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The battle against the new coronavirus that continues to kill millions of people will be

still long. Novel strategies are demanded to control infection, mitigate symptoms and

treatment of COVID-19. This is even more imperative given the long sequels that the

disease has on the health of the infected. The discovery that S protein includes two

ankyrin binding motifs (S-ARBMs) and that the transient receptor potential vanilloid

subtype 1 (TRPV-1) cation channels contain these ankyrin repeat domains (TRPs-ARDs)

suggest that TRPV-1, the most studied member of the TRPV channel family, can play

a role in binding SARS-CoV-2. This hypothesis is strengthened by studies showing that

other respiratory viruses bind the TRPV-1 on sensory nerves and epithelial cells in the

airways. Furthermore, the pathophysiology in COVID-19 patients is similar to the effects

generated by TRPV-1 stimulation. Lastly, treatment with agonists that down-regulate or

inactivate TRPV-1 can have a beneficial action on impaired lung functions and clearance

of infection. In this review, we explore the role of the TRPV-1 channel in the infection,

susceptibility, pathogenesis, and treatment of COVID-19, with the aim of looking at

novel strategies to control infection and mitigate symptoms, and trying to translate this

knowledge into new preventive and therapeutic interventions.
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INTRODUCTION

COVID-19, a new human respiratory disease that continues to kill millions of people, is
a worldwide public health challenge. Its infectious agent, SARS-CoV-2, diverges from other
coronaviruses in some structural characteristics that render this virus more pathogenic and
transmissible. Of the four structural proteins, the spike protein (S) plays the fundamental role
in cell receptor recognition and subsequent entry of the virus. The discovery that S protein
encompasses two ankyrin binding motifs (S-ARBMs) and some transient receptor potential (TRP)
cation channels present the same ankyrin repeat domains (TRPs-ARDs) (1), it may be postulated
that the transient receptor potential vanilloid subtype 1 (TRPV-1), the most studied member of the
TRPV channel family, can play a role in binding SARS-CoV-2. This hypothesis is strengthened by
studies revealing that other respiratory viruses bind the TRPV-1 on sensory nerves and epithelial
cells in the airways (2). Furthermore, the pathophysiology in COVID-19 patients is similar to the
effects generated by TRPV-1 stimulation (3). Finally, treatment with agonists that down-regulate
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or inactivate TRPV-1 may have a beneficial effect on impaired
lung function (3–5), and clearance of infection (6). In this
review, we explore the role of TRPV-1 channel in the
infection, susceptibility, pathogenesis, and treatment of SARS-
CoV-2 infection.

TRPV-1

TRPV-1 is a nonselective cationic ligand-gated channel with
high permeability to Ca2+, extensively expressed on neuronal
and non-neuronal cell membranes, including immune cells and
type C sensory nerve fibers of air route (upper and lower lung
tract and parenchyma), where they act as molecular sensors to
differentiate temperature, noxious substances, and pain. This
was a revolutionary discovery which earned David Julius the
victory of the 2021 Physiology/Medicine Nobel Prize. TRPV-1
participates (through the generation of Ca2+ dependent signals)
in mechanisms that contribute to the defense of the airways
such as cough and mucociliary clearance (7, 8). The activation
of TRPV-1 mainly allows extracellular Ca2+ entrances into
neuronal cells, with release of neurotransmitters, the excitability
of the membrane and contraction of airway smooth muscle
(9). It is also considered a “pathological receptor” that plays
an important role in the transduction of noxious stimuli and
in the maintenance of inflammatory conditions (10). In fact,
TRPV-1 is involved in various inflammatory conditions, such
as in inflammatory bowel disease (IBD), cutaneous neurogenic
inflammation, brain inflammation, allergic asthma, colitis,
arthritis, hypersensitivity, chronic obstructive pulmonary disease
(COPD), and autoimmune diseases (11).

TRPV-1 works as a multisensory receptor for damage signals
and following exposure to inhaled particles, such as allergens,
cigarette smoke, air pollutants and virus too. Inflammation of
the airways is supported by the transfer of the signal from
neuronal fibers TRPV-1-positive to immune cells (12, 13).
TRPV-1 can also be triggered by exogenous mediators such
as capsaicin (CPS), resiniferatoxin, temperature (higher than
40◦C), acidic conditions (e.g., citric acid), and endogenous
mediators, including bioactive lipids, mainly produced during
inflammation (e.g., prostaglandins E2 (PGE2), thromboxanes,
and leukotrienes, three classes of arachidonic acid derivatives).
Furthermore, activation of TRPV-1 boosts the release of various
pro-inflammatory molecules, including neuropeptides substance
P (sP) and cytokines such as interleukin 6 (IL-6), the same
involved in the pathophysiological events affecting the COVID-
19. All the above hints envisage the involvement of TRPV-1 in
COVID-19 infection (3).

Abbreviations: IL-6, Interleukin 6; IL-2, Interleukin 2; IL-7, Interleukin 7;
IL-10, Interleukin 10; GSCF, Granulocyte colony-stimulating factor; IP-10,
Interferon È-induced protein; MCP1, Monocyte chemoattractant protein-1;
MIP1A, Macrophage inflammatory protein-1α; TNFα, Tumor Necrosis Factor α;
TRPV-1, Transient receptor potential vanilloid subtype 1; CPS, Capsaicin; DEP,
Diesel exhaust particulate; ECG, Electrocardiogram; HRV, Heart rate variability;
PGE2, Prostaglandin E2; BK, Bradykin; HRV, Human rhinovirus; RSV, Respiratory
syncytial virus; MV, Measles virus; HCV, Hepatitis C virus; HSV-2, Herpes simplex
virus type 2; HSV-1, Herpes simplex virus type 1; VZV, Varicella-zoster virus.

TRPV-1 IN VIRAL INFECTIONS

TRPV-1 expression is significantly activated by several viral
infections, including those through the respiratory route, i.e.,
human respiratory rhinovirus (HRV) and syncytial virus (RSV),
or even through other routes i.e., measles virus (MV), hepatitis
C virus (HCV), herpes simplex virus type 2 (HSV-2), herpes
simplex virus type 1 (HSV-1), and varicella-zoster virus (VZV)
(14, 15). This therefore suggested that TRPV-1 plays a central
role in host-pathogen contacts including the binding, entry and
replication of the virus. Recently, the involvement of TRPV-1
during Chikungunya virus (CHIKV) infection was studied in
host macrophages (16).

Furthermore, likewise COVID-19, CHIKV is a single-
stranded RNA virus, and generates symptoms, fever,
including high fever, nausea, vomiting, headache, rashes,
polyarthralgia, and myalgia (17–19), comparable to that of
COVID-19. Results showed that TRPV-1 was upregulated
by CHIKV infection. The involvement of TRPV-1 in
CHIKV was confirmed by using specific modulators the
5’-iodoresiniferatoxin (5’-IRTX, a TRPV-1 antagonist) and
resiniferatoxin (RTX, a TRPV-1 agonist). The results indicate
that TRPV-1 inhibition leads to a reduction in CHIKV infection,
whereas TRPV-1 activation significantly enhances CHIKV
infection (16). Furthermore, Sanjai Kumar and co-workers
demonstrated that CHIKV infection regulated Ca2+ influx
through TRPV-1 resulting in a higher production of pro-
inflammatory TNF and IL-6 the same during COVID-19
infection. These findings, therefore, suggest the involvement
of TRPV-1 in other viral infections, including COVID-19
(Figure 1).

INFLAMMATION IN SARS-COV-2
INFECTION AND POTENTIAL ROLE OF
TRPV-1

SARS-CoV-2 induces an alveolar-interstitial inflammation with
a high risk of acute pulmonary edema or acute respiratory
distress syndrome. The clinical signs of COVID-19 are consistent
with those observed in viral pneumonia (20). These pulmonary
changes are likely responsible for both systemic and localized
immune responses leading to a hyperinflammatory state.
The mortality rate in patients with SARS-CoV-2 infections
is related to virally driven “cytokine storm” that results
from a severe immune reaction in the lungs as measured
by high levels of inflammatory markers (c-reactive protein,
serum ferritin) and cytokine levels (IL-6, IL-2, IL-7, IL-10,
GSCF, IP10, MCP1, MIP1A, and TNFα) in the plasma (21).
Underlying physiological events leading to mortality have been
hypothesized to be closely linked to the TRPV-1 expressing
neuronal system in the lungs. The respiratory tract (higher and
lower) is densely populated by sensory afferents originating
from neurons in the nodose (vagal) ganglia (VG) and dorsal
root ganglia (DRG). Many of the neurons in these ganglia
express high levels of the TRPV-1 ion channel. The crosstalk
between TRPV-1 positive nerve fibers and immune cells is
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FIGURE 1 | (A) TRPV-1 is extensively expressed on neuronal and non neuronal cell membranes, including immune cells and type C sensory nerve fibers of the

airways (upper and lower respiratory tract and lung parenchyma). (B) TRPV-1 has been found to be significantly upregulated in numerous viral infections, similarly

SARS-CoV-2 is proposed to upregulate the expression of the channel on neuronal and non neuronal cell membranes of infected patients. Adapted from (9).

critical in mediating inflammation of the airways following
exposure to either inhaled allergens or viral infection (12,
22). A recent study has demonstrated that respiratory viral
infections (by rhinovirus, respiratory syncytial virus or measles
virus) can upregulate TRPV-1 receptors by channel specific
mechanisms (2). This upregulation can drive an inflammatory
cascade in the lungs leading to airways hyperactivity and
is dependent on the viral load and duration of infection.
Interestingly, treatment with TRPV-1 antagonist in this study
significantly inhibited TRPV-1 upregulation post viral infection.
The interaction of SARS-CoV-2 virus with TRPV-1 receptors
has not yet been investigated but given the respiratory
pathophysiology in COVID-19 cases, may exhibit similar
mechanisms that can result in sensitizing TRPV-1 receptors
resulting in hyper-inflamed lungs and associated complications.
Indeed activation of TRPV-1 enhances the release of several pro-
inflammatory molecules, including sP, and cytokines such as
IL-6. Moreover, pro-inflammatory substances have reported to
be upregulated in COVID-19 cases and reflect the severity of the
disease (23).

SUSCEPTIBILITY TO COVID-19 INFECTION

Pollution
Two big studies conducted in France examined the incidence
of myocardial infarction (MI) admission during the COVID-
19 pandemic, in particular the periods before and after the
lockdown in France (24, 25). The first study conducted in 22
centers in France identified a significant decline of admission
for MI (including ST-segment and non-ST segment raise MI)
during COVID-19 national lockdown. Both studies reported
30% (24) and 20% (25) drop of MI, the latter observed in two
region of France (“Hauts-de-France” and “Pays de-la-Loire”). The
authors concluded that the reduction in hospital admissions was
influenced by the decrease in air pollution, a well-known trigger
of acute MI (26).

