr.2013.09.001.

Peter J, Kasper C, Kaufholz M, Buschow R, Isensee J, Hucho T, et al. Ankyrin-
rich membrane spanning protein as a novel modulator of transient receptor poten-
tial vanilloid 1-function in nociceptive neurons. Eur J Pain 2017;21(6):1072-86.
doi:10.1002/ejp.1008.

Ciardo MG, Andrés-Borderia A, Cuesta N, Valente P, Camprubi-Robles M, Yang J,
et al. Whirlin increases TRPV1 channel expression and cellular stability. Biochim
Biophys Acta 2016;1863(1):115-27. doi:10.1016/j.bbamcr.2015.10.016.

Cernit V, Sénécal J, Othman R, Couture R. Reciprocal regulatory interaction be-
tween TRPV1 and kinin B1 receptor in a rat neuropathic pain model. Int J Mol Sci
2020;21(3):821. doi:10.3390/ijms21030821.

Kang SY, Seo SY, Bang SK, Cho SJ, Choi KH, Ryu Y. Inhibition of spinal TRPV1
reduces NMDA receptor 2B phosphorylation and produces anti-nociceptive effects
in mice with inflammatory pain. Int J Mol Sci 2021;22(20):11177. doi:10.3390/
ijms222011177.

Min H, Lee H, Lim H, Jang YH, Chung SJ, Lee CJ, et al. TLR4 enhances histamine-
mediated pruritus by potentiating TRPV1 activity. Mol Brain 2014;7:59. doi:10.
1186/513041-014-0059-9.

Wang C, Jin X, Zhang Q, Wang H, Ji H, Zhou Y, et al. TRPV1 and TRPA1 channels
interact to mediate cold hyperalgesia in mice. Br J Anaesth 2023;131(5):e167-70.
doi:10.1016/j.bja.2023.08.010.

Bessac BF, Jordt SE. Breathtaking TRP channels: TRPA1 and TRPV1 in air-
way chemosensation and reflex control. Physiology (Bethesda) 2008;23:360-70.
doi:10.1152/physiol.00026.2008.

Rhyu MR, Kim Y, Lyall V. Interactions between chemesthesis and taste: role of
TRPA1 and TRPV1. Int J Mol Sci 2021;22(7):3360. doi:10.3390/ijms22073360.


https://doi.org/10.1097/MIB.0000000000000039
https://doi.org/10.18632/oncotarget.6653
https://doi.org/10.1038/ni.3009
https://doi.org/10.1016/j.bbrc.2017.01.173
https://doi.org/10.1111/j.0906-6705.2004.0178.x
https://doi.org/10.1152/physrev.00026.2005
https://doi.org/10.3389/fcell.2021.663535
https://doi.org/10.1016/j.jaci.2016.02.020
https://doi.org/10.1016/j.jaci.2013.10.048
https://doi.org/10.1016/j.jdermsci.2018.04.017
https://doi.org/10.4168/aair.2018.10.3.216
https://doi.org/10.1096/fj.06-7460com
https://doi.org/10.1097/ALN.0b013e318212515b
https://doi.org/10.1016/j.atherosclerosis.2017.03.016
https://doi.org/10.1096/fj.201701303R
https://doi.org/10.1113/jphysiol.1983.sp014543
https://doi.org/10.1016/j.neuroscience.2006.04.073
https://doi.org/10.1523/JNEUROSCI.2804-12.penalty -@M 2013
https://doi.org/10.3390/molecules21060797
https://doi.org/10.1172/JCI153558
https://doi.org/10.1007/s40265-020-01429-2
https://doi.org/10.1007/s13238-017-0395-5
https://doi.org/10.1172/JCI160807
https://doi.org/10.3390/ijms24010420
https://doi.org/10.1016/j.jid.2017.12.029
https://doi.org/10.1177/1744806918762031
https://doi.org/10.1371/journal.pone.0100610
https://doi.org/10.1016/0014-2999(87)90451-1
https://doi.org/10.1016/0014-2999(95)00291-r
https://doi.org/10.1038/sj.bjp.0707168
https://doi.org/10.1164/rccm.200402-174OC
http://refhub.elsevier.com/S2667-100X(24)00032-X/sbref0102
https://doi.org/10.1038/22761
https://doi.org/10.7554/eLife.80139
https://doi.org/10.1152/ajprenal.00234.2016
https://doi.org/10.1038/ajg.2013.penalty -@M 371
https://doi.org/10.1155/2019/5806321
https://doi.org/10.3389/fphys.2019.01064
https://doi.org/10.1016/j.pharmthera.2011.03.006
https://doi.org/10.1016/j.neuron.2008.05.015
https://doi.org/10.1096/fj.09-151472
https://doi.org/10.1073/pnas.1421507112
https://doi.org/10.1016/j.bbamcr.2013.09.001
https://doi.org/10.1002/ejp.1008
https://doi.org/10.1016/j.bbamcr.2015.10.016
https://doi.org/10.3390/ijms21030821
https://doi.org/10.3390/ijms222011177
https://doi.org/10.1186/s13041-014-0059-9
https://doi.org/10.1016/j.bja.2023.08.010
https://doi.org/10.1152/physiol.00026.2008
https://doi.org/10.3390/ijms22073360

