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Abstract: Cough is one of the most common reasons leading to pediatric consultations, negatively
impacting the quality of life of patients and caregivers. It is defined as a sudden and forceful expulsion
of air from the lungs through the mouth, typically triggered by irritation or the stimulation of sensory
nerves in the respiratory tract. This reflex is controlled by a neural pathway that includes sensory
receptors, afferent nerves, the brainstem’s cough center, efferent nerves, and the muscles involved in
coughing. Based on its duration, cough in children may be classified as acute, lasting less than four
weeks, and chronic, persisting for more than four weeks. Neuromodulators have shown promise in
reducing the frequency and severity of cough by modulating the neural pathways involved in the
cough reflex, although they require careful monitoring and patient selection to optimize the outcomes.
This review aims to examine the rationale for using neuromodulators in the management of cough
in children.
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1. Introduction

Cough is defined as a forced expulsive maneuver, usually against a closed glottis,
accompanied by a distinctive sound [1]. Coughing is a protective physiological reflex,
helping to remove secretions and/or foreign bodies from the airways [2]. However, cough
may also be considered a non-specific symptom and signal the presence of conditions
affecting the upper or lower respiratory tract, requiring prompt diagnosis and treatment [3].
Based on its quality, cough may be wet/productive, involving mucus production, or dry,
which is often irritative [4,5].

In pediatric age, according to the duration, it may be categorized as acute, which lasts
less than 4 weeks, and chronic cough, which persists for more than 4 weeks [6,7]. Most
children experience episodes of acute cough, often due to viral upper respiratory tract
infections (URTIs) [8]. On average, a preschool-aged child may experience 6 to 8 viral
respiratory infections per year, each accompanied by coughing [9]. Chronic cough affects
approximately 5% to 10% of children [10]. The prevalence varies based on geographic loca-
tion, environmental factors (e.g., exposure to tobacco smoke or allergens), and underlying
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health conditions [10]. It commonly results from post-infectious cough, asthma, protracted
bacterial bronchitis (PBB), and conditions like gastroesophageal reflux disease (GERD) [11].

There are little population-based data on the epidemiology of cough in children and
how this varies by age and sex, or between children with and without wheeze. Jurca et al.
conducted a study using a population cohort from Leicestershire, UK, to investigate the
prevalence of cough from early childhood through adolescence by administering repeated
questionnaires. They found that 10% of children coughed more than their peers, 69%
coughed with colds, 34-55% coughed without colds, and 25% experienced night-time
cough. Cough prevalence varied by age, with boys coughing more in early childhood, but
this trend reversed after age 14. Cough was more frequent in children with wheeze. The
study highlights that cough prevalence differs based on age, sex, and the specific questions
asked [12]. More recently, a systematic review by Bergmann et al. examined studies on the
prevalence, causes, and prognosis of cough in children consulting primary care physicians.
The key findings include the following: (1) Cough is a common reason for medical visits,
with prevalence ranging from 4.7% to 23.3% of all consultations, and up to 60% when
considering specific encounters. Cough is more frequent in children than adults, especially
in younger age groups and less common in summer. (2) Acute cough is typically caused
by URTIs (62.4%) and bronchitis (33.3%), while chronic cough is often due to recurrent
respiratory infections (RRIs) (27.7%), asthma (up to 50.4% for cough lasting over 3 weeks),
and pertussis (37.2%). Serious conditions like croup, pneumonia, and tuberculosis are
rare. (3) In chronic cases, cough may last from 24 to 192 days, with 62.3% of children still
coughing two months after symptoms begin [13].

Cough may significantly impact a child’s quality of life (QoL), leading to sleep dis-
orders, school absences, and stress for both the child and his caregivers [14]. Traditional
treatments focus on addressing the cause of the cough; however, cough sometimes remains
refractory despite appropriate therapy [6,7].

Neuromodulators, which influence the neural pathways involved in cough reflex
regulation, are emerging as a potential therapeutic option for managing both acute and
chronic cough, especially when conventional treatments fail [15].

