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Abstract: Chronic cough is common in the population, and among some there is no evident medical
explanation for the symptoms. Such a refractory or idiopathic cough is now often regarded as a
neuropathic disease due to dysfunctional airway ion channels, though the knowledge in this field is
still limited. Persistent coughing and a cough reflex easily triggered by irritating stimuli, often in
combination with perceived dyspnea, are characteristics of this disease. The patients have impaired
quality of life and often reduced work capacity, followed by social and economic consequences.
Despite the large number of individuals suffering from such a persisting cough, there is an unmet
clinical need for effective cough medicines. The cough treatment available today often has little or
no effect. Adverse effects mostly follow centrally acting cough drugs comprised of morphine and
codeine, which demands the physician’s awareness. The possibilities of modulating airway transient
receptor potential (TRP) ion channels may indicate new ways to treat the persistent cough “without a
reason”. The TRP ion channel vanilloid 1 (TRPV1) and the TRP melastin 8 (TRPM8) appear as two
candidates in the search for cough therapy, both as single targets and in reciprocal interaction.
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1. Introduction

1.1. Chronic Cough

Coughing by humans is a necessary protective mechanism to prohibit food and foreign substances
from reaching and harming the lower airways. However, coughing is also a symptom that signals
attention in the diagnosis of several diseases.

Coughing is one of the most common symptoms for which patients consult a doctor in the western
world, and the most usual cause is a common cold with associated cough [1–3]. However, when
coughing is not effective enough to “clear” the airways from phlegm and mucus, it can lead to a variety
of pathological conditions like atelectasis, bronchiectasis, pneumonia, lung abscesses, and pulmonary
scarring [4].

The definition of coughing varies in literature, but daily coughing, when it lasts for more than
two months, is, in general, regarded as chronic [5]. In addition, epidemiologic information on the
prevalence of chronic cough varies, and it is reported that up to 20% of the adult population suffers
from long lasting cough [2,6] with the condition related to a negative influence on quality of life and
social activities [7–9].

When clinical tests do not give any indication of well-known causes for coughing like airway
infection, asthma, post-nasal drip, chronic obstructive pulmonary disease (COPD), gastroesophageal
reflux disease, cancer, alveolitis, heart failure or medication with angiotensin-converting enzyme (ACE)
inhibitors, there is still a group of patients left over with chronic cough without a specific diagnosis
having an ongoing cough, often refractory to available cough medications. In the present review, such
patients will be referred to as having chronic idiopathic cough (CIC). How common this condition is
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has, however, been debated [5,10]. A similar group of patients with airway symptoms induced by
environmental irritants, reporting problems with chronic coughing, chest discomfort, dyspnea, rhinitis,
and eye irritation, has been identified [11,12]. The symptoms mimic asthma, but asthma-specific
tests are negative. These patients have an increased cough reaction to inhaled capsaicin (the active
compound of chili peppers), a tasteless and odorless substance that stimulates sensory nerves, and
the provoked cough reflects sensory nerve reactivity [13]. Such airway symptoms are interpreted as
airway sensory hyperreactivity (SHR). Cigarette smoke, car exhaust, perfumed products, and cold air
are some of the triggers for SHR symptoms [11]. SHR affects more than 6% of the adult population in
Sweden, mainly women, according to a population-based epidemiologic study [12]. In most cases,
the patients could also be diagnosed with CIC [14] or the recently established cough hypersensitivity
syndrome (CHS) [15]. This syndrome includes several airway conditions characterized by easily
evoked cough reflex and increased cough sensitivity to inhaled capsaicin [15–18]. There was a high
degree of agreement in a recent article reporting how opinion leaders in cough research regarded the
suggestion of CHS as a cause underlying the cough etiology in CIC [19], and it is today, together with
some forms of itch and pain [20], regarded as a possible neuropathic disease following neural injuries
from various inflammatory, infective, and irritative influences [21–23].

1.2. The Medical Problem of Treating CIC

Patients with pronounced CIC have, with little success in most cases, frequently tried a variety
of asthma, COPD, and cough medications. The international market for over the counter cough
medication is huge, reaching several billion euros [24], though there are few scientific data supporting
the effects of these products [25]. Whereas centrally acting medications like codeine and morphine can
decrease coughing temporarily, they are connected with well-known adverse effects like drowsiness,
difficulty concentrating, symptoms of the gall bladder, and constipation. In addition, there is a risk of
habituation or abuse. Recent research indicates that pregabalin and gabapentin may have a role in
treating severe CIC [23,26], though it is necessary to be aware of potential adverse reactions. There is
an unmet clinical need for new, safe, and effective cough therapies with few adverse effects [10].

2. TRP Ion Channels in the Airways

The TRP ion channels can be found abundantly in the airways, as in most of the human organ
systems and have during the last decades been important for studying multiple organ systems and their
interaction with the environment [13,27]. Many of these ion channels are present in primary airway
sensory neurons, some of which transmit nociceptive information to the brain. Furthermore, TRPV1
channels are expressed not only in sensory neurons but also in airway smooth muscle and epithelial
cells [28,29], and some evidence suggests that TRPV1 has functional roles in the immune system [30,31].

The TRPV1 ion channel together with the later identified transient ion channel ankyrin 1 (TRPA1)
have important functions in airway chemo-sensation and reflex control regarding temperature,
osmolarity and oxidant stress [30,32,33]. These ion channels are believed to play an important
role in asthma as well as in COPD [34–36]. Asthma is an inflammatory disease and many hopes
have been attached to TRP antagonists as potential asthma relievers, though the research in this
field is not unison [37]. However, a recent study, in a mice model of allergic asthma, also showed
that a TRPV1 inhibitor decreased airway inflammation, immunoglobulin E (IgE) levels and airway
hyperreactivity [38].

In addition, non-neuronal TRPV1 channels may be involved in airway disorders, and epithelial
cells play a significant role in both asthma and COPD. McGarvey et al. recently found increased
epithelial TRPV1 expression in severe asthma, indicating that the TRPV1 channels could represent a
possibility to treat severe asthma where available medications have not been successful [29].
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3. TRP Ion Channels in Chronic Cough

There is increasing evidence of the role of TRP ion channels, expressed by C and Aδ fibers in
the cough mechanism. The cough reflex is induced by activation of airway sensory nerves and TRP
ion channels related to the vanilloid (TRPV) and the ankyrin (TRPA) families [33,39–41]. In thermal
nociception and in inflammatory hyperalgesia, the TRPV1 is an integrator of triggering stimuli
and plays a role in protective reflexes like coughing and sneezing. In CIC, increased expression
of TRPV1 was found and also a correlation between cough sensitivity to inhaled capsaicin and the
quantity of TRPV1-positive nerves [42,43]. Several studies have pointed to heightened capsaicin cough
sensitivity in CIC [14,44]. Capsaicin is the main, often used agonist for TRPV1; as an inhalant, it has for
decades been used in cough provocation, regarded as a safe and reproducible procedure [2,11,45–50].
The results from such cough provocation studies suggest that the pathophysiology of CIC is related
to airway mucosal TRP receptors in sensory nerves, reacting to noxious stimuli [33], and today there
is a common opinion that the “cough without explanation” could be regarded as a neuropathic
disorder [21,23]. Whether the main mechanisms in CIC are generally peripherally or centrally
controlled is, however, debated [51–53], though both peripheral and central mechanisms may
be involved.