Numerous epidemiological studies have consistently
highlighted associations between mortality and morbidity
due to cardiopulmonary diseases and increased air pollutants
(27, 28). These relationships, which are more reliable for
particulate matter (PM) and are often observed within hours
of PM concentration peaks in urban air, suggest that very fast
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events should take place (29, 30). A number of authors have
suggested neurological mechanisms to explain such short-term
toxicity of PM (27, 31–36) with TRPV-1 localized on vagal
bronchopulmonary C-fibers endings in the lung, as primarily
responsible for eliciting centrally mediated reflexes (37).

In vitro and in vivo studies showed that TRP channels
are activated by air contaminants. We recently demonstrated
that air pollutants, such as DEP, directly interact with TRPV-
1 and cause channel opening (38). Furthermore, the inhalation
of environmental (39) and diesel exhaust particulate (DEP)
(36) stimulate TRPV-1 causing changes in cardiac rhythm,
electrocardiogram (ECG) morphology, and decreased heart rate
variability (HRV). These results may be explained considering an
imbalance of autonomic heart control (in favor of sympathetic
activity), with centrally-mediated reflexes, via the afferent
unmyelinated C-fibers, which are in turn activated by PM. In
line with this hypothesis, a reduced HRV was observed in
susceptible individuals after short-term exposures to PM (40).
Furthermore, in patients taking ß-blockers, which regulated
the sympathetic activity, HRV reduction by PM exposure was
not detected (41). Our recent data (38) indicate that signals
from airways sensory nerves (i.e., DEP which directly activate
TRPV-1 and also endogenous mediators such as prostaglandin
E2 (PGE2) and bradykinin (BK) which are considered to
be indirect sensitizers of the channel), when they joined
the central nervous system (CNS) can affect the autonomic
impulse to the heart (Figure 2). All this evidence postulates
a proof of concept that explains the indication that peaks
of pollutants are associated with short-term cardiovascular
adverse events in susceptible subjects, as for example COVID-
19 patients.

Interconnection Between ACE2, TMPRSS2
and TRPV-1
That TRPV-1 interacts with other receptors is not new
(42). TRPV-1 may interact with Angiotensin-converting
enzyme 2 (ACE2) and transmembrane protease-serine 2
(TMPRSS2) through the activation of cyclooxygenase 2
(COX-2) and kininogen pathways (Figure 3). ACE2 and
TMPRSS2 are broadly documented as key cellular receptors
of SARS-CoV-2 to conquer target cells (43). In particular,
SARS-CoV-2 spike protein is processed by TMPRSS2 which
favors its binding to ACE2, expressed on epithelial lung
cells (44).

In the COX-2 pathway, TRPV-1 sensitization may be achieved
when SARS-CoV-2, by interacting with neuroinflammatory cells,
increases levels of PGE2, a potent inflammatory mediator that
is generated by the effect of COX-2 on arachidonic acid. High
PGE2 levels lead to prostaglandin receptors 1 (EP1) and 3 (EP3)
stimulation and subsequent TRPV-1 sensitization. The EP1 and
EP3 are regarded as stimulatory receptors as their activation leads
to stimulation of the cell concerned, such as contraction in the
smooth muscle cell or activation of the neuron. ACE2 that is a
negative regulator of the classical angiotensin-converting enzyme
(ACE) in the renin-angiotensin system (RAS) was discovered to
be dysregulated (decreased levels of ACE and increased levels of

ACE2 in the lung cells) in patients presenting severe symptoms
of COVID-19 (45). In addition, a significant increase of bioactive
lipid levels modulating lung inflammation of severe COVID-19
patients, compared to healthy controls, has been reported (46).
The Authors highlighted in COVID-19 patients, a predominance
of cyclooxygenase metabolites, in particular significant levels
of PGE2, and also increased levels of leukotrienes, compared
to controls (46). These products of inflammation are able to
activate TRPV-1.

In the kininogen pathway SARS-CoV-2, by interacting
with neuroinflammatory cells, increases levels of BK, which
is produced from an inactive pre-protein kininogen through
activation by the serine protease kallikrein. High BK levels lead to
BK receptors stimulation and subsequent TRPV-1 sensitization
on bronchopulmonary C-fibers. There are two types of receptors
for BK in the body, the BKB1 receptor which is inducible and
is expressed by the presence of inflammation and tissue damage
(47), and the BKB2 receptor which is present constitutively (48).
Both BKB1 and BKB2 receptors exert their effect by coupling to
G proteins and activating phospholipase C or A2. The activation
of phospholipase C leads to the sensitization of TRPV-1 through
protein kinase C (49, 50). Furthermore, the upregulation of
ACE2, in patients with severe symptoms of COVID-19 (45),
increases Angiotensin 1–9 levels that in turn rise the levels of BK
in the cells (referred to as a “Bradykinin Storm”), comporting
a dysregulated BK signaling in COVID-19 patients (51) with
further TRPV-1 sensitization.

Furthermore, we demonstrated that the air pollutant, DEP,
directly interacts with TRPV-1 contributing to channel opening
(38). Therefore, inhalation exposures to high levels of pollution
during SARS-CoV-2 infection could worsen the outcome of
COVID-19 in affected patients, directly modulating the activity
of TRPV-1.

Susceptibility of Elder People to
SARS-CoV-2
Studies on knockout (TRPV-1–/–) mice or using a
pharmacological block with TRPV-1 antagonist (capsazepine)
or agonist such (resiniferatoxin) have revealed that TRPV-1
presents an anti-inflammatory function and a decreased systemic
inflammatory response, by reducing the production of TNFα,
on a systemic inflammatory animal model on which a “cytokine
storm” was induced. The anti-inflammatory activity gave
however way to a pro-inflammatory activity in elderly rats. In
particular, TRPV-1 expression was found to be upregulated in
the lungs of rats, in relation to not only the progress of pathology
but also with age, revealing a primarily anti-inflammatory role
of TRPV-1 in young and a pro-inflammatory function in the
elderly (52).

The pro-inflammatory role of TRPV-1 in the elderly might
contribute to aggravate the incidence of COVID-19 fatality
associated with older patients, especially people over 65-years-
old. This, along with an overall deterioration of immune function
and the higher rate of comorbidity, making the elderly more
susceptive to infections, could help to clarify the progression and
unbalanced impact of COVID-19 in the elderly.
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FIGURE 2 | Simplified depiction of how exposure to air pollutants is proposed to sensitize the sensory to autonomic reflex arc and alter subsequent responses.

Inhaled component of air pollution (i.e., DEP), directly sensitizes TRPV-1 (green pathway) located on vagal bronchopulmonary C-fibers endings. Activation of airways

sensory nerves (yellow pathway) stimulates neurons in the midbrain (NTS) and, through a neuromodulation process in the CNS, causes the efferent motor responses

(red and violet pathways) to the heart (autonomic imbalance) and to respiratory muscles (cough). Adapted from (141).

SYMPTOMS

The most common symptoms of COVID-19 are fever,
cough, dyspnea, altered sense of taste/smell, palpitations.
Less common symptoms include: myalgia and arthralgia, fatigue,
rhinorrhea/nasal congestion, chest tightness, chest pain and
hemoptysis, gastrointestinal symptoms, sore throat, headache,
dizziness, neurological symptoms, ocular symptoms, audio-
vestibular symptoms, cutaneous symptoms (53). While in severe
cases patients with COVID-19 at admission in the hospital the
most common symptoms are fever, cough, and/or shortness
of breath, in mild or moderate disease are headache, loss of
smell, nasal obstruction with cough. Overall, the prevalence of
symptoms was highest in people aged 30–60 years; the most
common atypical presentation in older adults was confusion.
Most of these symptoms are associated with pathways controlled
by TRPV-1.

Cough
Cough is the major COVID-19 symptom (54), not necessarily
associated with severity. The cough reflex is initiated by
activation of TRPV-1 receptors on vagal bronchopulmonary
C-fibers endings which are mainly involved in airways reflex
responses and primarily responsible for “detecting” inhaled
toxicants’ presence. In effect, TRPV-1 represents a portal of entry
to respiratory tract irritation and reflex responses induced by

inhaled oxidant agents (55, 56), particulate air pollution (39),
and cigarette smoking (57). Moreover, patients suffering from
chronic cough exhibit increased levels of TRPV-1 positive cells
in the airways. Interestingly, TRPV-1 upregulation in neuronal
cell cultures, infected by rhinoviruses, may explain cases of cough
hypersensitivity syndrome following airway viral infections
(post-viral vagal neuropathy), regardless of inflammation (58).
Prevalence of post-COVID-19 cough varied widely between
studies (59–61). However, there’s a growing opinion that vagal
neuroinflammation caused by the virus is closely connected to
the development and persistence of COVID-19 cough (62).

A way to quantification cough and evaluate the effect of
pharmacological intervention in cough investigation is the cough
challenge (63). Inhalation cough challenge, the most commonly
employed method to assess cough reflex sensitivity, implicates
the inhalation of tussive agents and the subsequent counting of
the induced coughs number (64). CPS mainly acts on TRPV-
1, thus the CPS cough challenge has been applied to investigate
TRPV-1 function in vivomeasuring cough response (63). During
an upper respiratory infection, a temporary increase in cough
sensitivity to inhaled CPS has been demonstrated, moreover CPS
sensitivity has been positively associated with the cough severity
score (65). Our group recently demonstrated that cough reflex
induced by CPS can be modulated by inhalation of endogenous
mediators of TRPV-1, PGE2, and BK, in healthy subjects (38).
The upregulation and subsequent modulation of TRPV-1 by

Frontiers in Medicine | www.frontiersin.org 5 November 2021 | Volume 8 | Article 753819

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liviero et al. TRPV1 and COVID-19

FIGURE 3 | Interconnection between ACE2, TMPRSS2, and TRPV-1 in SARS-CoV-2 infection. SARS-CoV-2 uses the ACE2 receptor for entry into lung epithelial cells

and the host cell serine protease TMPRSS2 for priming the S protein. ACE2 and TMPRSS2 may interact with TRPV-1 through the activation of COX-2 and kininogen

pathways. - COX-2 pathway (green pathway). TRPV-1 sensitization is due to the interaction between TRPV-1 and EP receptors (i.e., EP1 and EP3) stimulated by the

increase of PGE2 levels in the lungs of affected COVID-19 patients. SARS-CoV-2 interaction with neuroinflammatory cells increases levels of PGE2 a potent

inflammatory mediator that is generated by COX-2 conversion of arachidonic acid.- kininogen pathway (red pathway). TRPV-1 sensitization is due to the interaction

between TRPV-1 and BK receptors (i.e,. BKB1 and BKB2) stimulated by the increase of BK levels in the lungs. SARS-CoV-2 interaction with neuroinflammatory cells

increases levels of BK, referred to as a “Bradykinin Storm.” BK is produced from an inactive pre-protein kininogen through activation by the serine protease kallikrein.

The upregulation of ACE2 in patients with severe symptoms of COVID-19 increases Angiotensin 1–9 levels that in turn raise the levels of BK. High levels of PM in air

pollution, such as DEP, directly interact with TRPV-1 (gray arrow) by modulating its activity and increasing its sensitization. This interaction could worsen the outcome

of COVID-19 disease in affected patients. Adapted from (42).

lung inflammation products, i.e., PGE2, and BK, during and
following airways viral infections, including COVID-19, may
explain hypersensitivity of the cough reflex during the period of
illness and after COVID-19 (post-viral vagal neuropathy).