This review aims to explore the role of neuromodulators in pediatric cough manage-
ment, examining their efficacy, safety, and place within the broader context of treatment
strategies for acute and chronic cough in children. An accurate review of the current
literature was conducted using the PubMed database, focusing on a critical assessment
without the application of statistical analyses or standardized methodologies. Key terms
such as “cough” OR “acute cough” AND “chronic cough” AND “neuromodulators” AND
“children” OR “pediatric age” OR “pediatrics” were included in the search. Medical Subject
Headings (MeSH) terms were used alongside free-text searches to ensure comprehensive
coverage of the relevant literature. The analysis included reviews, systematic reviews, meta-
analyses, observational studies, randomized controlled trials (RCTs), and evidence-based
guidelines of the major scientific societies up to 31 July 2024.

2. Cough: A Vital Reflex

Cough is a vital reflex protecting the respiratory tract from inhaling foreign bodies
and excessive secretions [2]. As a physiological reflex, healthy children usually cough on
average 11 times daily (range 1-34) [16].

Cough can occur voluntarily or in response to endogenous (e.g., mucus, refluxate, or
inflammation) or exogenous (e.g., cold air, particulates, or smoke) stimuli [17]. Irritants
stimulate receptors and ion channels (e.g., Transient Receptor Potential Vanilloid 1 (TRPV1),
Transient Receptor Potential Ankyrin 1 (TRPA1), TRPV4, and Transient Receptor Potential
Melastatin 8 (TRPMS8)) localized on vagal afferent nerve terminations throughout the larynx,
conducting airways, alveolar septa, and lung parenchyma [18,19]. Cough receptors are also
present in other areas, including the pharynx, external auditory canals, eardrums, paranasal
sinuses, pleura, diaphragm, pericardium, and esophagus [19,20]. The afferent impulses
go to the medulla oblongata, where they are processed in the cough center, located in the
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upper brain stem and pons. Then, efferent impulses travel via the vagal, phrenic, and
spinal motor nerves to the diaphragm, abdominal wall, and muscles. The inspiratory and
expiratory muscles receive impulses from the nucleus retroambigualis by phrenic and other
spinal motor nerves. The larynx receives impulses from the nucleus ambiguous by the
laryngeal branches of the vagus [20]. The result of this reflex pathway is the cough reflex
arc, which mediates three different phases of cough (Figure 1):
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Figure 1. The three different phases of the cough reflex.

1. Inspiratory phase, which consists of a rapid inhalation after the opening of the
glottis by contraction of the arytenoid cartilage. This phase involves 50% of vital capacity
with wide variations due to the nature of the stimulus and the type of involved receptor.

2. Compressive phase, with a prompt closure of the glottis and adduction of the vocal
cords following the contraction of the adductor muscles of the arytenoid cartilages. At the
same time, the intrapulmonary pressure increases due to the vigorous contraction of the
abdominal muscles and other expiratory muscles which induce the compression of the
alveoli and bronchioles.

3. Expiratory phase, which results in an explosive expiration of air from the lungs to
the outside due to the sudden opening of the vocal cords and epiglottis for action of the
abductor muscle of the arytenoid cartilages. Then, the expiration continues in a passive
manner, favored by the complete relaxation of the diaphragm [2,21].