3.1. TRP Ion Channels as Therapeutic Targets for CIC

In recent years, there has been an emerging interest in the family of TRP ion channels as possible
therapeutic targets for a number of airway diseases, among them CIC [31,37,54]. The focus has been
not only on TRPV1 but also on TRPA1 and TRPM8 [55]. Modulation of these TRP ion channels may be
followed by disease improvement in a variety of airway disorders including CIC [34,54].

3.1.1. TRPV1 as a Therapeutic Target for CIC

TRPV1 is, in addition to being involved in cough and rhinitis, a major actor in pain and pain
sensitivity, subsequently followed by increasing interest in the development of TRPV1 antagonists,
both for cough treatment and for neuropathic pain disorders [37,56,57]. For the treatment of pain, there
have long been several products available (creams and patches) targeting the TRPV1, using topical
capsaicin to desensitize the sensory C fibers, probably by “exhausting” signal substances of the sensory
nerves [57]. A recent study showed that higher concentration of capsaicin in patches provided better
relief of neuropathic and chronic pain [58]. Topical treatment with capsaicin solution may also reduce
symptoms in non-allergic chronic rhinitis [59]. A current study found, in such patients, increased levels
of substance P in nasal lavage and overexpression of TRPV1 in nasal mucosa and treatment with topical
capsaicin decreased symptoms and lowered nasal hyperreactivity [60]. The authors hypothesized that,
in the nasal mucosa, capsaicin ablated the TRPV1–substance P nociceptive signaling pathway.

The TRPV1 ion channel was initially also called the “capsaicin receptor”, due to capsaicin’s close
relation to this receptor [61]. The noxious effect of capsaicin in chili fruits is well known and is used in
spices and pepper spray [62].

In light of the current lack of effective cough medications, it is natural that a number of
commercial pharmaceutical companies are developing drugs acting as antagonists on TRP ion
channels [37]. Resolvin D2 is a potent endogenous antagonists for TRPV1 [63], and there have
been many exogenous TRPV1 antagonists identified, some of them synthetic analogs of capsaicin, such
as capsazepine [55]. There have been hopeful findings in animal testing [64], but some of these projects
seem to have problems when the medication is finally tested in humans beings, having adverse effects
including hyperthermia and impaired noxious heat sensation, which has been extensively reviewed
earlier [31,37,65,66]. A recent study on the TRPV1 antagonist SB-705498 did reduce the capsaicin cough
sensitivity in patients with chronic cough, but not the cough frequency [65]. Up to now, there has been
no oral TRPV1 antagonist available on the market for either cough or pain.
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Desensitization is a complex, not exactly defined process, but it has a therapeutic potential and
when inhaled, capsaicin in humans is known to cause a short period of desensitization in terms of less
cough sensitivity [67,68].

Capsaicin, the major trigger of TRPV1, is found naturally in a great variety of food dishes
comprising different kinds of chili products, giving a “hot” taste and further inducing a number of
physiological reactions of which some seem to be health promoting [69]. The use of chili in food varies
between different countries and cultures. Most western countries have no long tradition of the use of
chili in cooking. A dish with a lot of hot chili can result in undesired symptoms like irritation in the
mouth and throat, sneezing, eye irritation, and sometimes coughing. It is “common knowledge” that
it is possible to get used to spicy food by gradually increasing the intake. The TRPV1 receptors use
neuropeptides to evoke brain signals, and if these receptors are regularly stimulated, neuropeptides
are depleted, and few or no symptoms are awakened by spicy food [37,70]. Previously, it was thought
that capsaicin desensitization is only possible when capsaicin is applied locally on skin or inhaled.
For ingested capsaicin to have an effect on coughing, it must act systemically after transport in the
circulatory system. Little is known about the absorption and distribution of capsaicin in humans,
and only one study has looked at capsaicin human pharmacokinetics—after a large meal of Thai
capsicums [71]. This study found a low bioavailability of capsaicin, though this is likely explained
by conversion of capsaicin in the intestine to dihydrocapsaicin, an intestinal metabolite of capsaicin,
which was not measured but probably induced reactions similar to those from capsaicin. Given the
interest in capsaicin, both for the purpose of cough and pain suppression and also as an emerging
therapy for obesity and cancer [31,69,72], this is a major knowledge gap. A method developed to
analyze capsaicin in human sera with high performance liquid cromatography (HPLC) gives new
possibilities of reducing this gap and studying any dose-response relation [73].

In the clinic, we have encountered patients who claim to have “treated” their cough by eating
very spicy food equivalent to several fresh chili pepper fruits per day. However, the same dietary
recommendations have not been feasible because of the experience of the strong flavor. In a recent pilot
study, 21 patients with chronic cough had fewer symptoms and reduced cough reflex sensitivity if they
regularly consumed capsules containing concentrated capsaicin from chili peppers [74]. There were no
adverse effects and the daily intake of capsaicin corresponded to what it is common to eat regularly in
countries such as Mexico and Thailand. Epidemiological research found the incidence of chronic cough
in countries with regular intake of spicy food to be around 2%, compared to up to 20% in western
countries [75], supporting the observation that first led to this work in Sweden. Since the current pilot
study [74] has showed convincing results, orally given capsaicin has been identified as a possible
treatment of cough, offering a good option for those people not used to spicy foods.

3.1.2. TRPM8 as a Therapeutic Target for CIC

Patients with CIC and SHR often complain that exercising in cold air is an inducing factor for
cough [47,48,76,77], and exercise in a cold air chamber was followed both by both coughing and
increased capsaicin sensitivity [78]. It seems likely that TRPM8 and TRPA1, known to react to low
temperatures, are involved in airway symptoms induced by cold air. The sensation of cold evoked by
menthol was explained by the discovery of the TRPM8 ion channel reacting to cool temperatures and
menthol [79–81]. Menthol (C10H20O), synthetically produced or extracted from mint oils, is a covalent
organic compound that is present in a number of over the counter (OTC) products for ameliorating
symptoms in rhinitis, common cold and throat irritation. Eccles et al. found no significant effect
on nasal patency [82]. Whereas OTC products comprising menthol for relief of airway symptoms
have been available for decades, only a few scientific studies support the cough-relieving effects from
menthol products, though the interest in a potential effect in cough treatment seems to be increasing.

Menthol is also used in the tobacco industry as a cigarette brand to improve flavor and disguise
the airway irritation evoked by smoking [83,84]. Already in 1994, Morice et al. published results
from a study proving that, in humans, cough induced by inhaling citric acid could be prevented
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from pre inhalation of menthol [85]. A year later, the concordant results were shown in guinea
pigs [85]. However, in children, Kenia et al. found no difference in cough count compared to placebo
when a provocation with citric acid was preceded by inhalation of menthol, whereas the perception
of nasal patency increased [86]. Another study showed that premedication of menthol inhalation
before bronchoscopy did not improve coughing during the process, but late symptoms of cough and
dyspnea improved as did peak expiratory flow [87]. Later reports indicated the possibility of reducing
cough sensitivity with inhaled or intranasal menthol given before a provocation with cough-inducing
agents [88–91]. In summary, menthol seems to have a capacity to reduce the sensitivity of an important
airway defense mechanism that could be used for good (in cough medications) or for bad (in cigarette
brands) [84].