Persistent Fatigue
TRPV-1 is involved in persistent fatigue, a common symptom
following SARS-CoV-2 infection (66). Particularly interesting is
that TRPV-1 ligands, i.e., CPS and n-tert-butylecyclohexanol, are
able to alleviate chronic fatigue syndrome’s (CFS) symptoms. The
inhibition of TRPV-1 channel and the subsequent modulation of
pain perception, neuroendocrine function, oxidative stress, and
immune function, are believed to be involved in these beneficial
effects. N-tert-butylcyclohexanol, an antagonist of the TRPV-
1 channel, is more effective in reducing CFS symptoms than
CPS (67).

From Palpitation to Heart Attack
One of the major complications among COVID-19 patients
includes cardiac arrhythmias. The commonest arrhythmia is
sinus tachycardia which is usually associated with palpitations
causing discomfort to patients. One case of COVID-19 with
clinical features of autonomic dysfunction in the form of sinus
arrhythmia, postural hypotension, intermittent profuse sweating,

constipation, erectile dysfunction, and squeezing sensation in the
chest, was recently described (68). Another case of a 58-year-old
COVID-19 patient with a significant decrease in heart rate and a
paradoxical decline in HRV investigated at 24 h ECGmonitoring
(69) was published. Only one study evaluated the presence of
cardiac autonomic dysfunction in hospital COVID-19 patients
(70) founding an increased parasympathetic activity in COVID-
19 patients compared to healthy controls as demonstrated by
the increase in time domain variables of HRV. Unlike the time
domain variables, authors found that frequency domains of
HRV, specifically the Low Frequency and High Frequency ratio
(LF/HF) (traditionally considered a marker of sympathovagal
balance in the cardiovascular system), weren’t different between
the COVID-19 subjects and the healthy subjects. A case of
postural tachycardia syndrome was described several months
after confirmed SARS-CoV-2 infection (71). Anecdotal cases
of autonomic dysfunction (i.e., palpitations, fatigue, dizziness,
diarrhea, recurrent presyncope episodes) following viral SARS-
CoV-2 infection are emerging (72). Furthermore, a 58% increase
of out-of-hospital cardiac arrest in COVID-19 cases out of a total
of 9,806 reported in some provinces of Lombardy, the Italian
region most affected by SARS-CoV-2 was identified during the
first 40 days of the first wave of the outbreak (February 21st
through March 31st, 2020), compared with those that occurred
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during the same period in 2019. The cumulative incidence of
out-of-hospital cardiac arrest in 2020 was strongly associated
with the cumulative incidence of COVID-19 and the increase
in the number of cases of out-of-hospital cardiac arrest followed
the time course of the COVID-19 outbreak (73). Another study
conducted in Emilia Romagna region (one of the most severely
hit areas of Italy), during the first wave of the COVID-19
pandemic observed an increase in the out-of-hospital cardiac
mortality (74). Furthermore, a study conducted in Wuhan,
China, reports that cardiac damage also occurs in about 20% of
COVID-19 hospitalized patients (75).

TRPV-1 is among the TRP channels involved in the activation
of airway sensory nerves causing variability in the autonomic
efferent pathways that are resolved centrally at the level of
the mid-brain. This causes cardiovascular function changes i.e.,
alterations of cardiac rhythm and of ECG morphology (36, 39).
HRV spectral analysis is a valuable tool for the assessment of
cardiovascular autonomic function and to check out fluctuations
in autonomic tone. Changes in cardiac autonomic activity are
thought to be a common pathway leading to increased morbidity
and mortality from various disorders, including cardiovascular
disease. Indeed, data from literature sustain the assumption
that decreased HRV precedes the evolvement of a number of
cardiovascular disease risk factors (76). Plethora of evidence are
available in the literature demonstrating autonomic dysfunction
in other infectious diseases (77–91).

Recently our group (38) identified a mechanism, which is
operative in vivo in healthy subjects, by which sensitization of
airways sensory TRPV-1 channels by inhalation of endogenous
mediators of the channel PGE2 and BK dysregulates autonomic
cardiac rhythm increasing sympathetic heart activity. We have
demonstrated that an increase in sympathetic activity can be
generated by stimuli that are also able to sensitize airways
TRPV-1. This brings a proof of concept that signals from vagal
bronchopulmonary C-fibers, once they are integrated at the CNS
level, can modify autonomic drive to the heart, as was previously
demonstrated in animal models.

Therefore, the increase in cardiac arrest that emerged during
the COVID-19 pandemic, could be closely related to a potential
autonomic dysfunction of cardiac rhythm regulation, caused by
TRPV-1 sensitization.

Gastrointestinal Symptoms
Smell and Taste Disorders
Smell and taste disorders are very common in COVID-19 (92–
96). The nasal cavity expresss high levels of TRPV-1 trigeminal
receptors so that the intranasal trigeminal system is considered
the third chemical sense with olfaction and gustation (97).
TRPV-1 is among the TRP channels mainly involved in the
transduction of noxious sensation and is activated by pungent
odorous substances (97). TRP channels are also involved in the
process of gustation (98). Indeed associations have been observed
between TRPV-1 genetic variant rs8065080 (C>T, Val585Ile)
polymorphism, the same we analyzed in our previous work (99),
in modulation salt taste perception (100). The CPS agonist of
TRPV-1 is also implicated in the modulation of smell and taste
with sensory (olfactory) and sensitive (trigeminal) perceptions

coming together (101). In addition, most aroma compounds have
sensitive peculiarities linked to nasal hyper-reactivity to strong
aroma (sometimes identified as “hyperosmia” by patients who
present sino-nasal inflammation).

Nasal obstruction alone is relatively frequent in COVID-19.
In two studies, nasal obstruction was often reported, but not
associated with olfactory dysfunction (102, 103). In rhinitis, the
nasal itch is related to TRPV-1 (104). Mucus hypersecretion
and inflammation are also associated with TRPV-1 sensitization
(2, 105). CPS was found to be a choice as therapy for non-allergic
rhinitis (106, 107).

Anorexia
Loss of appetite is frequent and could be severe in COVID-19
(108). TRPV-1 is also involved in appetite through control of
appetite hormone levels or stimulation of gastrointestinal vagal
afferent signaling (109).

Nausea, Vomiting, and/or Diarrhea
Nausea, vomiting, and/or diarrhea are rather frequent symptoms
of COVID-19 (108). TRPV-1 activation leads to nerve fibers’
release of substances such as tachykinins that increase gastric
motility and stimulate gastric emptying (110). CPS can promote
gastroesophageal and abdominal pain, pyrosis, bloating, and/or
dyspepsia through TRPV-1 (111–113).

Pain
Myalgia, back pain, widespread hyperalgesia, and headache are
often concomitant with COVID-19 infection (96, 114). TRPV-1
is implicated in acute and chronic pain and migraine (115, 116).

GENETIC SUSCEPTIBILITY TO
SARS-COV-2 INFECTION AND SYMPTOMS

Genetic factors could explain the variability in COVID-19
symptoms. Single nucleotide polymorphisms (SNPs) in the
TRPV-1 gene modulate the functional asset of the channel and
contribute to different responsiveness to the agonist CPS in vitro
(56). Our group recently demonstrated that multiple TRPV-1
polymorphisms explain the variability in cough test sensitivity
to CPS in healthy subjects (99). In particular, four combined
SNPs: I315M (rs222747); I585V (rs8065080); T469I (rs224534);
P91S (rs222749) confer the major CPS sensitivity in vivo. Then,
the presence of a minimum of two polymorphisms, the 91S
combined with 315M or with 585I, was sufficient to produce a
significant effect at the CPS concentration causing 2 coughs. The
cough response to the modulation of TRPV-1 by endogenous
mediators PGE2 and BK, considered to be indirect sensitizers of
the channel, was instead irrespective of the presence of TRPV-
1 SNPs. That air pollutants, such as DEP, directly interact with
TRPV-1 and cause channel opening (38) suggests that genetics
variants also are relevant in the interaction between pollutants
and TRPV-1 activation too. This fact, in our opinion, could
in part explain epidemiological data which highlight higher
COVID-19 mortality in most polluted countries. In summary,
TRPV-1 genetic variants and their modulation by air pollutants
may play a central role in infection and effects of COVID-19.
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THERAPY/TREATMENT

Based on the above, there is the possibility that TRPV-
1 has a relevant role in the infection, susceptibility, and
symptoms of COVID-19. This encourages looking at therapeutic
agents to down-regulate COVID-19 symptoms and responses
TRPV-1-associated, including inflammatory response and cough.
Identifying a drug that could down-regulate or inactivate TRPV-
1 might therefore provide a protective environment to struggle
with SARS-CoV-2 infection and COVID-19 disease.

According to recent data, the inhibition of afferent activity,
above all the removal of TRPV-1+ afferent fibers from the
lung and airways, could exert a beneficial action on the
compromised lung function and clearance of infection (3).
Moreover, inactivation of the TRPV-1+ innervation could also
lead to better prevention or treatment of ventilator-associated
lung injury. Furthermore, several active ingredients of spices
including pungent (capsaicinoids) CPS, from red pepper (117),
resiniferatoxin, from tropical Euphorbia plants (118), allicin,
from onion and garlic (119) and non-pungent (capsinoids)
including piperine (black pepper) (120, 121), gingerol and
zingerone (ginger) (122), cinnamaldehyde, curcumin (123),
eugenol (clove), and camphor, are all TRPV-1 agonists. TRPV-1
is also activated by allyl isothiocyanate (AITC), the organosulfur
compound present in horseradish, mustard, and wasabi (124).
While the first exposure to TRPV-1 activators may induce
acute pain, repeated treatment promotes a refractory state of
TRPV-1, named as desensitization. This causes the inhibition
of receptor function and stops pain perception, underlying
a unique form of analgesia (125). This finding was firstly
described for CPS and application of CPS as topical ointments
has been applied in clinical use to alleviate chronic painful
conditions for decades. The acute desensitization of TRVP-1
occurs within few seconds (∼20) after the first administration
of vanilloids to the cell. Many signaling pathways including
calmodulin, calcineurin, or the decrease of phosphatidylinositol
4,5-bisphosphate, are involved in TRPV-1 desensitization.
Oxidative stress reduces phosphatidylinositol 4,5-bisphosphate,
and receptor desensitization could be reached at lower doses of
agonists in SARS-Cov-2 infection (5). Tachyphylaxis, defined as a
reduction in the response after frequent applications of agonists,
is another type of desensitization of TRPV-1 by CPS (126).