The cell bodies of the vagal sensory nerves are mostly located in the nodose and
jugular ganglia, although about 1% originate from the thoracic dorsal ganglia [22]. There are
several sensory nerve subtypes in the airways which can be divided into mechanosensitive
and chemosensitive [23]. The mechanosensitive subtypes are important for clearing the
airways of inhaled or aspirated foreign bodies and are represented by the rapidly adapting
receptors (RARs) and the slowly adapting receptors (SARs) [24]. The chemo-sensitive
subtypes, which evoke cough in response to inhaled noxious chemicals or endogenously-
released mediators derived from pathological processes, are represented by the A fibers
and the C fibers [25-27]. RARs are myelinated fibers activated by stimuli which evoke
bronchospasm and mucus production, and by substances such as histamine, capsaicin,
substance P, and bradykinin [24,28,29]. RARs can cause cough even under anesthesia,
allowing the body to defend the lungs from harmful particles [30,31]. SARs are primarily
distributed in the alveoli and bronchioles, and occasionally associated with the bronchiolar
smooth muscles. They are highly sensitive to the mechanical forces put on the lungs during
breathing, especially during inspiration and prior to the initiation of expiration, and they
are important in the Hering—Breuer reflex [20,32]. A fibers are fast-conducting myelinated
fibers originating in the jugular ganglia and are activated by TRPV1 agonists, such as
capsaicin [33,34]. C fibers are mostly nerve fibers innervating the airways and are found
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predominantly in the airway epithelium [35]. They are unmyelinated and slow conducting
fibers; these fibers are responsible for the conscious perception of irritants and are blocked
by anesthesia [22]. C fibers are activated by agonists of TRPV1 and TRPA1 (e.g., acrolein
and cinnamaldehyde) [26,30].

Receptors and ion channels have a pivotal role in the initiation and regulation of
cough [36]. TRPV1 and TRPA1 are members of the transient receptor potential (TRP)
superfamily which are cation-selective ion channels with a preference for the calcium
ion (Ca%*) [37]. TRP channels act as cellular sensors and can be stimulated by different
triggers, such as arachidonic acid derivatives, a low airway pH or high proton concen-
tration, reactive oxygen species (ROS), oxidative stress end-products, altered osmolarity,
and changes in temperature and stretch [38,39]. TRPV1 was the first TRP channel to be
described as a key regulator of tussive reflexes [40] and it is activated by multiple stim-
uli, such as irritant chemicals (e.g., capsaicin), low pH, high temperature (>43 °C), and
inflammatory mediators (bradykinin, prostaglandin E2 (PGE2), and protease-activated
receptors (PARs)) [38,41-45]. TRPV1 is mainly located in C fibers and in a small subset of
thin myelinated Ad fibers. TRPV1-positive neural fibers innervate the respiratory tract,
from the upper to the lower airways, but its density is highest in the proximal airways and
progressively decreases in more distal tracts [46,47]. TRPA1 was initially described as a
noxious cold sensor and mechanosensory, but it is activated by several stimuli, such as the
end-products of oxidative stress (e.g., hypochlorite, nitric oxide, and hydrogen peroxide),
PGE2, bradykinin, and PAR2 [30,48-51]. It is expressed in airway vagal neurons and in
non-neuronal cell types, including epithelial cells, airway smooth muscle cells and fibrob-
lasts [52,53]. TRPA1 seems to cause cough by the activation of the vagal bronchopulmonary
C fibers in the lungs [54,55]. TRPV4 and TRPMS are also members of the TRPV superfamily,
and their role in cough modulation was recently reported. TRPV4 was firstly described
as a sensor of osmotic stress, but it is activated by moderate temperatures (>24 °C), PAR2,
and hypotonic solutions [56,57]. It is mainly located in the central and peripheral nervous
systems and causes cough through the activation of mechanosensitive Aé fibers [58,59].
TRPMS is a thermosensor activated by cool temperatures (between 15 and 28 °C) and other
compounds, such as menthol, icilin, and eucalyptol [41,60]. It is expressed in a subpopu-
lation of cold-responsive primary afferent neurons within the dorsal root and trigeminal
ganglia, and in neuronal afferents located in the upper and lower airways [41,49,61,62].
TRPMS is responsible for cough and bronchoconstriction induced by the inhalation of cold
air, but menthol—one of its agonists—seems to have antitussive properties [61,63,64].