Also regarding TRPM8 and menthol, there is a parallel between the airways and the skin regarding
the treatment of itch and pain, with some studies reporting a beneficial effect from topical menthol
preparations [92–94]. However, in healthy humans, topical cutaneous menthol provoked cold allodynia,
suggested as being the results from a sensitization of nociceptors reacting on cold stimuli [95,96],
indicating complex innervation mechanisms where menthol in some situations may be hyperalgesic
but may be analgesic in some patients with peripheral and central neuropathic pain. Also illustrating
the confusing role of menthol and the TRP channels are the findings that the TRPA1 ion channel, known
to evoke cough from noxious stimuli and cold, is a highly sensitive receptor for menthol, probably
involved in a variety of menthol induced physiological reactions [36,97]. Takaishi et al. elucidated
these questions, demonstrating a reciprocal effect of capsaicin and menthol wherein menthol proved
to have an anti-nociceptive effect on TRPV1, and capsaicin inhibited TRPM8-mediated currents [98].
Furthermore, there was a mutual inhibition of temperature activation in human TRPV1 or TRPM8 and
a binding site of menthol was identified in TRPV1.

Although it is better understood today, the theoretical explanation as to why menthol has an
ameliorating effect on cough reflex sensitivity remains in part obscure, but acting via TRPM8, menthol
may interfere with TRPV1 and the cough outcome from capsaicin and environmental irritants [34,35].

4. Conclusions

During the last decade, a new paradigm has been developed of CIC as a possible neuropathic
disease that could be linked to the TRP ion channels, with persisting cough as an unmistakable
symptom. The lack of effective medical treatment in CIC is obvious and frustrating, though
neuromodulators and new receptor antagonists indicate different novel options to ameliorate cough
and cough sensitivity, as does the possibility of TRPV1 desensitization [23,74,99]. The TRPV1 antagonist
SB-705498 revealed no negative properties but a somewhat surprising effect only on the capsaicin
cough sensitivity, not on the cough symptoms [65]. However, this is in concordance with other reports
studying rhinitis and pruritus [100–103] showing no improvement from treatment with SB-705498.
The results could suggest that TRPV1 may not be of such great importance in chronic cough as earlier
believed, but the evident relation between chronic cough, TRPV1 expression and cough sensitivity to
inhaled capsaicin contradicts such a paradigm change. The SB-705498 is a highly selective molecule
and the blocking of TRPV1 in terms of both lowering capsaicin sensitivity and improving cough
symptoms may demand a more complex structure interacting on different binding sites. It would,
however, be interesting to carry out a clinical study with SB-705498 in patients with severe, refractory
asthma, since the mechanisms in such asthma is quite different from those in chronic cough and
recent findings showed increased epithelial TRPV1 expression in this difficult to treat condition [29].
One major problem is the lack of tools to study how TRP channels appear and change in CIC and other
airway disorders.

There is a rich “flora” of OTC medications based on a diversity of substances, though few scientific
studies can confirm measurable effects. Future research in cough medication should focus on proving
reliable effects with few adverse events.



Pharmaceuticals 2016, 9, 45 6 of 10

Acknowledgments: The author’s work was supported by grants from the Swedish Heart and Lung Foundation,
the Swedish Asthma and Allergy Association’s Research Fund, and the Swedish Cancer and Allergy Fund.

Conflicts of Interest: Millqvist filed an international patent application (PCT application) for the use of capsaicin
as a cough-reducing product on 3 January 2014. The author declares no other conflict of interest, financial or
otherwise, related to this study.

References

1. Irwin, R.S.; Curley, F.J.; French, C.L. Chronic cough. The spectrum and frequency of causes, key components
of the diagnostic evaluation, and outcome of specific therapy. Am. Rev. Respir. Dis. 1990, 141, 640–647.
[CrossRef] [PubMed]

2. Chung, K.F.; Pavord, I.D. Prevalence, pathogenesis, and causes of chronic cough. Lancet 2008, 371, 1364–1374.
[CrossRef]

3. Schappert, S.M.; Rechtsteiner, E.A. Ambulatory medical care utilization estimates for 2007. Vital Health Stat.
Ser. 13 Data Natl. Health Surv. 2011, 169, 1–38.

4. Madison, J.M.; Irwin, R.S. Cough: A worldwide problem. Otolaryngol. Clin. North Am. 2010, 43, 1–13.
[CrossRef] [PubMed]

5. Morice, A.H.; Fontana, G.A.; Sovijarvi, A.R.; Pistolesi, M.; Chung, K.F.; Widdicombe, J.; O’Connell, F.;
Geppetti, P.; Gronke, L.; De Jongste, J.; et al. The diagnosis and management of chronic cough. Eur. Respir. J.
2004, 24, 481–492. [CrossRef] [PubMed]

6. Song, W.J.; Chang, Y.S.; Faruqi, S.; Kim, J.Y.; Kang, M.G.; Kim, S.; Jo, E.J.; Kim, M.H.; Plevkova, J.;
Park, H.W.; et al. The global epidemiology of chronic cough in adults: A systematic review and meta-analysis.
Eur. Respir. J. 2015, 45, 1479–1481. [CrossRef] [PubMed]

7. French, C.L.; Irwin, R.S.; Curley, F.J.; Krikorian, C.J. Impact of chronic cough on quality of life.
Arch. Intern. Med. 1998, 158, 1657–1661. [CrossRef] [PubMed]

8. Young, E.C.; Smith, J.A. Quality of life in patients with chronic cough. Ther. Adv. Respir. Dis. 2010, 4, 49–55.
[CrossRef] [PubMed]

9. Ternesten-Hasseus, E.; Larsson, S.; Millqvist, E. Symptoms induced by environmental irritants and
health-related quality of life in patients with chronic cough—A cross-sectional study. Cough 2011, 7, 6.
[CrossRef] [PubMed]

10. Dicpinigaitis, P.V. Cough: An unmet clinical need. Br. J. Pharmacol. 2011, 163, 116–124. [CrossRef] [PubMed]
11. Millqvist, E.; Bende, M.; Löwhagen, O. Sensory hyperreactivity—A possible mechanism underlying cough

and asthma-like symptoms. Allergy 1998, 53, 1208–1212. [CrossRef] [PubMed]
12. Johansson, A.; Millqvist, E.; Nordin, S.; Bende, M. Relationship between self-reported odor intolerance and

sensitivity to inhaled capsaicin: Proposed definition of airway sensory hyperreactivity and estimation of its
prevalence. Chest 2006, 129, 1623–1628. [CrossRef] [PubMed]

13. Clapham, D.E. TRP channels as cellular sensors. Nature 2003, 426, 517–524. [CrossRef] [PubMed]
14. Ternesten-Hasseus, E.; Larsson, C.; Larsson, S.; Millqvist, E. Capsaicin sensitivity in patients with chronic

cough—Results from a cross-sectional study. Cough 2013, 9, 5. [CrossRef] [PubMed]
15. Morice, A.H.; Faruqi, S.; Wright, C.E.; Thompson, R.; Bland, J.M. Cough hypersensitivity syndrome:

A distinct clinical entity. Lung 2011, 189, 73–79. [CrossRef] [PubMed]
16. Morice, A.H. The cough hypersensitivity syndrome: A novel paradigm for understanding cough. Lung 2009,

188, 87–90. [CrossRef] [PubMed]
17. Chung, K.F. Chronic ‘cough hypersensitivity syndrome’: A more precise label for chronic cough.