J. Chen, W. Sun, Y. Zhu et al.

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

Tobita N, Tsuneto K, Ito S, Yamamoto T. Human TRPV1 and TRPA1 are receptors
for bacterial quorum sensing molecules. J Biochem 2022;170(6):775-85. doi:10.
1093/jb/mvab099.

Cavanaugh DJ, Chesler AT, Jackson AC, Sigal YM, Yamanaka H, Grant R, et al.
Trpvl reporter mice reveal highly restricted brain distribution and functional
expression in arteriolar smooth muscle cells. J Neurosci 2011;31(13):5067-77.
doi:10.1523/JNEUROSCI.6451-10.2011.

Mezey E, Téth ZE, Cortright DN, Arzubi MK, Krause JE, Elde R, et al. Distribution
of mRNA for vanilloid receptor subtype 1 (VR1), and VR1-like immunoreactivity,
in the central nervous system of the rat and human. Proc Natl Acad Sci U S A
2000;97(7):3655-60. doi:10.1073/pnas.97.7.3655.

Roberts JC, Davis JB, Benham CD. [3H]Resiniferatoxin autoradiography in the CNS
of wild-type and TRPV1 null mice defines TRPV1 (VR-1) protein distribution. Brain
Res 2004;995(2):176-83. doi:10.1016/j.brainres.2003.10.001.

Bai X, Zhang K, Ou C, Nie B, Zhang J, Huang Y, et al. Selective activation of
AKAP150/TRPV1 in ventrolateral periaqueductal gray GABAergic neurons facil-
itates conditioned place aversion in male mice. Commun Biol 2023;6(1):742.
doi:10.1038/542003-023-05106-4.

Marsch R, Foeller E, Rammes G, Bunck M, Kossl M, Holsboer F, et al. Reduced anxi-
ety, conditioned fear, and hippocampal long-term potentiation in transient receptor
potential vanilloid type 1 receptor-deficient mice. J Neurosci 2007;27(4):832-9.
doi:10.1523/JNEUROSCI.3303-06.2007.

You 1J, Jung YH, Kim MJ, Kwon SH, Hong SI, Lee SY, et al. Alterations in
the emotional and memory behavioral phenotypes of transient receptor poten-
tial vanilloid type 1-deficient mice are mediated by changes in expression of 5-
HT(1)A, GABA(A), and NMDA receptors. Neuropharmacology 2012;62(2):1034—
43. doi:10.1016/j.neuropharm.2011.10.013.