Distinct from reflex cough, voluntary cough is consciously achieved by the prefrontal
cortical control of descending motor pathways, without any cough-related peripheral
sensory nerve activity from the airways [65]. It is supposed that cough associated with
URTIs is mainly elicited by the voluntary pathway as a cognitive recognition of the neces-
sity to protect the airways by the so-called urge to cough (UTC). URTIs, by pharyngeal
inflammation, stimulates the cerebral cortex and elicits cough voluntarily [66]. This mech-
anism explains why cough associated with URTIs may be poorly responsive to codeine
and common antitussive synthetic drugs, which usually interact with the reflex cough
pathway [67]. Moreover, cough may be voluntarily modulated or inhibited by acting on the
cerebral cortex [68]. It has been demonstrated that a placebo treatment can reduce the cough
frequency in patients with URTIs by 50% by interacting with the voluntary component of
cough through the generation of endogenous opioids [69]. The comprehension of these
mechanisms is essential to understand the pathophysiology of acute and chronic conditions
related to cough and to recognize the basis of their potential neuromodulation.

3. Acute Cough

Cough is conventionally defined as acute when it lasts less than 4 weeks [1]. It is
more prevalent in younger children, particularly in pre-school age, compared to school-age
children and adolescents [6]. Approximately two-thirds of children between 0 and 4 years
old are brought to their pediatrician for an acute respiratory event [5]. An observational
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study by De Blasio et al. involving 433 children aged 1 to 14 years with acute cough found
that 52% of the participants were under the age of 6 [70]. Furthermore, pre-school children
have higher morbidity with worse impact on the QoL than children and adolescents who
have shorter and milder episodes [71].

Coughing may be a presenting symptom of many diseases generally affecting the
respiratory tract. Concerning acute cough, it is the presenting symptom of URTIs in
approximately 90% of cases, mainly sustained by a viral pathogen, generally benign
and self-limiting [6]. Young children frequently experience respiratory tract infections,
largely due to increased exposure when they first enter communal settings [72]. Children
may have up to 8-10 episodes of URTIs a year, and coughing may last for more than
2 weeks [73]. Before 2020, rhinovirus (RV) and common cold human coronaviruses were the
most frequently identified microorganisms, followed by respiratory syncytial virus (RSV),
human metapneumovirus, adenovirus, parainfluenza, and type A influenza viruses [74].
The SARS-CoV-2 pandemic interrupted that pattern, except for RV [75]. Other causes
of acute cough may include croup [76], lower respiratory tract infections (LRTIs) such
as pneumonia, bronchitis or bronchiolitis [77], rhinosinusitis [78], inhalation of a foreign
body [5], wheezing or asthma [79]. Furthermore, acute coughing may be precipitated
by exposure to allergens and irritants, such as exposure to tobacco smoke, second-hand
exposure to e-cigarettes, pollutants, smells, aerosols, dust, or cold or dry air [6,73,80]. A
recent meta-analysis by Galway et al. confirmed that exposure to tobacco smoke has a
particularly harmful impact on children’s health and their respiratory systems [4].

The management of coughing in children should be based on a detailed history and
an accurate physical examination. A helpful way to guide the diagnosis is to characterize
the cough as wet or dry: most children present with acute wet cough that requires no
investigations or treatment as it is caused by a self-limiting viral infection [5]. Moreover,
some characteristics of the cough may be helpful in understanding its etiology: “barking
cough” is typical of croup [76]; Bordetella pertussis infection causes a cough referred to
as “paroxysmal” [81]; and a dry cough associated with specific respiratory signs such as
wheezing and shortness of breath is mostly associated with asthma [79]. In the presence
of any red flags, both systemic (failure to thrive, digital clubbing, neonatal onset, features
suggestive of immunodeficiencies) and/or specific pulmonary signs (respiratory distress,
dyspnea, cyanosis, hemoptysis, chest pain, specific lung sounds), the patient should be
referred to a specialist and a chest X-ray and/or a lung function test should be performed [6].
In the absence of warning signs, no specific protocols are nowadays validated for acute
cough in children and a “wait and see” approach should be preferred, as proposed by
Marseglia et al. in a recent Italian review [6]. Firstly, it is essential to address parental
concerns by reassuring them of the benign nature of the symptom in the absence of specific
red flags and to identify and eliminate any environmental factors that may be exacerbating
the condition [82]. In this regard, exercise is considered a recognized cough trigger that can
occur with asthma or exercise-induced laryngeal obstruction [83].