Pulm. Pharmacol. Ther. 2011, 24, 267–271. [CrossRef] [PubMed]
18. Morice, A.H.; Millqvist, E.; Belvisi, M.G.; Bieksiene, K.; Birring, S.S.; Chung, K.F.; Dal Negro, R.W.;

Dicpinigaitis, P.; Kantar, A.; McGarvey, L.P.; et al. Cough hypersensitivity syndrome: Clinical measurement
is the key to progress. Eur. Respir. J. 2015, 45, 1509–1510. [CrossRef] [PubMed]

19. Morice, A.H.; Millqvist, E.; Belvisi, M.G.; Bieksiene, K.; Birring, S.S.; Chung, K.F.; Dal Negro, R.W.;
Dicpinigaitis, P.; Kantar, A.; McGarvey, L.P.; et al. Expert opinion on the cough hypersensitivity syndrome in
respiratory medicine. Eur. Respir. J. 2014, 44, 1132–1148. [CrossRef] [PubMed]

20. Ji, R.R. Neuroimmune interactions in itch: Do chronic itch, chronic pain, and chronic cough share similar
mechanisms? Pulm. Pharmacol. Ther. 2015, 35, 81–86. [CrossRef] [PubMed]

http://dx.doi.org/10.1164/ajrccm/141.3.640
http://www.ncbi.nlm.nih.gov/pubmed/2178528
http://dx.doi.org/10.1016/S0140-6736(08)60595-4
http://dx.doi.org/10.1016/j.otc.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/20172252
http://dx.doi.org/10.1183/09031936.04.00027804
http://www.ncbi.nlm.nih.gov/pubmed/15358710
http://dx.doi.org/10.1183/09031936.00218714
http://www.ncbi.nlm.nih.gov/pubmed/25657027
http://dx.doi.org/10.1001/archinte.158.15.1657
http://www.ncbi.nlm.nih.gov/pubmed/9701100
http://dx.doi.org/10.1177/1753465809358249
http://www.ncbi.nlm.nih.gov/pubmed/20051447
http://dx.doi.org/10.1186/1745-9974-7-6
http://www.ncbi.nlm.nih.gov/pubmed/21981855
http://dx.doi.org/10.1111/j.1476-5381.2010.01198.x
http://www.ncbi.nlm.nih.gov/pubmed/21198555
http://dx.doi.org/10.1111/j.1398-9995.1998.tb03843.x
http://www.ncbi.nlm.nih.gov/pubmed/9930599
http://dx.doi.org/10.1378/chest.129.6.1623
http://www.ncbi.nlm.nih.gov/pubmed/16778284
http://dx.doi.org/10.1038/nature02196
http://www.ncbi.nlm.nih.gov/pubmed/14654832
http://dx.doi.org/10.1186/1745-9974-9-5
http://www.ncbi.nlm.nih.gov/pubmed/23448366
http://dx.doi.org/10.1007/s00408-010-9272-1
http://www.ncbi.nlm.nih.gov/pubmed/21240613
http://dx.doi.org/10.1007/s00408-009-9185-z
http://www.ncbi.nlm.nih.gov/pubmed/19809853
http://dx.doi.org/10.1016/j.pupt.2011.01.012
http://www.ncbi.nlm.nih.gov/pubmed/21292019
http://dx.doi.org/10.1183/09031936.00014215
http://www.ncbi.nlm.nih.gov/pubmed/25931492
http://dx.doi.org/10.1183/09031936.00218613
http://www.ncbi.nlm.nih.gov/pubmed/25142479
http://dx.doi.org/10.1016/j.pupt.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26351759


Pharmaceuticals 2016, 9, 45 7 of 10

21. Chung, K.; McGarvey, L.; Mazzone, S. Chronic cough as a neuropathic disorder. Lancet Respir. Med. 2013, 1,
412–422. [CrossRef]

22. Vertigan, A.E.; Gibson, P.G. Chronic refractory cough as a sensory neuropathy: Evidence from a
reinterpretation of cough triggers. J. Voice 2011, 25, 596–601. [CrossRef] [PubMed]

23. Gibson, P.; Wang, G.; McGarvey, L.; Vertigan, A.E.; Altman, K.W.; Birring, S.S.; Panel, C.E.C. Treatment of
unexplained chronic cough: Chest guideline and expert panel report. Chest 2016, 149, 27–44. [CrossRef]
[PubMed]

24. Morice, A.H. Over-the-counter cough medicines: New approaches. Pulm. Pharmacol. Ther. 2015, 35, 149–151.
[CrossRef] [PubMed]

25. Morice, A.H.; McGarvey, L. Clinical cough II: Therapeutic treatments and management of chronic cough.
Handb. Exp. Pharmacol. 2009, 187, 277–295. [PubMed]

26. Vertigan, A.E.; Kapela, S.L.; Ryan, N.M.; Birring, S.S.; McElduff, P.; Gibson, P.G. Pregabalin and speech
pathology combination therapy for refractory chronic cough: A randomized controlled trial. Chest 2016, 149,
639–648. [CrossRef] [PubMed]

27. Lehmann, R.; Schobel, N.; Hatt, H.; van Thriel, C. The involvement of trp channels in sensory irritation:
A mechanistic approach toward a better understanding of the biological effects of local irritants. Arch. Toxicol.
2016, 90, 1399–1413. [CrossRef] [PubMed]

28. Guibert, C.; Ducret, T.; Savineau, J.P. Expression and physiological roles of trp channels in smooth muscle
cells. Adv. Exp. Med. Biol. 2011, 704, 687–706. [PubMed]

29. McGarvey, L.P.; Butler, C.A.; Stokesberry, S.; Polley, L.; McQuaid, S.; Abdullah, H.; Ashraf, S.; McGahon, M.K.;
Curtis, T.M.; Arron, J.; et al. Increased expression of bronchial epithelial transient receptor potential vanilloid
1 channels in patients with severe asthma. J. Allergy Clin. Immunol. 2014, 133, 704–712.e4. [CrossRef]
[PubMed]

30. Fernandes, E.S.; Fernandes, M.A.; Keeble, J.E. The functions of trpa1 and trpv1: Moving away from sensory
nerves. Br. J. Pharmacol. 2012, 166, 510–521. [CrossRef] [PubMed]

31. Kaneko, Y.; Szallasi, A. Transient receptor potential (TRP) channels: A clinical perspective. Br. J. Pharmacol.
2014, 171, 2474–2507. [CrossRef] [PubMed]

32. Macpherson, L.J.; Dubin, A.E.; Evans, M.J.; Marr, F.; Schultz, P.G.; Cravatt, B.F.; Patapoutian, A. Noxious
compounds activate trpa1 ion channels through covalent modification of cysteines. Nature 2007, 445, 541–545.
[CrossRef] [PubMed]

33. Bessac, B.F.; Jordt, S.E. Breathtaking trp channels: Trpa1 and trpv1 in airway chemosensation and reflex
control. Physiology (Bethesda) 2008, 23, 360–370. [CrossRef] [PubMed]

34. Banner, K.H.; Igney, F.; Poll, C. Trp channels: Emerging targets for respiratory disease. Pharmacol. Ther. 2011,
130, 371–384. [CrossRef] [PubMed]