Di Marzo V, Gobbi G, Szallasi A. Brain TRPV1: a depressing TR(i)P down mem-
ory lane? Trends Pharmacol Sci 2008;29(12):594-600. doi:10.1016/j.tips.2008.
09.004.

Shiri M, Komaki A, Oryan S, Taheri M, Komaki H, Etaee F. Effects of cannabinoid
and vanilloid receptor agonists and their interaction on learning and memory in
rats. Can J Physiol Pharmacol 2017;95(4):382-7. doi:10.1139/¢jpp-2016-0274.
Bashiri H, Hosseini-Chegeni H, Alsadat Sharifi K, Sahebgharani M, Salari AA. Ac-
tivation of TRPV1 receptors affects memory function and hippocampal TRPV1
and CREB mRNA expression in a rat model of biliary cirrhosis. Neurol Res
2018;40(11):938-47. doi:10.1080/01616412.2018.1504158.

Wang C, Huang W, Lu J, Chen H, Yu Z. TRPV1-mediated microglial autophagy
attenuates Alzheimer’s disease-associated pathology and cognitive decline. Front
Pharmacol 2021;12:763866. doi:10.3389/fphar.2021.763866.

DuY, Fu M, Huang Z, Tian X, Li J, Pang Y, et al. TRPV1 activation alleviates cogni-
tive and synaptic plasticity impairments through inhibiting AMPAR endocytosis in

452

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

Journal of Intensive Medicine 4 (2024) 442-452

APP23/PS45 mouse model of Alzheimer’s disease. Aging Cell 2020;19(3):e13113.
doi:10.1111/acel.13113.

Li HB, Mao RR, Zhang JC, Yang Y, Cao J, Xu L. Antistress effect of TRPV1 channel
on synaptic plasticity and spatial memory. Biol Psychiatry 2008;64(4):286-92.
doi:10.1016/j.biopsych.2008.02.020.

Gonzalez-Reyes LE, Ladas TP, Chiang CC, Durand DM. TRPV1 antagonist cap-
sazepine suppresses 4-AP-induced epileptiform activity in vitro and electrographic
seizures in vivo. Exp Neurol 2013;250:321-32. doi:10.1016/j.expneurol.2013.10.
010.

Jia YF, Li YC, Tang YP, Cao J, Wang LP, Yang YX, et al. Interference of TRPV1
function altered the susceptibility of PTZ-induced seizures. Front Cell Neurosci
2015;9:20. doi:10.3389/fncel.2015.00020.

Shim WS, Tak MH, Lee MH, Kim M, Kim M, Koo JY, et al. TRPV1 medi-
ates histamine-induced itching via the activation of phospholipase A2 and 12-
lipoxygenase. J Neurosci 2007;27(9):2331-7. doi:10.1523/JNEUROSCI.4643-06.
2007.

Ruzicka T, Simmet T, Peskar BA, Ring J. Skin levels of arachidonic acid-derived
inflammatory mediators and histamine in atopic dermatitis and psoriasis. J Invest
Dermatol 1986;86(2):105-8. doi:10.1111/1523-1747.ep12284061.

Schaible HG, von Banchet GS, Boettger MK, Bréduer R, Gajda M, Richter F, et al.
The role of proinflammatory cytokines in the generation and maintenance of
joint pain. Ann N Y Acad Sci 2010;1193:60-9. doi:10.1111/j.1749-6632.2009.
05301.x.

Li Y, Cai J, Han Y, Xiao X, Meng XL, Su L, et al. Enhanced function of TRPV1 via
up-regulation by insulin-like growth factor-1 in a rat model of bone cancer pain.
Eur J Pain 2014;18(6):774-84. doi:10.1002/j.1532-2149.2013.00420.x.

Huang WX, Yu F, Sanchez RM, Liu YQ, Min JW, Hu JJ, et al. TRPV1 promotes
repetitive febrile seizures by pro-inflammatory cytokines in immature brain. Brain
Behav Immun 2015;48:68-77. doi:10.1016/j.bbi.2015.01.017.