Cough associated with URTIs frequently resolves within 10 days in approximately
50% of cases and in 90% of children within 25 days [84]. If URTI symptoms last more than
10 days, acute rhinosinusitis should be suspected [78]. Cough persisting for more than
4 weeks should be managed following specific chronic cough protocols [77]. The potential
progression of LRTIs must be carefully monitored [77]. Routine antibiotic treatment is not
recommended, as bronchiolitis or viral pneumonia could be part of the natural progres-
sion [77]. However, if risk factors for complications exist or if the patient is systemically
unwell, antibiotics may be considered, and specialist consultation might be necessary [77].
For suspected inhaled foreign bodjies, especially in cases of choking, acute dyspnea, or
sudden onset of wheezing, referral to a specialist for rigid bronchoscopy and further diag-
nostic or therapeutic evaluations is essential [85]. While acute cough in pediatric patients is
generally benign, it can cause significant anxiety for families, often leading them to seek
specialist advice or resort to over-the-counter (OTC) medications and a “do-it-yourself”
approach [86].
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4. Chronic Cough

Chronic cough in children < 14 years old is defined as a daily cough lasting more
than 4 weeks [86,87]. A proportion of these patients may have persistent cough despite
thorough investigation (idiopathic chronic cough) and treatment (chronic refractory cough)
according to published guidelines [86].

The prevalence of chronic cough is difficult to define since there is no agreed defini-
tion in epidemiological studies [88]. According to reports in the literature, it seems that
prevalence varies between 1 and 28% [89-91] with a peak of 9% in Eastern Europe [92],
but to date, no studies have systematically compared the prevalence of chronic cough in
children worldwide.

Concerning pathophysiology, different stimuli can increase the physiological cough
reflex. As the most frequent cause of cough in children is represented by infections, a
possible mechanism explaining the persistence of the cough reflex lies in the neuromodu-
lation: microorganisms as viruses or inflammatory mediators can cause plasticity in the
cough neural pathways, causing the cough to persist after the pathogen noxa is cleared [93].
still, cough itself could be a traumatic mechanical stress to the airway wall resulting in a
self-perpetuating cough-reflex cycle by inducing neutrophilic airway inflammation and
cough-reflex hypersensitivity [94]. Therefore, compared with adults, children present with
different degrees of maturation of the airway morphology and of the neurological and
immunological systems in the various pediatric age groups that influence the cough reflex,
resulting in observed differences in etiology and management [95].

It is possible to recognize pulmonary and non-pulmonary causes of chronic cough
in children; however, according to the most recent European guidelines [86], the three
most frequent causes are asthma, PBB, and nonspecific cough that resolves spontaneously,
usually due to post-infective conditions [86]. Marseglia et al. proposed an etiological
classification of chronic cough by stratifying the pediatric population by age, resulting in a
major incidence of asthma in infants and children > 2 years old; PBB in children 1-2 years
old; unknown cause in children 2-5 years old, and psychogenic cough in adolescents [7].
Ioan et al. supported the idea that etiology in chronic cough in children is age-related [96].
For this reason, in children < 5 years old, the inhalation of a foreign body should always
be considered, and due to the anatomical features of the child, airways anomalies such
as tracheomalacia or tracheobronchomalacia must be considered [97,98]. In this context,
PBB is a specific pediatric condition caused by typical respiratory bacteria (Hemophilus
influenzae, Streptococcus pneumoniae, and Moraxella catarrhalis). If unrecognized, it may
progress to a chronic suppurative lung disease until bronchiectasis. Diagnosis is based on
four clinical criteria: chronic wet cough; no other symptoms associated with the cough; no
evidence of an alternative diagnosis; and resolution of the cough after a two-week course of
antibiotic treatment [99]. A dry cough associated with specific symptoms such as wheezing
and a history of atopy is clearly indicative of asthma, whereas in some cases, asthma
can be manifested only with isolated cough and is then called cough-variant asthma or
cough-dominant asthma, a condition that has recently aroused the interest of many authors
concerning its diagnostical and therapeutic aspects [100-103]. Among non-pulmonary
causes of chronic cough in children, GERD seems to be not as frequent as in adults, so
empiric treatments against this condition are not used in pediatric age when clinical features
of GERD are absent [104,105]. Rather, psychogenic cough (or habit cough, tic cough or
somatic cough disorder) is most common in school-age children and adolescents, with a
male predominance [106]. Typical of this condition is the characteristic sound of the cough,
usually barking or honking, and the absence of the cough once asleep [107-109].