35. Abbott-Banner, K.; Poll, C.; Verkuyl, J.M. Targeting trp channels in airway disorders. Curr. Top. Med. Chem.
2013, 13, 310–321. [CrossRef] [PubMed]

36. Grace, M.S.; Baxter, M.; Dubuis, E.; Birrell, M.A.; Belvisi, M.G. Transient receptor potential (TRP) channels in
the airway: Role in airway disease. Br. J. Pharmacol. 2014, 171, 2593–2607. [CrossRef] [PubMed]

37. Preti, D.; Szallasi, A.; Patacchini, R. TRP channels as therapeutic targets in airway disorders: A patent review.
Expert Opin. Ther. Pat. 2012, 22, 663–695. [CrossRef] [PubMed]

38. Baker, K.; Raemdonck, K.; Dekkak, B.; Snelgrove, R.J.; Ford, J.; Shala, F.; Belvisi, M.G.; Birrell, M.A. Role
of the ion channel, transient receptor potential cation channel subfamily v member 1 (TRPV1), in allergic
asthma. Respir. Res. 2016, 17, 67. [CrossRef] [PubMed]

39. Nilius, B. Trp channels in disease. Biochim. Biophys. Acta 2007, 1772, 805–812. [CrossRef] [PubMed]
40. Venkatachalam, K.; Montell, C. Trp channels. Annu. Rev. Biochem. 2007, 76, 387–417. [CrossRef] [PubMed]
41. Birrell, M.A.; Belvisi, M.G.; Grace, M.; Sadofsky, L.; Faruqi, S.; Hele, D.J.; Maher, S.A.; Freund-Michel, V.;

Morice, A.H. Trpa1 agonists evoke coughing in guinea pig and human volunteers. Am. J. Respir. Crit.
Care Med. 2009, 180, 1042–1047. [CrossRef] [PubMed]

42. Groneberg, D.A.; Niimi, A.; Dinh, Q.T.; Cosio, B.; Hew, M.; Fischer, A.; Chung, K.F. Increased expression of
transient receptor potential vanilloid-1 in airway nerves of chronic cough. Am. J. Respir. Crit. Care Med. 2004,
170, 1276–1280. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S2213-2600(13)70043-2
http://dx.doi.org/10.1016/j.jvoice.2010.07.009
http://www.ncbi.nlm.nih.gov/pubmed/21051202
http://dx.doi.org/10.1378/chest.15-1496
http://www.ncbi.nlm.nih.gov/pubmed/26426314
http://dx.doi.org/10.1016/j.pupt.2015.07.006
http://www.ncbi.nlm.nih.gov/pubmed/26232720
http://www.ncbi.nlm.nih.gov/pubmed/18825346
http://dx.doi.org/10.1378/chest.15-1271
http://www.ncbi.nlm.nih.gov/pubmed/26447687
http://dx.doi.org/10.1007/s00204-016-1703-1
http://www.ncbi.nlm.nih.gov/pubmed/27037703
http://www.ncbi.nlm.nih.gov/pubmed/21290322
http://dx.doi.org/10.1016/j.jaci.2013.09.016
http://www.ncbi.nlm.nih.gov/pubmed/24210884
http://dx.doi.org/10.1111/j.1476-5381.2012.01851.x
http://www.ncbi.nlm.nih.gov/pubmed/22233379
http://dx.doi.org/10.1111/bph.12414
http://www.ncbi.nlm.nih.gov/pubmed/24102319
http://dx.doi.org/10.1038/nature05544
http://www.ncbi.nlm.nih.gov/pubmed/17237762
http://dx.doi.org/10.1152/physiol.00026.2008
http://www.ncbi.nlm.nih.gov/pubmed/19074743
http://dx.doi.org/10.1016/j.pharmthera.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21420429
http://dx.doi.org/10.2174/1568026611313030008
http://www.ncbi.nlm.nih.gov/pubmed/23506455
http://dx.doi.org/10.1111/bph.12538
http://www.ncbi.nlm.nih.gov/pubmed/24286227
http://dx.doi.org/10.1517/13543776.2012.696099
http://www.ncbi.nlm.nih.gov/pubmed/22667456
http://dx.doi.org/10.1186/s12931-016-0384-x
http://www.ncbi.nlm.nih.gov/pubmed/27255083
http://dx.doi.org/10.1016/j.bbadis.2007.02.002
http://www.ncbi.nlm.nih.gov/pubmed/17368864
http://dx.doi.org/10.1146/annurev.biochem.75.103004.142819
http://www.ncbi.nlm.nih.gov/pubmed/17579562
http://dx.doi.org/10.1164/rccm.200905-0665OC
http://www.ncbi.nlm.nih.gov/pubmed/19729665
http://dx.doi.org/10.1164/rccm.200402-174OC
http://www.ncbi.nlm.nih.gov/pubmed/15447941


Pharmaceuticals 2016, 9, 45 8 of 10

43. Mitchell, J.E.; Campbell, A.P.; New, N.E.; Sadofsky, L.R.; Kastelik, J.A.; Mulrennan, S.A.; Compton, S.J.;
Morice, A.H. Expression and characterization of the intracellular vanilloid receptor (trpv1) in bronchi from
patients with chronic cough. Exp. Lung Res. 2005, 31, 295–306. [CrossRef] [PubMed]

44. Nieto, L.; de Diego, A.; Perpina, M.; Compte, L.; Garrigues, V.; Martinez, E.; Ponce, J. Cough reflex testing
with inhaled capsaicin in the study of chronic cough. Respir. Med. 2003, 97, 393–400. [CrossRef] [PubMed]

45. Dicpinigaitis, P.V. Short- and long-term reproducibility of capsaicin cough challenge testing.
Pulm. Pharmacol. Ther. 2003, 16, 61–65. [CrossRef]

46. Dicpinigaitis, P.V.; Alva, R.V. Safety of capsaicin cough challenge testing. Chest 2005, 128, 196–202. [CrossRef]
[PubMed]

47. Ternesten-Hasseus, E.; Johansson, Å.; Lowhagen, O.; Millqvist, E. Inhalation method determines outcome of
capsaicin inhalation in patients with chronic cough due to sensory hyperreactivity. Pulm. Pharmacol. Ther.
2006, 19, 172–178. [CrossRef] [PubMed]

48. Ternesten-Hasseus, E.; Lowhagen, O.; Millqvist, E. Quality of life and capsaicin sensitivity in patients with
airway symptoms induced by chemicals and scents: A longitudinal study. Environ. Health Perspect. 2007, 115,
425–429. [CrossRef] [PubMed]

49. Nejla, S.; Fujimura, M.; Kamio, Y. Comparison between tidal breathing and dosimeter methods in assessing
cough receptor sensitivity to capsaicin. Respirology 2000, 5, 337–342. [CrossRef] [PubMed]

50. Couto, M.; de Diego, A.; Perpini, M.; Delgado, L.; Moreira, A. Cough reflex testing with inhaled capsaicin
and trpv1 activation in asthma and comorbid conditions. J. Investig. Allergol. Clin. Immunol. 2013, 23,
289–301. [PubMed]

51. Millqvist, E. The problem of treating unexplained chronic cough. Chest 2016, 149, 613–614. [CrossRef]
[PubMed]

52. Faruqi, S.; Morice, A.H. Cough reduction using capsaicin: An alternative mechanistic hypothesis. Respir. Med.
2015, 109, 926. [CrossRef] [PubMed]