Patients affected by COVID-19 have been studied in order
to evaluate their response to these spices. Consecutive cough-
induced challenges were carried out on one of the patients
during the recovery phase. The effect of TRPV-1 agonists
disappeared in 1–4 h. The duration of this influence increased
to around 10 h when small doses of TRPV-1 agonists were
added to low-dose broccoli. Paracetamolmetabolites,N-acetyl-p-
benzoquinone imine, and p-benzoquinone, are TRPV-1 agonists
and increased the duration of action of the TRPV-1-broccoli
combinations to over 14 h. The results of the challenges suggest
a quick short-lasting TRPV-1 desensitization (5, 127). No
data until now are available on the treatment of COVID-19
patients with resiniferatoxin (RTX), a known potent agonist
of TRPV-1 and active pharmaceutical ingredient that has
the potential to be a highly peculiar factor for long-term

inactivation of TRPV-1 fibers. Furthermore, COVID-19 patients
with mild, moderate, and severe symptoms who received
curcumin/piperine treatment promptly recovered from initial
symptoms (fever, cough, sore throat, and breathlessness) and
exhibited better ability to maintain oxygen saturation above
94% and better clinical outcomes (128). In silico drug discovery
suggested that curcumin plays as SARS-CoV-2 main protease
inhibitor (129). Lastly, some other natural compounds, that
are well-known ligands for TRPV-1, may inhibit SARS-CoV-
2 as well as lessen some symptoms of COVID-19. Recognized
examples are represented by quercetin (130), resveratrol (131),
spermidine/spermine (132), naringenin (133), and baicalin. In
a prospective, randomized, controlled, and open-label study,
a daily dose of 1,000mg of quercetin was given for 30
days to 152 outpatients affected by COVID-19 to study its
adjuvant role in treating the initial symptoms and in preventing
the severe effects of the disease. Quercetin was effective in
ameliorating COVID-19 early symptoms as well as preventing
the severity of the disease (134). Spermidine and spermine,
powerful TRPV-1 ligands, have been found to inhibit SARS-
CoV-2 infection possibly by promoting viral degradation in
the endolysosomes (135). Naringenin, that diminishes TRPV-
1 activation channel producing analgesic effect (133), inhibited
human coronaviruses infection (136), suggesting that this
inhibition can be mediated by TRPV-1. As a final point, baicalin
exhibited strong antiviral activities and was recognized as the
first non-covalent, non-peptidomimetic inhibitor of SARS-CoV-
2 (137). Notably, previous reports showed that baicalin induced
down-regulation of TRPV-1 mRNA expression levels in DRG
neurons (138). Taken together, evidence gathered from the
literature suggests that TRPV-1 can be really considered as target
for handling this disease.

FUTURE CLINICAL APPLICATION

To make our hypothesis clearer and more translational in
the clinical setting we envisage future applications that we
briefly describe.

Identify Individuals at Risk of Developing
Disease
The analysis of the polymorphic site of the TRPV-1 for
deciphering COVID-19 susceptibility could be the key to identify
the more vulnerable individuals and those at higher risk for
severe disease. As suggested in our previous work (99), the
combination of I585, 91S, and 315M modifies the functional
properties of the channel and induces an increase in TRPV-1
protein expression due to the multiplied DNA copy number.
Furthermore, the corresponding TRPV-1 I585 mutation is
associated with a higher risk of wheeze and cough in children
with asthma. Since most COVID-19 symptoms are associated
with pathways controlled by TRPV-1, we, therefore, expect that
the people with 585I, 91S, and 315M will be more susceptible to
adverse effects of COVID-19 infection.

Within the epidemiological area, the identification of TRPV-
1 genetic polymorphisms could have important implication
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in SARS-CoV-2 susceptibility, infection and spread. TRPV-1
genetic variants by increasing the functional properties of the
channel could render people more susceptible to virus access into
the cell.

A Tailored Desensitization Treatment
Capsaicin is a common experimental trigger of cough through
TRPV-1 activation. However, one-month treatment with oral
capsaicin was found to improve cough through a putative
desensitization mechanism (139). A recent study (5) reports
that administration of a low dose of oral capsaicin (10 and
30mg of red pepper in capsules) provokes a rapid decrease
in induced cough (1–2min) and nasal obstruction in a single
COVID-19 patient, with ultra-rapid clinical effects, suggesting
TRPV-1 channel desensitization as the main mechanism. The
duration of the effect was around 2 h with 10mg and 3 h with
30mg. However, even if the TRPV-1 desensitization does not last
long, the repeated treatments (applications) with oral capsaicin
or other TRPV-1 agonists (tachyphylaxis) seems able to reduce
permanently the symptoms of cough and nasal obstruction that
are prevalent in COVID-19 disease.

Along the same lines, a recent publication shows a strong
correlation between grams of spice supply pro-capita per day and
a decrease in the total number of COVID-19 cases per million
population. This suggests that spice consumption, in particular
ginger, curcumin, allicin in garlic, which are all TRPV-1 agonists,
play a role in fighting COVID-19 (140).

Alternatively, as proposed by Nahama (3) the therapeutic
approaches targeting TRPV-1 containing nerve fibers in the
lungs, by use of an ultra-potent TRPV1 agonist could modulate
the inflammatory and immune signal activity, leading to reduced
mortality and better overall outcomes in COVID-19 disease. The
potential use of resiniferatoxin, currently in clinical trials for
cancer and osteoarthritis pain, as a possible ablating agent of
TRPV-1 positive pulmonary pathways in patients with advanced
COVID-19 disease, was recommended.

Despite the preliminary evidence and the proposed
hypotheses on the therapeutic role of TRPV-1 agonists,
future studies are however warranted to test the efficacy and
tolerability of these treatments targeting TRPV-1 on patients
with COVID-19 disease. Furthermore, research through the use
of tailored doses and timing of administration, should confirm
these data and mechanisms in order to develop medications,

patch tests (capsaicin), nasal sprays, or food supplements based
on TRPV-1 desensitization for the treatment of COVID-19
and its main symptoms, including not only cough but also
pain and tachycardia. These studies should be corroborated by
the genetic characterization of patients with COVID-19 by six
nonsynonymous functional polymorphisms of TRPV-1 (K2N
rs9894618, P91S rs222749, I315M rs222747, T469I rs224534,
T505A rs17633288, and I585V rs8065080), that determine a
substantial difference in capsaicin sensitivity with levels of SNP-
based responsiveness ranging from 2 to 6. Based on our previous
study we hypothesized that the most responsive individuals will
need a lower dose of agonist (capsaicin) to induce the same effect
than fairly ones. This would help to design tailored strategies for
SARS-CoV-2 infection too.

CONCLUSION

The battle against the new coronavirus will be still long, so
know the mechanisms of TRPV-1, a receptor involved in lung
defense mechanisms, inflammation, and immunomodulation
might be relevant in the susceptibility to SARS-CoV-2 infection.
Novel target polymorphic TRPV-1 receptor could be the
key factor in COVID-19 susceptibility to design not only
preventive but also therapeutic strategies in SARS-CoV-2
infections. Exploring the role of multiple SNPs of the TRPV-
1 gene in the sensitivity to lung and heart dysfunction in
SARS-CoV-2 infection will open new therapeutic approaches
targeting TRPV-1 that could modulate the inflammatory and
immune signal activity leading to a better overall outcome.

AUTHOR CONTRIBUTIONS

SP and FL conceived the manuscript. SP, FL, PM, and MC were
involved in early discussions and mapping the concepts that led
to this paper and wrote the first draft of the manuscript. All
authors read and critically reviewed drafts of the manuscript.

FUNDING

This study was supported by the BIRD175721 funding, provided
by the University of Padova, Department of Cardio-Vascular-
Thoracic Science and Public Health.

REFERENCES

1. Xia S, Zhu Y, Liu M, Lan Q, Xu W, Wu Y, et al. Fusion mechanism of 2019-
nCoV and fusion inhibitors targeting HR1 domain in spike protein. Cell Mol

Immunol. (2020) 17:765–7. doi: 10.1038/s41423-020-0374-2
2. Omar S, Clarke R, Abdullah H, Brady C, Corry J, Winter H, et al. Respiratory

virus infection up-regulates TRPV1, TRPA1 and ASICS3 receptors on airway
cells. PloS ONE. (2017) 12:e0171681. doi: 10.1371/journal.pone.0171681

3. Nahama A, Ramachandran R, Cisternas AF, Ji H. The role of afferent
pulmonary innervation in ARDS associated with COVID-19 and potential
use of resiniferatoxin to improve prognosis: A review. Med Drug Discov.

(2020) 5:100033. doi: 10.1016/j.medidd.2020.100033

4. Liu Z, Wang P, Lu S, Guo R, Gao W, Tong H, et al. Liquiritin, a novel
inhibitor of TRPV1 and TRPA1, protects against LPS-induced acute lung
injury. Cell Calcium. (2020) 88:102198. doi: 10.1016/j.ceca.2020.102198

5. Bousquet J, Czarlewski W, Zuberbier T, Mullol J, Blain H,
Cristol, et al. Potential interplay between Nrf2, TRPA1, and
TRPV1 in nutrients for the control of COVID-19. Int Arch

Allergy Immunol. (2021) 182:324–38. doi: 10.1159/00051
4204

6. Zhu J, Deng Y-Q, Wang X, Li X-F, Zhang N-N, Liu Z, et al. An
artificial intelligence system reveals liquiritin inhibits SARS-CoV-2 by
mimicking type I interferon. bioRxiv [Preprint]. (2020) 2020.05.02.074021.
doi: 10.1101/2020.05.02.074021

Frontiers in Medicine | www.frontiersin.org 9 November 2021 | Volume 8 | Article 753819

https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1371/journal.pone.0171681
https://doi.org/10.1016/j.medidd.2020.100033
https://doi.org/10.1016/j.ceca.2020.102198
https://doi.org/10.1159/000514204
https://doi.org/10.1101/2020.05.02.074021
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liviero et al. TRPV1 and COVID-19

7. 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) 170:1276–
80. doi: 10.1164/rccm.200402-174OC

8. McLeod RL, Fernandez X, Correll CC, Phelps TP, Jia Y,Wang X, et al. TRPV1
antagonists attenuate antigen-provoked cough in ovalbumin sensitized
guinea pigs. Cough Lond Engl. (2006) 2:10. doi: 10.1186/1745-9974-2-10

9. Du Q, Liao Q, Chen C, Yang X, Xie R, Xu J. The role of transient
receptor potential 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

10. Ferrer-Montiel A, Fernández-Carvajal A, Planells-Cases R, Fernández-
Ballester G, González-Ros JM, Messeguer À, et al. Advances in modulating
thermosensory TRP channels. Expert Opin Ther Pat. (2012) 22:999–
1017. doi: 10.1517/13543776.2012.711320

11. Xu M, Zhang Y, Wang M, Zhang H, Chen Y, Adcock IM, et al.
TRPV1 and TRPA1 in lung inflammation and airway hyperresponsiveness
induced by fine particulate matter (PM2.5). Oxid Med Cell Longev. (2019)
2019:7450151. doi: 10.1155/2019/7450151

12. Tränkner D, Hahne N, Sugino K, Hoon MA, Zuker C. Population of sensory
neurons essential for asthmatic hyperreactivity of inflamed airways. Proc Natl
Acad Sci. (2014) 111:11515–20. doi: 10.1073/pnas.1411032111

13. Deering-Rice CE, StockmannC, Romero EG, Lu Z, ShapiroD, Stone BL, et al.
Characterization of transient receptor potential vanilloid-1 (TRPV1) variant
activation by coal fly ash particles and associations with altered transient
receptor potential ankyrin-1 (TRPA1) expression and asthma. J Biol Chem.