Despite the cause, chronic cough is best seen as a symptom of an underlying dis-
ease in children and should be approached using pediatric-specific cough management
protocols and valuable questionnaires, which may include the Cough-specific Quality of
Life Questionnaire (CQLQ) and specific cough-related symptom questionnaires tailored
for pediatric populations, to assess the frequency, duration, and impact of the cough on
the child’s daily life, helping to characterize the nature of the cough and its potential
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triggers [86]. Studies and reviews over the past decade agree that using specific cough
algorithms leads to earlier diagnosis and improved clinical outcomes, such as shorter du-
ration of cough and increased QoL [7,86,110,111]. In this regard, Mukerji et al. supported
the need for a multi-disciplinary approach and recourse to a specialist when a specific
cause is identified [112]. The systematic evaluation of a child with chronic cough starts
with a targeted detailed history, physical examination, chest radiograph, and, when ap-
plicable, spirometry, with the aim of categorizing the cough as specific (the etiology can
be attributed to an underlying abnormality or disease) or nonspecific (no evidence of an
underlying disease) [112]. Specific cough pointers include the nature of the cough (wet
or dry), classically recognizable cough sounds (barky croup cough), auscultatory findings
(such as wheeze), and associated conditions such as digital clubbing, failure to thrive (FTT),
recurrent pneumonia, and abnormalities on chest radiograph or spirometry [85,86,112].
Conversely, a chronic cough is more likely to be nonspecific if it is dry and there are no
abnormalities identified on initial evaluation. In this case, Marseglia et al. highlighted the
importance of a “wait and see” approach, considering a post-infective self-limiting cough
the primary cause [7]. However, if the cough persists, therapy should be started. In the case
of dry cough, an inhaled corticosteroid (ICS), such as budesonide 400 ug/day for 2-4 week,
is the first-choice treatment if a cough-variant asthma is suspected. In the case of dry cough
without specific pointers, an antibiotic therapy, specifically amoxicillin-clavulanate for
24 weeks if PBB is suspected, should be started [4,7,113]. In the case of a resolution of
the cough, the treatment may be stopped and the diagnosis is confirmed. In case of per-
sistence, re-evaluating the patient is essential, searching for possible specific pointers that
could simplify the management by addressing the patient to a specialist, whereas further
investigations need to be undertaken, such as a complete blood cell count, erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP), and first-step immunity evaluation [7].
Otolaryngology visits and rhino-pharyngo-laryngeal fibroscopy could be useful, as well
as a sweat test in the suspicion of cystic fibrosis [7]. Still, a blood culture, Mantoux test,
serology or polymerase chain reaction (PCR) on nasopharyngeal secretions and sputum
should be attempted in case of suspected infectious causes [7]. If the cough persists and all
the tests are negative, it is mandatory to proceed with chest computed tomography (CT),
fiber optic bronchoscopy, bronchoalveolar lavage (BAL), fractional exhaled nitric oxide
(FeNO) testing, and pH-impedance and/or high-resolution esophageal manometry [7]. If
an underlying condition is identified, the specific treatment must be started, whereas a
psychological visit is mandatory in the suspicion of a habit cough [7].