53. Gibson, P.G.; Simpson, J.L.; Ryan, N.M.; Vertigan, A.E. Mechanisms of cough. Curr. Opin. Allergy
Clin. Immunol. 2014, 14, 55–61. [CrossRef] [PubMed]

54. Planells-Cases, R.; Valente, P.; Ferrer-Montiel, A.; Qin, F.; Szallasi, A. Complex regulation of trpv1 and related
thermo-trps: Implications for therapeutic intervention. Adv. Exp. Med. Biol. 2011, 704, 491–515. [PubMed]

55. Bonvini, S.J.; Birrell, M.A.; Smith, J.A.; Belvisi, M.G. Targeting trp channels for chronic cough: From bench to
bedside. Naunyn-Schmiedeb. Arch. Pharmacol. 2015, 388, 401–420. [CrossRef] [PubMed]

56. Petrocellis, L.; Moriello, A. Modulation of the trpv1 channel: Current clinical trials and recent patents with
focus on neurological conditions. Recent Pat. CNS Drug Discov. 2013, 8, 180–204. [CrossRef] [PubMed]

57. Szallasi, A.; Sheta, M. Targeting TRPV1 for pain relief: Limits, losers and laurels. Expert Opin. Investig. Drugs
2012, 21, 1351–1369. [CrossRef] [PubMed]

58. Peppin, J.F.; Pappagallo, M. Capsaicinoids in the treatment of neuropathic pain: A review. Ther. Adv.
Neurol. Disord. 2014, 7, 22–32. [CrossRef] [PubMed]

59. Singh, U.; Bernstein, J.A. Intranasal capsaicin in management of nonallergic (vasomotor) rhinitis. In Capsaicin
as a Therapeutic Molecule; Springer: Basel, Switzerland, 2014; Volume 68, pp. 147–170.

60. Van Gerven, L.; Alpizar, Y.A.; Wouters, M.M.; Hox, V.; Hauben, E.; Jorissen, M.; Boeckxstaens, G.; Talavera, K.;
Hellings, P.W. Capsaicin treatment reduces nasal hyperreactivity and transient receptor potential cation
channel subfamily v, receptor 1 (TRPV1) overexpression in patients with idiopathic rhinitis. J. Allergy
Clin. Immunol. 2014, 133, 1332–1339. [CrossRef] [PubMed]

61. Caterina, M.J.; Schumacher, M.A.; Tominaga, M.; Rosen, T.A.; Levine, J.D.; Julius, D. The capsaicin receptor:
A heat-activated ion channel in the pain pathway. Nature 1997, 389, 816–824. [PubMed]

62. Busker, R.W.; van Helden, H.P. Toxicologic evaluation of pepper spray as a possible weapon for the dutch
police force: Risk assessment and efficacy. Am. J. Forensic Med. Pathol. 1998, 19, 309–316. [CrossRef]
[PubMed]

63. Park, C.K.; Xu, Z.Z.; Liu, T.; Lu, N.; Serhan, C.N.; Ji, R.R. Resolvin D2 is a potent endogenous inhibitor for
transient receptor potential subtype V1/A1, inflammatory pain, and spinal cord synaptic plasticity in mice:
Distinct roles of resolvin D1, D2, and E1. J. Neurosci. Off. J. Soc. Neurosci. 2011, 31, 18433–18438. [CrossRef]
[PubMed]

64. Grace, M.S.; Dubuis, E.; Birrell, M.A.; Belvisi, M.G. Pre-clinical studies in cough research: Role of transient
receptor potential (TRP) channels. Pulm. Pharmacol. Ther. 2013, 26, 498–507. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/01902140590918803
http://www.ncbi.nlm.nih.gov/pubmed/15962710
http://dx.doi.org/10.1053/rmed.2002.1460
http://www.ncbi.nlm.nih.gov/pubmed/12693800
http://dx.doi.org/10.1016/S1094-5539(02)00149-9
http://dx.doi.org/10.1378/chest.128.1.196
http://www.ncbi.nlm.nih.gov/pubmed/16002935
http://dx.doi.org/10.1016/j.pupt.2005.04.010
http://www.ncbi.nlm.nih.gov/pubmed/15990345
http://dx.doi.org/10.1289/ehp.9624
http://www.ncbi.nlm.nih.gov/pubmed/17431493
http://dx.doi.org/10.1111/j.1440-1843.2000.00273.x
http://www.ncbi.nlm.nih.gov/pubmed/11192544
http://www.ncbi.nlm.nih.gov/pubmed/24260973
http://dx.doi.org/10.1016/j.chest.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26965963
http://dx.doi.org/10.1016/j.rmed.2015.02.016
http://www.ncbi.nlm.nih.gov/pubmed/25983247
http://dx.doi.org/10.1097/ACI.0000000000000027
http://www.ncbi.nlm.nih.gov/pubmed/24345788
http://www.ncbi.nlm.nih.gov/pubmed/21290313
http://dx.doi.org/10.1007/s00210-014-1082-1
http://www.ncbi.nlm.nih.gov/pubmed/25572384
http://dx.doi.org/10.2174/1574889808666131209124012
http://www.ncbi.nlm.nih.gov/pubmed/24330123
http://dx.doi.org/10.1517/13543784.2012.704021
http://www.ncbi.nlm.nih.gov/pubmed/22780443
http://dx.doi.org/10.1177/1756285613501576
http://www.ncbi.nlm.nih.gov/pubmed/24409200
http://dx.doi.org/10.1016/j.jaci.2013.08.026
http://www.ncbi.nlm.nih.gov/pubmed/24139494
http://www.ncbi.nlm.nih.gov/pubmed/9349813
http://dx.doi.org/10.1097/00000433-199812000-00003
http://www.ncbi.nlm.nih.gov/pubmed/9885922
http://dx.doi.org/10.1523/JNEUROSCI.4192-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22171045
http://dx.doi.org/10.1016/j.pupt.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23474212


Pharmaceuticals 2016, 9, 45 9 of 10

65. Khalid, S.; Murdoch, R.; Newlands, A.; Smart, K.; Kelsall, A.; Holt, K.; Dockry, R.; Woodcock, A.; Smith, J.A.
Transient receptor potential vanilloid 1 (TRPV1) antagonism in patients with refractory chronic cough:
A double-blind randomized controlled trial. J. Allergy Clin. Immunol. 2014, 134, 56–62. [CrossRef] [PubMed]

66. Brederson, J.D.; Kym, P.R.; Szallasi, A. Targeting trp channels for pain relief. Eur. J. Pharmacol. 2013, 716,
61–76. [CrossRef] [PubMed]

67. Collier, J.G.; Fuller, R.W. Capsaicin inhalation in man and the effects of sodium cromoglycate. Br. J. Pharmacol.
1984, 81, 113–117. [CrossRef] [PubMed]

68. Fuller, R.W. Pharmacology of inhaled capsaicin in humans. Respir. Med. 1991, 85, 31–34. [CrossRef]
69. Nilius, B.; Appendino, G. Spices: The savory and beneficial science of pungency. Rev. Physiol.