Andoh T, Kuraishi Y. Intradermal leukotriene B4, but not prostaglandin E2, in-
duces itch-associated responses in mice. Eur J Pharmacol 1998;353(1):93-6.
d0i:10.1016/50014-2999(98)00440-3.

Hwang SW, Cho H, Kwak J, Lee SY, Kang CJ, Jung J, et al. Direct activation of
capsaicin receptors by products of lipoxygenases: endogenous capsaicin-like sub-
stances. Proc Natl Acad Sci US A 2000;97(11):6155-60. doi:10.1073/pnas.97.11.
6155.

Pinho-Ribeiro FA, Baddal B, Haarsma R, O’Seaghdha M, Yang NJ, Blake KJ, et al.
Blocking neuronal signaling to immune cells treats streptococcal invasive infection.
Cell 2018;173(5):1083-97 .e22. doi:10.1016/j.cell.2018.04.006.

Chiu IM, Heesters BA, Ghasemlou N, Von Hehn CA, Zhao F, Tran J, et al.
Bacteria activate sensory neurons that modulate pain and inflammation. Nature
2013;501(7465):52-7. doi:10.1038/nature12479.


https://doi.org/10.1093/jb/mvab099
https://doi.org/10.1523/JNEUROSCI.6451-10.2011
https://doi.org/10.1073/pnas.97.7.3655
https://doi.org/10.1016/j.brainres.2003.10.001
https://doi.org/10.1038/s42003-023-05106-4
https://doi.org/10.1523/JNEUROSCI.3303-06.2007
https://doi.org/10.1016/j.neuropharm.2011.10.013
https://doi.org/10.1016/j.tips.2008.09.004
https://doi.org/10.1139/cjpp-2016-0274
https://doi.org/10.1080/01616412.2018.1504158
https://doi.org/10.3389/fphar.2021.763866
https://doi.org/10.1111/acel.13113
https://doi.org/10.1016/j.biopsych.2008.02.020
https://doi.org/10.1016/j.expneurol.2013.10.010
https://doi.org/10.3389/fncel.2015.00020
https://doi.org/10.1523/JNEUROSCI.4643-06.2007
https://doi.org/10.1111/1523-1747.ep12284061
https://doi.org/10.1111/j.1749-6632.2009.05301.x
https://doi.org/10.1002/j.1532-2149.2013.00420.x
https://doi.org/10.1016/j.bbi.2015.01.017
https://doi.org/10.1016/s0014-2999(98)00440-3
https://doi.org/10.1073/pnas.97.11.6155
https://doi.org/10.1016/j.cell.2018.04.006
https://doi.org/10.1038/nature12479

	TRPV1: The key bridge in neuroimmune interactions
	Introduction of Transient Receptor Potential Vanilloid Subfamily Member 1 (TRPV1)
	An Introduction to Neuroimmunity
	TRPV1 and the Immune System
	TRPV1 regulates the immune system through various mechanisms
	Expression of TRPV1 in the immune system
	TRPV1 promotes the secretion of neuropeptides to regulate the immune system
	TRPV1 activates Ca2+ channels to modulate the immune system

	Effect of TRPV1 on immune cells
	TRPV1 and proliferation and differentiation of immune cells
	TRPV1 and immune cell death
	TRPV1 and immune cell recruitment
	TRPV1 and immune cell activation

	TRPV1 regulates inflammatory response

	TRPV1 and the Nervous System
	The function of TRPV1 flows in the nervous system
	The role of TRPV1 in PNS functions
	The role of TRPV1 in peripheral central system functions

	Implications of the immune system (inflammatory mediators) in TRPV1 and neurological disease

	Summary and Conclusions
	Author Contributions
	Acknowledgments
	Funding
	Ethics Statement
	Conflict of Interest
	Data Availability
	References