The main differences between acute and chronic cough in pediatric age are summa-
rized in Table 1.

Table 1. A summary of the main differences between acute and chronic cough in pediatric age.

Duration Etiology Evaluation
gﬁ}gs As acute cough is usually
Acute cough <4 weeks LRTIIs) self-limited, a “wait and see”
approach is preferred

Ambiental agents’ exposition

PBB (children aged 1-2) As chronic cough is often a symptom
Chronic cough <4 weeks Asthma (children aged >2) of an underlying disease,
& GERD, asthma, post-infective, pediatric-specific cough management
psychogenic cough (adolescents) protocols should be used

(GERD: gastroesophageal reflux disease; LRTIs: lower respiratory tract infections; PBB: protracted bacterial
bronchitis; URTIs: upper respiratory tract infections).

5. Neuromodulators

Neuromodulation is the physiological process through which a neuron employs one
or more endogenous chemicals, known as neuromodulators, to regulate a broad range
of neurons or synapses in the nervous system [114]. In contrast to classical neurotrans-
mission, where a neurotransmitter directly induces an excitatory or inhibitory response at
the synapse, neuromodulation involves the release of substances that modify the intrinsic
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properties of neurons, the strength of synaptic transmission, or the overall excitability of
neural circuits [114]. As a result, neuromodulation can shape various aspects of neuronal
function, including synaptic plasticity, circuit dynamics, and behavior [115]. Neuromod-
ulators encompass a wide variety of molecules, including monoamines (e.g., dopamine,
serotonin, and norepinephrine), neuropeptides (e.g., substance P and oxytocin), and cy-
tokines [116]. They can be released both synaptically and extrasynaptically, so they can
operate locally or at distant targets, acting in a paracrine or endocrine way [116]. The
effects of neuromodulators are typically mediated through G-protein-coupled receptors
(GPCRs) rather than ion channels, leading to more sustained and widespread influences on
neural activity [117]. G proteins are heterotrimeric complexes composed of «, 3, and v sub-
units. In its inactive state, the o subunit is bound to Guanosine Diphosphate (GDP) [117].
When an agonist binds to a GPCR, it triggers the exchange of GDP for GTP (Guanosine
Triphosphate) on the « subunit [117]. This exchange induces a conformational change in
the & subunit, causing its dissociation from the 3y dimer [117]. Both the activated o sub-
unit and the 3y dimer then function as signal transducers, initiating various intracellular
signaling pathways [117]. The complexity of these activation steps results in slower and
more prolonged effects that can influence cellular responses across a broader area [115,117].
Specifically, the regulation of cough by neuromodulators is increasingly being explored
in the last decades, both in pediatric and adult age [118]. In children, the cough reflex is
more sensitive and easily triggered because of the ongoing neural development and the
increased neuromodulator activity, such as substance P and neuropeptides, leading to a
stronger response [118]. In contrast, adults have a fully developed nervous system with a
more regulated cough reflex [118,119]. Additionally, the immaturity of the immune system
in children may result in exaggerated inflammatory responses [118,119]. Overall, children
have a more easily triggered cough reflex, while adults exhibit a more regulated response
influenced by chronic conditions (e.g., Chronic Obstructive Pulmonary Disease (COPD),
GERD, etc.) [118,119].

Neuromodulators are increasingly being explored as therapeutic options for man-
aging acute and chronic cough in pediatric subjects, particularly in the case of absent or
inadequate responses to conventional therapies; so, neuromodulators may influence both
the sensitivity and the duration of the cough reflex [120]. As showed in Figure 2, they may
be summarized into two major classes: neuromodulator drugs and natural remedies with
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5.1. Neuromodulator Drugs

Based on their mechanism of action, neuromodulator drugs may be classified into
central, peripheral, and both central and peripheral agents [121].