(2016) 291:24866–79. doi: 10.1074/jbc.M116.746156
14. Kitagawa Y, Tamai I, Hamada Y, Usui K, Wada M, Sakata M, et al.

The orally administered selective TRPV1 antagonist, JTS-653, attenuates
chronic pain refractory to non-steroidal anti-inflammatory drugs in rats
and mice including post-herpetic pain. J Pharmacol Sci. (2013) 122:128–
37. doi: 10.1254/jphs.12276FP

15. Alhmada Y, Selimovic D, Murad F, Hassan, S.-L., Haikel Y, et al. Hepatitis C
virus-associated pruritus: etiopathogenesis and therapeutic strategies.World

J Gastroenterol. (2017) 23:743–50. doi: 10.3748/wjg.v23.i5.743
16. Sanjai Kumar P, Nayak TK, Mahish C, Sahoo SS, Radhakrishnan A, De S,

et al. Inhibition of transient receptor potential vanilloid 1 (TRPV1) channel
regulates chikungunya virus infection in macrophages. Arch Virol. (2021)
166:139–55. doi: 10.1007/s00705-020-04852-8

17. Nayak TK,Mamidi P, Kumar A, Singh LPK, Sahoo SS, Chattopadhyay S, et al.
Regulation of viral replication, apoptosis and pro-inflammatory responses by
17-AAG during chikungunya virus infection inmacrophages.Viruses. (2017)
9:3. doi: 10.3390/v9010003

18. Subudhi BB, Chattopadhyay S, Mishra P, Kumar A. Current
strategies for inhibition of chikungunya infection. Viruses. (2018)
10:235. doi: 10.3390/v10050235

19. Tanabe ISB, Tanabe ELL, Santos EC, Martins WV, Araújo, I.
Cavalcante MC, et al. Cellular and molecular immune response
to chikungunya virus infection. Front Cell Infect Microbiol. (2018)
8:345. doi: 10.3389/fcimb.2018.00345

20. Huang C,Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China. Lancet Lond Engl.

(2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5
21. Ruan Q, Yang K, Wang W, Jiang L, Song J. Clinical predictors of mortality

due to COVID-19 based on an analysis of data of 150 patients fromWuhan,
China. Intensive Care Med. (2020) 46:846–8. doi: 10.1007/s00134-020-05
991-x

22. Talbot S, Abdulnour R-EE, Burkett PR, Lee S, Cronin SJF, Pascal
MA, et al. Silencing nociceptor neurons reduces allergic airway
inflammation. Neuron. (2015) 87:341–54. doi: 10.1016/j.neuron.2015.0
6.007

23. Wang Z, Yang Y, Yang H, Capó-Aponte JE, Tachado SD, Wolosin JM, et
al. NF-κB feedback control of JNK1 activation modulates TRPV1-induced
increases in IL-6 and IL-8 release by human corneal epithelial cells.Mol Vis.

(2011) 17:3137–46. Available online at: https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC3235537/

24. Mesnier J, Cottin Y, Coste P, Ferrari E, Schiele F, Lemesle G, et al.
Hospital admissions for acute myocardial infarction before and after

lockdown according to regional prevalence of COVID-19 and patient
profile in France: a registry study. Lancet Public Health. (2020) 5:e536–
42. doi: 10.1016/S2468-2667(20)30188-2

25. Van Belle E, Manigold T, Piérache A, Furber A, Debry N, Luycx-Bore A, et
al. Myocardial infarction incidence during national lockdown in two French
provinces unevenly affected by COVID-19 outbreak: an observational study.
Lancet Reg Health - Eur. (2021) 2:100030. doi: 10.1016/j.lanepe.2021.100030

26. ClaeysMJ, Rajagopalan S, Nawrot TS, Brook RD. Climate and environmental
triggers of acute myocardial infarction. Eur Heart J. (2017) 38:955–
60. doi: 10.1093/eurheartj/ehw151

27. Pope CA, Dockery DW. Health effects of fine particulate air
pollution: lines that connect. J Air Waste Manag Assoc. (2006)
56:709–42. doi: 10.1080/10473289.2006.10464485

28. Sun Q, Hong X, Wold LE. Cardiovascular effects of ambient
particulate air pollution exposure. Circulation. (2010) 121:2755–
65. doi: 10.1161/CIRCULATIONAHA.109.893461

29. Peters A, von Klot S, Heier M, Trentinaglia I, Hörmann A,Wichmann HE, et
al. Exposure to traffic and the onset of myocardial infarction. N Engl J Med.

(2004) 351:1721–30. doi: 10.1056/NEJMoa040203
30. Folino F, Buja G, Zanotto G,Marras E, Allocca G, Vaccari D, et al. Association

between air pollution and ventricular arrhythmias in high-risk patients
(ARIA study): a multicentre longitudinal study. Lancet Planet Health. (2017)
1:e58–e64. doi: 10.1016/S2542-5196(17)30020-7

31. Gordon T, Reibman J. Cardiovascular toxicity of inhaled ambient particulate
matter. Toxicol Sci. (2000) 56:2–4. doi: 10.1093/toxsci/56.1.2

32. Bernstein JA, Alexis N, Barnes C, Bernstein IL, Bernstein JA, Nel A, et al.
Health effects of air pollution. J Allergy Clin Immunol. (2004) 114:1116–
23. doi: 10.1016/j.jaci.2004.08.030

33. Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M, et
al. Air pollution and cardiovascular disease: a statement for healthcare
professionals from the Expert Panel on Population and Prevention
Science of the American Heart Association. Circulation. (2004) 109:2655–
71. doi: 10.1161/01.CIR.0000128587.30041.C8

34. Schulz H, Harder V, Ibald-Mulli A, Khandoga A, Koenig W, Krombach F, et
al. Cardiovascular effects of fine and ultrafine particles. J Aerosol Med. (2005)
18:1–22. doi: 10.1089/jam.2005.18.1

35. Vermylen J, Nemmar A, Nemery B, Hoylaerts MF. Ambient air pollution
and acute myocardial infarction. J Thromb Haemost JTH. (2005) 3:1955–
61. doi: 10.1111/j.1538-7836.2005.01471.x

36. Robertson S, Thomson AL, Carter R, Stott HR, Shaw CA, Hadoke
PWF, et al. Pulmonary diesel particulate increases susceptibility
to myocardial ischemia/reperfusion injury via activation of
sensory TRPV1 and β1 adrenoreceptors. Part Fibre Toxicol. (2014)
11:12. doi: 10.1186/1743-8977-11-12

37. Lee LY, Widdicombe JG. Modulation of airway sensitivity to inhaled
irritants: role of inflammatory mediators. Environ Health Perspect. (2001)
109 Suppl.4:585–9. doi: 10.1289/ehp.01109s4585

38. Liviero F, Scarpa MC, De Stefani D, Folino F, Campisi M, Mason P, et al.
Modulation of TRPV-1 by prostaglandin-E2 and bradykinin changes cough
sensitivity and autonomic regulation of cardiac rhythm in healthy subjects.
Sci Rep. (2020) 10:15163. doi: 10.1038/s41598-020-72062-y

39. Ghelfi E, Rhoden CR, Wellenius GA, Lawrence J, Gonzalez-Flecha B.
Cardiac oxidative stress and electrophysiological changes in rats exposed to
concentrated ambient particles are mediated by TRP-dependent pulmonary
reflexes. Toxicol Sci. (2008) 102:328–36. doi: 10.1093/toxsci/kfn005

40. Holguín F, Téllez-Rojo MM, Hernández M, Cortez M, Chow JC,
Watson JG, et al. Air pollution and heart rate variability among
the elderly in Mexico City. Epidemiol Camb Mass. (2003) 14:521–
7. doi: 10.1097/01.ede.0000081999.15060.ae

41. Folino AF, ScapellatoML, Canova C,Maestrelli P, Bertorelli G, Simonato L, et
al. Individual exposure to particulate matter and the short-term arrhythmic
and autonomic profiles in patients with myocardial infarction. Eur. Heart J.
(2009) 30:1614–20. doi: 10.1093/eurheartj/ehp136

42. Szallasi A, Cortright DN, Blum CA, Eid SR. The vanilloid receptor TRPV1:
10 years from channel cloning to antagonist proof-of-concept. Nat Rev Drug
Discov. (2007) 6:357–72. doi: 10.1038/nrd2280

43. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen
S, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is

Frontiers in Medicine | www.frontiersin.org 10 November 2021 | Volume 8 | Article 753819

https://doi.org/10.1164/rccm.200402-174OC
https://doi.org/10.1186/1745-9974-2-10
https://doi.org/10.3389/fphys.2019.01064
https://doi.org/10.1517/13543776.2012.711320
https://doi.org/10.1155/2019/7450151
https://doi.org/10.1073/pnas.1411032111
https://doi.org/10.1074/jbc.M116.746156
https://doi.org/10.1254/jphs.12276FP
https://doi.org/10.3748/wjg.v23.i5.743
https://doi.org/10.1007/s00705-020-04852-8
https://doi.org/10.3390/v9010003
https://doi.org/10.3390/v10050235
https://doi.org/10.3389/fcimb.2018.00345
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1016/j.neuron.2015.06.007
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3235537/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3235537/
https://doi.org/10.1016/S2468-2667(20)30188-2
https://doi.org/10.1016/j.lanepe.2021.100030
https://doi.org/10.1093/eurheartj/ehw151
https://doi.org/10.1080/10473289.2006.10464485
https://doi.org/10.1161/CIRCULATIONAHA.109.893461
https://doi.org/10.1056/NEJMoa040203
https://doi.org/10.1016/S2542-5196(17)30020-7
https://doi.org/10.1093/toxsci/56.1.2
https://doi.org/10.1016/j.jaci.2004.08.030
https://doi.org/10.1161/01.CIR.0000128587.30041.C8
https://doi.org/10.1089/jam.2005.18.1
https://doi.org/10.1111/j.1538-7836.2005.01471.x
https://doi.org/10.1186/1743-8977-11-12
https://doi.org/10.1289/ehp.01109s4585
https://doi.org/10.1038/s41598-020-72062-y
https://doi.org/10.1093/toxsci/kfn005
https://doi.org/10.1097/01.ede.0000081999.15060.ae
https://doi.org/10.1093/eurheartj/ehp136
https://doi.org/10.1038/nrd2280
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liviero et al. TRPV1 and COVID-19

blocked by a clinically proven protease inhibitor. Cell. (2020) 181:271–
80.e8. doi: 10.1016/j.cell.2020.02.052

44. Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh C-L, et al. Cryo-EM
structure of the 2019-nCoV spike in the prefusion conformation. Science.
(2020) 367:1260–63. doi: 10.1126/science.abb2507

45. Garvin MR, Alvarez C, Miller JI, Prates ET, Walker AM, Amos
BK, et al. A mechanistic model and therapeutic interventions for
COVID-19 involving a RAS-mediated bradykinin storm. eLife. (2020)
9:e59177. doi: 10.7554/eLife.59177.sa2