Biochem. Pharmacol. 2013, 164, 1–76. [PubMed]
70. Szallasi, A.; Blumberg, P.M. Vanilloid (capsaicin) receptors and mechanisms. Pharmacol. Rev. 1999, 51,

159–212. [PubMed]
71. Chaiyasit, K.; Khovidhunkit, W.; Wittayalertpanya, S. Pharmacokinetic and the effect of capsaicin in capsicum

frutescens on decreasing plasma glucose level. J. Med. Assoc. Thail. 2009, 92, 108–113.
72. Rollyson, W.D.; Stover, C.A.; Brown, K.C.; Perry, H.E.; Stevenson, C.D.; McNees, C.A.; Ball, J.G.;

Valentovic, M.A.; Dasgupta, P. Bioavailability of capsaicin and its implications for drug delivery.
J. Controll. Release 2014, 196, 96–105. [CrossRef] [PubMed]

73. Hartley, T.; Stevens, B.; Ahuja, K.D.; Ball, M.J. Development and experimental application of an hplc
procedure for the determination of capsaicin and dihydrocapsaicin in serum samples from human subjects.
Indian J. Clin. Biochem. 2013, 28, 329–335. [CrossRef] [PubMed]

74. Ternesten-Hasseus, E.; Johansson, E.L.; Millqvist, E. Cough reduction using capsaicin. Respir. Med. 2015, 109,
27–37. [CrossRef] [PubMed]

75. Mahesh, P.A.; Jayaraj, B.S.; Prabhakar, A.K.; Chaya, S.K.; Vijayasimha, R. Prevalence of chronic cough,
chronic phlegm & associated factors in mysore, karnataka, india. Indian J. Med. Res. 2011, 134, 91–100.
[PubMed]

76. Johansson, A.; Löwhagen, O.; Millqvist, E.; Bende, M. Capsaicin inhalation test for identification of sensory
hyperreactivity. Respir. Med. 2002, 96, 731–735. [CrossRef] [PubMed]

77. Ternesten-Hasseus, E.; Farbrot, A.; Löwhagen, O.; Millqvist, E. Sensitivity to methacholine and capsaicin in
patients with unclear respiratory symptoms. Allergy 2002, 57, 501–507. [CrossRef] [PubMed]

78. Ternesten-Hasseus, E.; Johansson, E.L.; Bende, M.; Millqvist, E. Dyspnea from exercise in cold air is not
always asthma. J. Asthma: Off. J. Assoc. Care Asthma 2008, 45, 705–709. [CrossRef] [PubMed]

79. Bautista, D.M.; Siemens, J.; Glazer, J.M.; Tsuruda, P.R.; Basbaum, A.I.; Stucky, C.L.; Jordt, S.E.; Julius, D.
The menthol receptor trpm8 is the principal detector of environmental cold. Nature 2007, 448, 204–208.
[CrossRef] [PubMed]

80. McCoy, D.D.; Knowlton, W.M.; McKemy, D.D. Scraping through the ice: Uncovering the role of trpm8 in
cold transduction. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 300, R1278–R1287. [CrossRef] [PubMed]

81. McKemy, D.D.; Neuhausser, W.M.; Julius, D. Identification of a cold receptor reveals a general role for trp
channels in thermosensation. Nature 2002, 416, 52–58. [CrossRef] [PubMed]

82. Eccles, R. Menthol: Effects on nasal sensation of airflow and the drive to breathe. Curr. Allergy Asthma Rep.
2003, 3, 210–214. [CrossRef] [PubMed]

83. Anderson, S.J. Menthol cigarettes and smoking cessation behaviour: A review of tobacco industry documents.
Tob. Control 2011, 20 (Suppl. 2), ii49–ii56. [CrossRef] [PubMed]

84. Willis, D.N.; Liu, B.; Ha, M.A.; Jordt, S.E.; Morris, J.B. Menthol attenuates respiratory irritation responses to
multiple cigarette smoke irritants. FASEB J. 2011, 25, 4434–4444. [CrossRef] [PubMed]

85. Morice, A.H.; Marshall, A.E.; Higgins, K.S.; Grattan, T.J. Effect of inhaled menthol on citric acid induced
cough in normal subjects. Thorax 1994, 49, 1024–1026. [CrossRef] [PubMed]

86. Kenia, P.; Houghton, T.; Beardsmore, C. Does inhaling menthol affect nasal patency or cough?
Pediatr. Pulmonol. 2008, 43, 532–537. [PubMed]

87. Haidl, P.; Kemper, P.; Butnarasu, S.J.; Klauke, M.; Wehde, H.; Kohler, D. Does the inhalation of a 1% l-menthol
solution in the premedication of fiberoptic bronchoscopy affect coughing and the sensation of dyspnea?
Pneumologie 2001, 55, 115–119. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jaci.2014.01.038
http://www.ncbi.nlm.nih.gov/pubmed/24666696
http://dx.doi.org/10.1016/j.ejphar.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23500195
http://dx.doi.org/10.1111/j.1476-5381.1984.tb10750.x
http://www.ncbi.nlm.nih.gov/pubmed/6423016
http://dx.doi.org/10.1016/S0954-6111(06)80251-9
http://www.ncbi.nlm.nih.gov/pubmed/23605179
http://www.ncbi.nlm.nih.gov/pubmed/10353985
http://dx.doi.org/10.1016/j.jconrel.2014.09.027
http://www.ncbi.nlm.nih.gov/pubmed/25307998
http://dx.doi.org/10.1007/s12291-013-0297-0
http://www.ncbi.nlm.nih.gov/pubmed/24426233
http://dx.doi.org/10.1016/j.rmed.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25468411
http://www.ncbi.nlm.nih.gov/pubmed/21808140
http://dx.doi.org/10.1053/rmed.2002.1340
http://www.ncbi.nlm.nih.gov/pubmed/12243320
http://dx.doi.org/10.1034/j.1398-9995.2002.23380.x
http://www.ncbi.nlm.nih.gov/pubmed/12028115
http://dx.doi.org/10.1080/02770900802207287
http://www.ncbi.nlm.nih.gov/pubmed/18951264
http://dx.doi.org/10.1038/nature05910
http://www.ncbi.nlm.nih.gov/pubmed/17538622
http://dx.doi.org/10.1152/ajpregu.00631.2010
http://www.ncbi.nlm.nih.gov/pubmed/21411765
http://dx.doi.org/10.1038/nature719
http://www.ncbi.nlm.nih.gov/pubmed/11882888
http://dx.doi.org/10.1007/s11882-003-0041-6
http://www.ncbi.nlm.nih.gov/pubmed/12662469
http://dx.doi.org/10.1136/tc.2010.041947
http://www.ncbi.nlm.nih.gov/pubmed/21504932
http://dx.doi.org/10.1096/fj.11-188383
http://www.ncbi.nlm.nih.gov/pubmed/21903934
http://dx.doi.org/10.1136/thx.49.10.1024
http://www.ncbi.nlm.nih.gov/pubmed/7974298
http://www.ncbi.nlm.nih.gov/pubmed/18435479
http://dx.doi.org/10.1055/s-2001-12280
http://www.ncbi.nlm.nih.gov/pubmed/11303537


Pharmaceuticals 2016, 9, 45 10 of 10

88. Plevkova, J.; Kollarik, M.; Poliacek, I.; Brozmanova, M.; Surdenikova, L.; Tatar, M.; Mori, N.; Canning, B.J.
The role of trigeminal nasal trpm8-expressing afferent neurons in the antitussive effects of menthol.
J. Appl. Physiol. 2013, 115, 268–274. [CrossRef] [PubMed]