46. Archambault AS, Zaid Y, Rakotoarivelo V, Turcotte C, Doré É, Dubuc I,
et al. High levels of eicosanoids and docosanoids in the lungs of intubated
COVID-19 patients. FASEB J. (2021) 35:e21666. doi: 10.1096/fj.202100540R

47. Ahluwalia J, Urban L, Capogna M, Bevan S, Nagy I. Cannabinoid 1 receptors
are expressed in nociceptive primary sensory neurons. Neuroscience. (2000)
100:685–8. doi: 10.1016/S0306-4522(00)00389-4

48. Couture R, Harrisson M, Vianna RM, Cloutier F. Kinin
receptors in pain and inflammation. Eur J Pharmacol. (2001)
429:161–76. doi: 10.1016/S0014-2999(01)01318-8

49. Premkumar LS, Ahern GP. Induction of vanilloid receptor channel activity
by protein kinase C. Nature. (2000) 408:985–90. doi: 10.1038/35050121

50. Sugiura T, Tominaga M, Katsuya H, Mizumura K. Bradykinin lowers
the threshold temperature for heat activation of vanilloid receptor 1. J
Neurophysiol. (2002) 88:544–8. doi: 10.1152/jn.2002.88.1.544

51. Roche JA, Roche R. A hypothesized role for dysregulated bradykinin
signaling in COVID-19 respiratory complications. FASEB J. (2020) 34:7265–
69. doi: 10.1096/fj.202000967

52. Wanner SP, Garami A, Pakai E, Oliveira DL, Gavva NR, Coimbra CC, et al.
Aging reverses the role of the transient receptor potential vanilloid-1 channel
in systemic inflammation from anti-inflammatory to proinflammatory. Cell
Cycle. (2012) 11:343–9. doi: 10.4161/cc.11.2.18772

53. Shah W, Heightman M, O’Brien S. UK guidelines for
managing long-term effects of COVID-19. The Lancet. (2021)
397:1706. doi: 10.1016/S0140-6736(21)00847-3

54. Hu Y, Sun J, Dai Z, Deng H, Li X, Huang Q, et al. Prevalence and severity
of corona virus disease 2019 (COVID-19): A systematic review and meta-
analysis. J Clin Virol. (2020) 127:104371. doi: 10.1016/j.jcv.2020.104371

55. 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) 389:816–24. doi: 10.1038/39807

56. Deering-Rice CE, Johansen ME, Roberts JK, Thomas KC, Romero EG, Lee
J, et al. Transient Receptor Potential Vanilloid-1 (TRPV1) Is a Mediator of
Lung Toxicity for Coal Fly Ash Particulate Material. Mol Pharmacol. (2012)
81:411–9. doi: 10.1124/mol.111.076067

57. Kanezaki M, Ebihara S, Gui P, Ebihara T, Kohzuki M. Effect of cigarette
smoking on cough reflex induced by TRPV1 and TRPA1 stimulations. Respir
Med. (2012) 106:406–12. doi: 10.1016/j.rmed.2011.12.007

58. Abdullah H, Heaney LG, Cosby SL, McGarvey LPA. Rhinovirus upregulates
transient receptor potential channels in a human neuronal cell line:
implications for respiratory virus-induced cough reflex sensitivity. Thorax.
(2014) 69:46–54. doi: 10.1136/thoraxjnl-2013-203894

59. Petersen MS, Kristiansen MF, Hanusson KD, Danielsen ME, Steigá
B, Gaini S, et al. Long COVID in the Faroe Islands - a longitudinal
study among non-hospitalized patients. Clin Infect Dis. (2020)
30:ciaa1792. doi: 10.1093/cid/ciaa1792

60. Chopra V, Flanders SA, O’Malley M, Malani AN, Prescott HC. Sixty-Day
outcomes among patients hospitalized with COVID-19. Ann Intern Med.

(2021) 174:576–8. doi: 10.7326/M20-5661
61. Stavem K, Ghanima W, Olsen MK, Gilboe HM, Einvik G.

Persistent symptoms 1.5–6 months after COVID-19 in non-
hospitalised subjects: a population-based cohort study. Thorax. (2021)
76:405–7. doi: 10.1136/thoraxjnl-2020-216377

62. Song W-J. Confronting COVID-19-associated cough and the post-
COVID syndrome: role of viral neurotropism, neuroinflammation,
neuroimmune responses. Lancet Respir Med. (2021) 9:533–
44. doi: 10.1016/S2213-2600(21)00125-9

63. Morice AH, Fontana GA, Belvisi MG, Birring SS, Chung KF, Dicpinigaitis
PV, et al. ERS guidelines on the assessment of cough. Eur. Respir J. (2007)
29:1256–76. doi: 10.1183/09031936.00101006

64. Morice AH, Kastelik JA, Thompson R. Cough challenge in
the assessment of cough reflex. Br J Clin Pharmacol. (2001)
52:365–75. doi: 10.1046/j.0306-5251.2001.01475.x

65. O’Connell F, Thomas VE, Studham JM, Pride NB, Fuller RW. Capsaicin
cough sensitivity increases during upper respiratory infection. Respir Med.

(1996) 90:279–86. doi: 10.1016/S0954-6111(96)90099-2
66. Townsend L, Dyer AH, Jones K, Dunne J, Mooney A, Gaffney F,

et al. Persistent fatigue following SARS-CoV-2 infection is common
and independent of severity of initial infection. PloS ONE. (2020)
15:e0240784. doi: 10.1371/journal.pone.0240784

67. Sarvaiya K, Goswami S. Investigation of the effects of vanilloids
in chronic fatigue syndrome. Brain Res Bull. (2016) 127:187–
94. doi: 10.1016/j.brainresbull.2016.09.015

68. Ghosh R, Roy D, Sengupta S, Benito-León J. Autonomic dysfunction
heralding acute motor axonal neuropathy in COVID-19. J Neurovirol. (2020)
26:964–6. doi: 10.1007/s13365-020-00908-2

69. Baumann C, Buchhorn R, Willaschek C. Heart Rate Variability
in a Patient with Coronavirus Disease (2020) 2020050209.
doi: 10.20944/preprints202005.0209.v1

70. Kaliyaperumal D, Karthikeyan Rk, Alagesan M, Ramalingam S.
Characterization of cardiac autonomic function in COVID-19 using
heart rate variability: a hospital based preliminary observational study. J
Basic Clin Physiol Pharmacol. (2021) 32:247–53. doi: 10.1515/jbcpp-202
0-0378

71. Miglis MG, Prieto T, Shaik R, Muppidi S, Sinn, D.-I., et al. A case report
of postural tachycardia syndrome after COVID-19. Clin Auton Res. (2020)
1–3. doi: 10.1007/s10286-020-00727-9

72. Dani M, Dirksen A, Taraborrelli P, Torocastro M, Panagopoulos D,
Sutton R, et al. Autonomic dysfunction in “long COVID”: rationale,
physiology and management strategies. Clin Med Lond Engl. (2021) 21:e63–
e67. doi: 10.7861/clinmed.2020-0896

73. Baldi E, Sechi GM, Mare C, Canevari F, Brancaglione A, Primi R, et al. Out-
of-Hospital Cardiac Arrest during the Covid-19 Outbreak in Italy. N Engl J

Med. (2020) 383:496–8. doi: 10.1056/NEJMc2010418
74. Campo G, Fortuna D, Berti E, Palma RD, Pasquale GD, Galvani M,

et al. In- and out-of-hospital mortality for myocardial infarction during
the first wave of the COVID-19 pandemic in Emilia-Romagna, Italy: a
population-based observational study. Lancet Reg. Health – Eur. (2021)
3. doi: 10.1016/j.lanepe.2021.100055

75. Shi S, Qin M, Shen B, Cai Y, Liu T, Yang F, et al. Association of cardiac
injury with mortality in hospitalized patients with COVID-19 in Wuhan,
China. JAMA Cardiol. (2020) 5:802–10. doi: 10.1001/jamacardio.2020.
0950

76. Thayer JF, Yamamoto SS, Brosschot JF. The relationship of autonomic
imbalance, heart rate variability and cardiovascular disease risk factors. Int
J Cardiol. (2010) 141:122–31. doi: 10.1016/j.ijcard.2009.09.543

77. Idiaquez J. Autonomic dysfunction in diphtheritic neuropathy. J Neurol

Neurosurg Psychiatry. (1992) 55:159–61. doi: 10.1136/jnnp.55.2.159
78. Bennett JL, Mahalingam R, Wellish MC, Gilden DH. Epstein-Barr virus–

associated acute autonomic neuropathy. Ann Neurol. (1996) 40:453–
5. doi: 10.1002/ana.410400316

79. Becker K, Görlach I, Frieling T, Häussinger D. Characterization and natural
course of cardiac autonomic nervous dysfunction in HIV-infected patients.
AIDS Lond Engl. (1997) 11:751–7. doi: 10.1097/00002030-199706000-00008

80. Alamy AH, Menezes FB, Leite ACB, Nascimento OM, Araújo A.
Dysautonomia in human T-cell lymphotrophic virus type I-associated
myelopathy/tropical spastic paraparesis. Ann Neurol. (2001) 50:681–
5. doi: 10.1002/ana.1264

81. Merz B, Bigalke H, Stoll G, Naumann M. Botulism type B
presenting as pure autonomic dysfunction. Clin Auton Res. (2003)
13:337–8. doi: 10.1007/s10286-003-0118-2

82. Mittal CM, Wig N, Mishra S, Deepak KK. Heart rate variability in human
immunodeficiency virus-positive individuals. Int J Cardiol. (2004) 94:1–
6. doi: 10.1016/j.ijcard.2003.02.002

83. Illarramendi X, Bührer-Sékula S, Sales AM, Bakker MI, Oliveira A,
Nery J, et al. High prevalence of vasomotor reflex impairment in
newly diagnosed leprosy patients. Eur J Clin Invest. (2005) 35:658–
65. doi: 10.1111/j.1365-2362.2005.01554.x

Frontiers in Medicine | www.frontiersin.org 11 November 2021 | Volume 8 | Article 753819

https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1126/science.abb2507
https://doi.org/10.7554/eLife.59177.sa2
https://doi.org/10.1096/fj.202100540R
https://doi.org/10.1016/S0306-4522(00)00389-4
https://doi.org/10.1016/S0014-2999(01)01318-8
https://doi.org/10.1038/35050121
https://doi.org/10.1152/jn.2002.88.1.544
https://doi.org/10.1096/fj.202000967
https://doi.org/10.4161/cc.11.2.18772
https://doi.org/10.1016/S0140-6736(21)00847-3
https://doi.org/10.1016/j.jcv.2020.104371
https://doi.org/10.1038/39807
https://doi.org/10.1124/mol.111.076067
https://doi.org/10.1016/j.rmed.2011.12.007
https://doi.org/10.1136/thoraxjnl-2013-203894
https://doi.org/10.1093/cid/ciaa1792
https://doi.org/10.7326/M20-5661
https://doi.org/10.1136/thoraxjnl-2020-216377
https://doi.org/10.1016/S2213-2600(21)00125-9
https://doi.org/10.1183/09031936.00101006
https://doi.org/10.1046/j.0306-5251.2001.01475.x
https://doi.org/10.1016/S0954-6111(96)90099-2
https://doi.org/10.1371/journal.pone.0240784
https://doi.org/10.1016/j.brainresbull.2016.09.015
https://doi.org/10.1007/s13365-020-00908-2
https://doi.org/10.20944/preprints202005.0209.v1
https://doi.org/10.1515/jbcpp-2020-0378
https://doi.org/10.1007/s10286-020-00727-9
https://doi.org/10.7861/clinmed.2020-0896
https://doi.org/10.1056/NEJMc2010418
https://doi.org/10.1016/j.lanepe.2021.100055
https://doi.org/10.1001/jamacardio.2020.0950
https://doi.org/10.1016/j.ijcard.2009.09.543
https://doi.org/10.1136/jnnp.55.2.159
https://doi.org/10.1002/ana.410400316
https://doi.org/10.1097/00002030-199706000-00008
https://doi.org/10.1002/ana.1264
https://doi.org/10.1007/s10286-003-0118-2
https://doi.org/10.1016/j.ijcard.2003.02.002
https://doi.org/10.1111/j.1365-2362.2005.01554.x
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liviero et al. TRPV1 and COVID-19