89. Buday, T.; Brozmanova, M.; Biringerova, Z.; Gavliakova, S.; Poliacek, I.; Calkovsky, V.; Shetthalli, M.V.;
Plevkova, J. Modulation of cough response by sensory inputs from the nose—Role of trigeminal TRPA1
versus trpm8 channels. Cough 2012, 8, 11. [CrossRef] [PubMed]

90. Millqvist, E.; Ternesten-Hasseus, E.; Bende, M. Inhalation of menthol reduces capsaicin cough sensitivity
and influences inspiratory flows in chronic cough. Respir. Med. 2013, 107, 433–438. [CrossRef] [PubMed]

91. Wise, P.M.; Breslin, P.A.; Dalton, P. Sweet taste and menthol increase cough reflex thresholds.
Pulm. Pharmacol. Ther. 2012, 25, 236–241. [CrossRef] [PubMed]

92. Roberts, K.; Shenoy, R.; Anand, P. A novel human volunteer pain model using contact heat evoked potentials
(chep) following topical skin application of transient receptor potential agonists capsaicin, menthol and
cinnamaldehyde. J. Clin. Neurosci. Off. J. Neurosurg. Soc. Australas. 2011, 18, 926–932. [CrossRef] [PubMed]

93. Gaudioso, C.; Hao, J.; Martin-Eauclaire, M.F.; Gabriac, M.; Delmas, P. Menthol pain relief through cumulative
inactivation of voltage-gated sodium channels. Pain 2012, 153, 473–484. [CrossRef] [PubMed]

94. Yosipovitch, G.; Szolar, C.; Hui, X.Y.; Maibach, H. Effect of topically applied menthol on thermal, pain and
itch sensations and biophysical properties of the skin. Arch. Dermatol. Res. 1996, 288, 245–248. [CrossRef]
[PubMed]

95. Wasner, G.; Naleschinski, D.; Binder, A.; Schattschneider, J.; McLachlan, E.M.; Baron, R. The effect of menthol
on cold allodynia in patients with neuropathic pain. Pain Med. 2008, 9, 354–358. [CrossRef] [PubMed]

96. Wasner, G.; Schattschneider, J.; Binder, A.; Baron, R. Topical menthol—A human model for cold pain by
activation and sensitization of C nociceptors. Brain 2004, 127, 1159–1171. [CrossRef] [PubMed]

97. Karashima, Y.; Damann, N.; Prenen, J.; Talavera, K.; Segal, A.; Voets, T.; Nilius, B. Bimodal action of menthol
on the transient receptor potential channel trpa1. J. Neurosci. Off. J. Soc. Neurosci. 2007, 27, 9874–9884.
[CrossRef] [PubMed]

98. Takaishi, M.; Uchida, K.; Suzuki, Y.; Matsui, H.; Shimada, T.; Fujita, F.; Tominaga, M. Reciprocal effects of
capsaicin and menthol on thermosensation through regulated activities of trpv1 and trpm8. J. Physiol. Sci.
2016, 66, 143–155. [CrossRef] [PubMed]

99. Abdulqawi, R.; Dockry, R.; Holt, K.; Layton, G.; McCarthy, B.G.; Ford, A.P.; Smith, J.A. P2x3 receptor
antagonist (af-219) in refractory chronic cough: A randomised, double-blind, placebo-controlled phase 2
study. Lancet 2015, 385, 1198–1205. [CrossRef]

100. Gibson, R.A.; Robertson, J.; Mistry, H.; McCallum, S.; Fernando, D.; Wyres, M.; Yosipovitch, G. A randomised
trial evaluating the effects of the trpv1 antagonist sb705498 on pruritus induced by histamine, and cowhage
challenge in healthy volunteers. PLoS ONE 2014, 9, e100610. [CrossRef] [PubMed]

101. Bareille, P.; Murdoch, R.D.; Denyer, J.; Bentley, J.; Smart, K.; Yarnall, K.; Zieglmayer, P.; Zieglmayer, R.;
Lemell, P.; Horak, F. The effects of a trpv1 antagonist, sb-705498, in the treatment of seasonal allergic rhinitis.
Int. J. Clin. Pharmacol. Ther. 2013, 51, 576–584. [CrossRef] [PubMed]

102. Changani, K.; Hotee, S.; Campbell, S.; Pindoria, K.; Dinnewell, L.; Saklatvala, P.; Thompson, S.A.; Coe, D.;
Biggadike, K.; Vitulli, G.; et al. Effect of the trpv1 antagonist sb-705498 on the nasal parasympathetic reflex
response in the ovalbumin sensitized guinea pig. Br. J. Pharmacol. 2013, 169, 580–589. [CrossRef] [PubMed]

103. Murdoch, R.D.; Bareille, P.; Denyer, J.; Newlands, A.; Bentley, J.; Smart, K.; Yarnall, K.; Patel, D.
Trpv1 inhibition does not prevent cold dry air-elicited symptoms in non-allergic rhinitis. Int. J. Clin.
Pharmacol. Ther. 2014, 52, 267–276. [CrossRef] [PubMed]

© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/japplphysiol.01144.2012
http://www.ncbi.nlm.nih.gov/pubmed/23640596
http://dx.doi.org/10.1186/1745-9974-8-11
http://www.ncbi.nlm.nih.gov/pubmed/23199233
http://dx.doi.org/10.1016/j.rmed.2012.11.017
http://www.ncbi.nlm.nih.gov/pubmed/23266255
http://dx.doi.org/10.1016/j.pupt.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22465565
http://dx.doi.org/10.1016/j.jocn.2010.11.015
http://www.ncbi.nlm.nih.gov/pubmed/21550252
http://dx.doi.org/10.1016/j.pain.2011.11.014
http://www.ncbi.nlm.nih.gov/pubmed/22172548
http://dx.doi.org/10.1007/BF02530092
http://www.ncbi.nlm.nih.gov/pubmed/8738567
http://dx.doi.org/10.1111/j.1526-4637.2007.00290.x
http://www.ncbi.nlm.nih.gov/pubmed/18366513
http://dx.doi.org/10.1093/brain/awh134
http://www.ncbi.nlm.nih.gov/pubmed/14985268
http://dx.doi.org/10.1523/JNEUROSCI.2221-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17855602
http://dx.doi.org/10.1007/s12576-015-0427-y
http://www.ncbi.nlm.nih.gov/pubmed/26645885
http://dx.doi.org/10.1016/S0140-6736(14)61255-1
http://dx.doi.org/10.1371/journal.pone.0100610
http://www.ncbi.nlm.nih.gov/pubmed/25047038
http://dx.doi.org/10.5414/CP201890
http://www.ncbi.nlm.nih.gov/pubmed/23735181
http://dx.doi.org/10.1111/bph.12145
http://www.ncbi.nlm.nih.gov/pubmed/23441756
http://dx.doi.org/10.5414/CP202013
http://www.ncbi.nlm.nih.gov/pubmed/24472402
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Chronic Cough 
	The Medical Problem of Treating CIC 

	TRP Ion Channels in the Airways 
	TRP Ion Channels in Chronic Cough 
	TRP Ion Channels as Therapeutic Targets for CIC 
	TRPV1 as a Therapeutic Target for CIC 
	TRPM8 as a Therapeutic Target for CIC 


	Conclusions 