84. Bode AV, Sejvar JJ, Pape WJ, Campbell GL, Marfin AA. West Nile virus
disease: a descriptive study of 228 patients hospitalized in a 4-county region
of Colorado in 2003. Clin Infect Dis. (2006) 42:1234–40. doi: 10.1086/503038

85. Lin, T.-S., Chen, L.-K., Lin, T.-Y., et al. -H., Chen, M.-C., Jan, R.-H.
Autonomic dysfunction because of severe tetanus in an unvaccinated child.
Pediatr Neonatol. (2011) 52:169–71. doi: 10.1016/j.pedneo.2011.03.010

86. Junqueira LF. Insights into the clinical and functional significance of cardiac
autonomic dysfunction in Chagas disease. Rev Soc Bras Med Trop. (2012)
45:243–52. doi: 10.1590/S0037-86822012000200020

87. Vasconcelos DF, Junqueira LF. Cardiac autonomic and ventricular
mechanical functions in asymptomatic chronic chagasic cardiomyopathy.
Arq Bras Cardiol. (2012) 98:111–9. doi: 10.1590/S0066-782X2012005000002

88. Vijayabala J, Attapaththu M, Jayawardena P, de Silva SG,
Constantine G. Sympathetic dysfunction as a cause for hypotension
in dengue shock syndrome. Chin Med J. (2012) 125:3757–8.
doi: 10.3760/cma.j.issn.0366-6999.2012.20.032

89. Carter R, Hinojosa-Laborde C, Convertino VA. Heart rate variability
in patients being treated for dengue viral infection: new insights
from mathematical correction of heart rate. Front Physiol. (2014)
5:46. doi: 10.3389/fphys.2014.00046

90. Chow D, Nakamoto BK, Sullivan K, Sletten DM, Fujii S, Umekawa S, et al.
Symptoms of Autonomic Dysfunction in Human Immunodeficiency
Virus. Open Forum Infect Dis. (2015) 2. doi: 10.1093/ofid/of
v103

91. Nakao K, Namekawa M, Kondo S, Ono S, Nakano I. Subacute autonomic
and sensory neuropathy closely related to cytomegalovirus infection
preceded by frequent syncopal attacks. Rinsho Shinkeigaku. (2016) 56:555–
9. doi: 10.5692/clinicalneurol.cn-000863

92. Izquierdo-Dominguez A, Rojas-Lechuga MJ, Mullol J, Alobid I. Olfactory
dysfunction in the COVID-19 outbreak. J Investig Allergol Clin Immunol.

(2020) 30:317–26. doi: 10.18176/jiaci.0567
93. Lechien JR, Chiesa-Estomba CM, De Siati DR, Horoi M, Le Bon SD,

Rodriguez A, et al. Olfactory and gustatory dysfunctions as a clinical
presentation of mild-to-moderate forms of the coronavirus disease (COVID-
19): a multicenter European study. Eur Arch Oto-Rhino-Laryngol. (2020)
277:2251–61. doi: 10.1007/s00405-020-06024-5

94. Mullol J, Alobid I, Mariño-Sánchez F, Izquierdo-Domínguez A, Marin
C, Klimek L, et al. The loss of smell and taste in the COVID-19
outbreak: a tale of many countries. Curr Allergy Asthma Rep. (2020)
20:61. doi: 10.1007/s11882-020-00961-1

95. Salmon Ceron D, Bartier S, Hautefort C, Nguyen Y, Nevoux J, Hamel L, et
al. Self-reported loss of smell without nasal obstruction to identify COVID-
19. The multicenter Coranosmia cohort study. J Infect. (2020) 81:614–
20. doi: 10.1016/j.jinf.2020.07.005

96. Whittaker A, Anson M, Harky A. Neurological manifestations of COVID-
19: a systematic review and current update. Acta Neurol Scand. (2020)
142:14–22. doi: 10.1111/ane.13266

97. Poletti SC, Hausold J, Herrmann A, Witt M, Hummel T. Topographical
distribution of trigeminal receptor expression in the nasal cavity. Rhinology.
(2019) 57:147–52. doi: 10.4193/Rhin18.181

98. Piochi M, Cabrino G, Morini G, Torri L. Individual differences in the
perception of orthonasal irritation induced by food. Appetite. (2020)
144:104460. doi: 10.1016/j.appet.2019.104460

99. Liviero F, Campisi M, Scarpa MC, Mason P, Guarnieri G, Maestrelli
P, et al. Multiple single nucleotide polymorphisms of the transient
receptor potential vanilloid 1 (TRPV1) genes associate with cough
sensitivity to capsaicin in healthy subjects. Pulm Pharmacol Ther. (2020)
61:101889. doi: 10.1016/j.pupt.2020.101889

100. Dias AG, Rousseau D, Duizer L, Cockburn M, Chiu W, Nielsen D,
et al. Genetic variation in putative salt taste receptors and salt taste
perception in humans. Chem Senses. (2013) 38:137–45. doi: 10.1093/chemse/
bjs090

101. Cecchini MP, Riello M, Sandri A, Zanini A, Fiorio M, Tinazzi M.
Smell and taste dissociations in the modulation of tonic pain perception
induced by a capsaicin cream application. Eur J Pain. (2020) 24:1946–
55. doi: 10.1002/ejp.1644

102. Parma V, Ohla K, Veldhuizen MG, Niv MY, Kelly CE, Bakke
AJ, et al. More than Smell-COVID-19 is associated with severe

impairment of smell, taste, and chemesthesis. Chem Senses. (2020)
45:609–22. doi: 10.1093/chemse/bjaa041

103. SpethMM, Singer-Cornelius T, OberleM, Gengler I, Brockmeier SJ, Sedaghat
AR. Olfactory dysfunction and sinonasal symptomatology in COVID-19:
prevalence, severity, timing, associated characteristics. Otolaryngol–Head
Neck Surg. (2020) 163:114–20. doi: 10.1177/0194599820929185

104. Alenmyr L, Högestätt ED, Zygmunt PM, Greiff L. TRPV1-
mediated itch in seasonal allergic rhinitis. Allergy. (2009)
64:807–10. doi: 10.1111/j.1398-9995.2009.01937.x

105. Zhang X, Ye L, Huang Y, Ding X, Wang L. The potential role of TRPV1
in pulmonary hypertension: Angel or demon? Channels. (2019) 13:235–
46. doi: 10.1080/19336950.2019.1631106

106. Mounsey A, Feller CM. Capsaicin for nonallergic rhinitis.AmFamPhysician.

(2016) 94:217–218. Available online at: https://www.aafp.org/afp/2016/0801/
p217.html

107. Gerven LV, Steelant B, Alpizar YA, Talavera K, Hellings PW.
Therapeutic effect of capsaicin nasal treatment in patients with
mixed rhinitis unresponsive to intranasal steroids. Allergy. (2018)
73:248–50. doi: 10.1111/all.13245

108. Mao R, Qiu Y, He J-S, Tan J-Y, Li X-H, Liang J, et al. Manifestations and
prognosis of gastrointestinal and liver involvement in patients with COVID-
19: a systematic review and meta-analysis. Lancet Gastroenterol. Hepatol.
(2020) 5:667–78. doi: 10.1016/S2468-1253(20)30126-6

109. Christie S, Wittert GA, Li H, Page AJ. Involvement of TRPV1
channels in energy homeostasis. Front Endocrinol. (2018)
9:420. doi: 10.3389/fendo.2018.00420

110. de Man JG, Boeckx S, Anguille S, de Winter BY, de Schepper HU, Herman
AG, et al. Functional study on TRPV1-mediated signalling in the mouse
small intestine: involvement of tachykinin receptors. Neurogastroenterol
Motil. (2008) 20:546–56. doi: 10.1111/j.1365-2982.2007.01064.x

111. Kindt S, Vos R, Blondeau K, Tack J. Influence of intra-
oesophageal capsaicin instillation on heartburn induction and
oesophageal sensitivity in man. Neurogastroenterol Motil. (2009)
21:1032–e82. doi: 10.1111/j.1365-2982.2009.01332.x

112. Holzer P. Transient receptor potential (TRP) channels as drug targets
for diseases of the digestive system. Pharmacol Ther. (2011) 131:142–
70. doi: 10.1016/j.pharmthera.2011.03.006

113. Patcharatrakul T, Gonlachanvit S. Chili peppers, curcumins, and prebiotics
in gastrointestinal health and disease. Curr Gastroenterol Rep. (2016)
18:19. doi: 10.1007/s11894-016-0494-0

114. Abdullahi A, Candan SA, Abba MA, Bello AH, Alshehri MA, Afamefuna
VE, et al. Neurological and musculoskeletal features of COVID-
19: a systematic review and meta-analysis. Front Neurol. (2020)
11:687. doi: 10.3389/fneur.2020.00687

115. Ro JY, Lee J-S, Zhang Y. Activation of TRPV1 and TRPA1 leads to
muscle nociception and mechanical hyperalgesia. PAIN R©. (2009) 144:270–
7. doi: 10.1016/j.pain.2009.04.021

116. Moore C, Gupta R, Jordt S-E, Chen Y, Liedtke WB. Regulation
of pain and Itch by TRP Channels. Neurosci Bull. (2018) 34:120–
42. doi: 10.1007/s12264-017-0200-8

117. Yang F, Zheng J. Understand spiciness: mechanism of TRPV1
channel activation by capsaicin. Protein Cell. (2017) 8:169–
77. doi: 10.1007/s13238-016-0353-7

118. Szallasi A, Szab,ó T, Bír,ó T, Modarres S, Blumberg PM, Krause
JE, et al. Resiniferatoxin-type phorboid vanilloids display capsaicin-like
selectivity at native vanilloid receptors on rat DRG neurons and at
the cloned vanilloid receptor VR1. Br J Pharmacol. (1999) 128:428–
34. doi: 10.1038/sj.bjp.0702810

119. Ogawa N, Kurokawa T, Mori Y. Sensing of redox status by TRP channels.
Cell Calcium. (2016) 60:115–22. doi: 10.1016/j.ceca.2016.02.009

120. Okumura Y, Narukawa M, Iwasaki Y, Ishikawa A, Matsuda H, Yoshikawa M,
et al. Activation of TRPV1 and TRPA1 by black pepper components. Biosci
Biotechnol Biochem. (2010) 74:1068–72. doi: 10.1271/bbb.90964

121. Dong Y, Yin Y, Vu S, Yang F, Yarov-Yarovoy V, Tian Y, et al. A distinct
structural mechanism underlies TRPV1 activation by piperine. Biochem
Biophys Res Commun. (2019) 516:365–72. doi: 10.1016/j.bbrc.2019.06.039

122. Yin Y, Dong Y, Vu S, Yang F, Yarov-Yarovoy V, Tian Y, et al.
Structural mechanisms underlying activation of TRPV1 channels by

Frontiers in Medicine | www.frontiersin.org 12 November 2021 | Volume 8 | Article 753819

https://doi.org/10.1086/503038
https://doi.org/10.1016/j.pedneo.2011.03.010
https://doi.org/10.1590/S0037-86822012000200020
https://doi.org/10.1590/S0066-782X2012005000002
https://doi.org/10.3760/cma.j.issn.0366-6999.2012.20.032
https://doi.org/10.3389/fphys.2014.00046
https://doi.org/10.1093/ofid/ofv103
https://doi.org/10.5692/clinicalneurol.cn-000863
https://doi.org/10.18176/jiaci.0567
https://doi.org/10.1007/s00405-020-06024-5
https://doi.org/10.1007/s11882-020-00961-1
https://doi.org/10.1016/j.jinf.2020.07.005
https://doi.org/10.1111/ane.13266
https://doi.org/10.4193/Rhin18.181
https://doi.org/10.1016/j.appet.2019.104460
https://doi.org/10.1016/j.pupt.2020.101889
https://doi.org/10.1093/chemse/bjs090
https://doi.org/10.1002/ejp.1644
https://doi.org/10.1093/chemse/bjaa041
https://doi.org/10.1177/0194599820929185
https://doi.org/10.1111/j.1398-9995.2009.01937.x
https://doi.org/10.1080/19336950.2019.1631106
https://www.aafp.org/afp/2016/0801/p217.html
https://www.aafp.org/afp/2016/0801/p217.html
https://doi.org/10.1111/all.13245
https://doi.org/10.1016/S2468-1253(20)30126-6
https://doi.org/10.3389/fendo.2018.00420
https://doi.org/10.1111/j.1365-2982.2007.01064.x
https://doi.org/10.1111/j.1365-2982.2009.01332.x
https://doi.org/10.1016/j.pharmthera.2011.03.006
https://doi.org/10.1007/s11894-016-0494-0
https://doi.org/10.3389/fneur.2020.00687
https://doi.org/10.1016/j.pain.2009.04.021
https://doi.org/10.1007/s12264-017-0200-8
https://doi.org/10.1007/s13238-016-0353-7
https://doi.org/10.1038/sj.bjp.0702810
https://doi.org/10.1016/j.ceca.2016.02.009
https://doi.org/10.1271/bbb.90964
https://doi.org/10.1016/j.bbrc.2019.06.039
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liviero et al. TRPV1 and COVID-19

pungent compounds in gingers. Br J Pharmacol. (2019) 176:3364–
77. doi: 10.1111/bph.14766

123. Nalli M, Ortar G, Schiano Moriello A, Di Marzo V, De Petrocellis. L. Effects
of curcumin and curcumin analogues on TRP channels. Fitoterapia. (2017)
122:126–31. doi: 10.1016/j.fitote.2017.09.007

124. Everaerts W, Gees M, Alpizar YA, Farre R, Leten C, Apetrei A, et al.
The capsaicin receptor TRPV1 is a crucial mediator of the noxious effects
of mustard oil. Curr Biol CB. (2011) 21:316–21. doi: 10.1016/j.cub.2011.
01.031

125. Nilius B, Appendino G. “Spices: The Savory Beneficial Science of Pungency.”.
In: Nilius B, Amara SG, Lill R, et al. editors. Reviews of Physiology,
Biochemistry Pharmacology, Vol. 164 Reviews of Physiology, Biochemistry
Pharmacology., eds. Cham: Springer International Publishing (2013).
p. 1–76.

126. Vyklick,ý L, Nováková-Tousov,á K, Benedikt J, Samad A, Touska
F, Vlachov,á V. Calcium-dependent desensitization of vanilloid
receptor TRPV1: a mechanism possibly involved in analgesia
induced by topical application of capsaicin. Physiol Res. (2008) 57
Suppl.3:S59–S68. doi: 10.33549/physiolres.931478

127. Bousquet J, Le MV, Blain H, Czarlewski W, Zuberbier T, de la Torre R, et
al. Efficacy of broccoli and glucoraphanin in COVID-19: From hypothesis to
proof-of-concept with three experimental clinical cases.World Allergy Organ

J. (2021) 14:100498. doi: 10.1016/j.waojou.2020.100498
128. Pawar KS, Mastud RN, Pawar SK, Pawar SS, Bhoite RR, Bhoite RR, et

al. Oral Curcumin With Piperine as Adjuvant Therapy for the Treatment
of COVID-19: A Randomized Clinical Trial. Front. Pharmacol. (2021)
12:669362. doi: 10.3389/fphar.2021.669362

129. Ibrahim MAA, Abdelrahman AHM, Hussien TA, Badr EAA, Mohamed
TA, El-Seedi HR, et al. In silico drug discovery of major metabolites from
spices as SARS-CoV-2 main protease inhibitors. Comput Biol Med. (2020)
126:104046. doi: 10.1016/j.compbiomed.2020.104046

130. Gao W, Zan Y, Wang Z-J, Hu X-Y, et al. Quercetin ameliorates paclitaxel-
induced neuropathic pain by stabilizing mast cells, and subsequently
blocking PKCε-dependent activation of TRPV1. Acta Pharmacol. Sin. (2016)
37:1166–77. doi: 10.1038/aps.2016.58

131. Zhang Y, Huang F, Xu Y, Xiang W, Xie C. TRPV1 is involved in the
antinociceptive effects of resveratrol in paclitaxel-induced neuropathic pain.
Life. (2021) 14:66–74. doi: 10.1080/26895293.2020.1861111

132. Ahern GP, Wang X, Miyares RL. Polyamines are potent ligands
for the capsaicin receptor TRPV1. J Biol Chem. (2006) 281:8991–
5. doi: 10.1074/jbc.M513429200

133. Straub I, Mohr F, Stab J, Konrad M, Philipp SE, Oberwinkler J, et al.
Citrus fruit and fabacea secondary metabolites potently and selectively block
TRPM3. Br J Pharmacol. (2013) 168:1835–50. doi: 10.1111/bph.12076

134. Di Pierro F, Derosa G,Maffioli P, Bertuccioli A, Togni S, Riva A, et al. Possible
therapeutic effects of adjuvant quercetin supplementation against early-
stage COVID-19 infection: a prospective, randomized, controlled, open-label
study. Int J Gen Med. (2021) 14:2359–66. doi: 10.2147/IJGM.S318720

135. Gassen NC, Papies J, Bajaj T, Emanuel J, Dethloff F, Chua RL,
et al. SARS-CoV-2-mediated dysregulation of metabolism and
autophagy uncovers host-targeting antivirals. Nat. Commun. (2021)
12. doi: 10.1038/s41467-021-24007-w

136. Clementi N, Scagnolari C, D’Amore A, Palombi F, Criscuolo E, Frasca F,
et al. Naringenin is a powerful inhibitor of SARS-CoV-2 infection in vitro.
Pharmacol Res. (2021) 163:105255. doi: 10.1016/j.phrs.2020.105255

137. Su H, Yao S, Zhao W, Li M, Liu J, Shang W, et al. Discovery of baicalin and
baicalein as novel, natural product inhibitors of SARS-CoV-2 3CL protease
in vitro. bioRxiv [Preprint]. (2020). doi: 10.1101/2020.04.13.038687

138. Sui F, Zhang, C.-B., Yang N, Li, L.-F., et al. -Y., Huo, H.-R., et
al. Anti-nociceptive mechanism of baicalin involved in intervention of
TRPV1 in DRG neurons in vitro. J Ethnopharmacol. (2010) 129:361–
6. doi: 10.1016/j.jep.2010.03.039

139. Ternesten-Hasséus E, Johansson, E.-L., Millqvist E. Cough reduction using
capsaicin. Respir Med. (2015) 109:27–37. doi: 10.1016/j.rmed.2014.11.001

140. Elsayed Y, Khan NA. Immunity-Boosting Spices and the Novel Coronavirus.
ACS Chem Neurosci. (2020) 11:1696–8. doi: 10.1021/acschemneuro.0c00239

141. Undem BJ, Kajekar R, Hunter DD, Myers AC. Neural integration
and allergic disease. J. Allergy Clin Immunol. (2000) 106:S213–
220. doi: 10.1067/mai.2000.110153

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Liviero, Campisi, Mason and Pavanello. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 13 November 2021 | Volume 8 | Article 753819

https://doi.org/10.1111/bph.14766
https://doi.org/10.1016/j.fitote.2017.09.007
https://doi.org/10.1016/j.cub.2011.01.031
https://doi.org/10.33549/physiolres.931478
https://doi.org/10.1016/j.waojou.2020.100498
https://doi.org/10.3389/fphar.2021.669362
https://doi.org/10.1016/j.compbiomed.2020.104046
https://doi.org/10.1038/aps.2016.58
https://doi.org/10.1080/26895293.2020.1861111
https://doi.org/10.1074/jbc.M513429200
https://doi.org/10.1111/bph.12076
https://doi.org/10.2147/IJGM.S318720
https://doi.org/10.1038/s41467-021-24007-w
https://doi.org/10.1016/j.phrs.2020.105255
https://doi.org/10.1101/2020.04.13.038687
https://doi.org/10.1016/j.jep.2010.03.039
https://doi.org/10.1016/j.rmed.2014.11.001
https://doi.org/10.1021/acschemneuro.0c00239
https://doi.org/10.1067/mai.2000.110153
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Transient Receptor Potential Vanilloid Subtype 1: Potential Role in Infection, Susceptibility, Symptoms and Treatment of COVID-19
	Introduction
	TRPV-1
	TRPV-1 in Viral Infections
	Inflammation in SARS-COV-2 Infection and Potential Role of TRPV-1
	Susceptibility to COVID-19 Infection
	Pollution
	Interconnection Between ACE2, TMPRSS2 and TRPV-1
	Susceptibility of Elder People to SARS-CoV-2

	Symptoms
	Cough
	Persistent Fatigue
	From Palpitation to Heart Attack
	Gastrointestinal Symptoms
	Smell and Taste Disorders
	Anorexia
	Nausea, Vomiting, and/or Diarrhea
	Pain


	Genetic Susceptibility to SARS-CoV-2 Infection and Symptoms
	Therapy/Treatment
	Future Clinical Application
	Identify Individuals at Risk of Developing Disease
	A Tailored Desensitization Treatment

	Conclusion
	Author Contributions
	Funding
	References