5.1.1. Central Cough Suppressants

Dextromethorphan

Dextromethorphan (DXM) hydrobromide acts by binding to several key sites in the
brain, including N-methyl-D-aspartate (NMDA) glutamate receptors, sigma-1 (9-1) recep-
tors, as well as serotonergic and nicotinic receptors [122]. After being absorbed from the
gastrointestinal tract, it undergoes metabolism in the liver, primarily by the cytochrome
P450 (CYP) enzymes, particularly CYP2D6, converting it mostly into dextrorphan, its active
metabolite with antitussive properties [123]. The effects of DXM can last for up to six
hours [123]. The drug is primarily excreted through the kidneys [123]. The recommended
dosage varies by age: 7.5 mg for children aged 2-5 years, 15 mg for those aged 611 years,
and 30 mg for adolescents aged 12-18 years [124].

Currently, the American Academy of Pediatrics and the American College of Chest
Physicians do not support the use of DXM for treating cough in children [125].

Regarding its efficacy, recently Meeves et al. conducted a multiple-dose, double-blind,
placebo-controlled, randomized pilot trial to evaluate the antitussive efficacy of DXM
hydrobromide in children aged 6-11 years with acute cough due to the common cold. The
study included 128 children who first completed a run-in period with a cough monitor
after taking a sweet syrup. They were then randomized to receive either DXM or a placebo
for four days. Coughs were recorded over the first 24 h, and the children self-reported
cough severity and frequency daily. The authors found that DXM significantly reduced
total coughs over 24 h by 21.0% and daytime cough frequency by 25.5% compared to
placebo. Children who received DXM also reported greater reductions in cough severity
and frequency. However, no significant differences were observed between the DXM and
placebo groups for night-time cough rates or the impact of cough on sleep. Both DXM and
placebo were generally well-tolerated [126].

Regarding its safety, DXM can cause adverse reactions especially at higher doses
or in sensitive individuals [127]. Common side effects include drowsiness, dizziness,
confusion, nervousness, nausea, vomiting, stomach pain, and constipation [127]. Serious
side effects, although rare, can include adverse drug reactions (ADRs), hallucinations
and serotonin syndrome when taken with other drugs that increase serotonin levels (e.g.,
selective serotonin reuptake inhibitors (SSRI), tricyclic antidepressants, monoamine oxidase
inhibitors, meperidine, lithium, clonazepam, methylenedioxy-methamphetamine (MDMA),
and tryptophan dietary supplements) [127]. Toxicity has been observed at doses exceeding
10 mg/kg, with seizures reported at doses ranging from 20 to 30 mg/kg [128].

Opioid derivates

Primarily known for their analgesic properties, opioid derivates can act as potent
neuromodulators in the management of cough [120].

Specifically, codeine, extracted from Papaver bracteatum, is a weak opioid that acts
on the p-opioid receptors in the medullary cough center [129]. Like other antitussive
drugs, codeine is well absorbed after oral administration and metabolized in the liver by
CYP450 and CYP2D6 [130]. Codeine and its metabolites are primarily excreted through the
kidneys as free or glucuronide-conjugated forms [130]. It is available in the form of syrup,
capsules, and tablets, in combination with other molecules or alone, in doses of 5-10 mg
every 4-6 h as needed, and with a maximum daily dose of 60 mg [131].

In April 2015, the EMA issued a statement advising that codeine-containing cough
and cold medicines should not be used in children under 12 years old [132]. The EMA also
recommended caution in using these medications for children aged 12 to 18 years [132].
In 2017, the FDA released strong recommendations against the use of codeine in children,
following reports of 24 deaths and 38 cases of respiratory depression linked to codeine-
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containing medications in pediatric patients [133]. In 2018, the FDA limited the use of these
products to adults 18 years and older [134].

Regarding its efficacy, in a single RCT involving 57 pediatric patients with noctur-
nal cough (ages 18 months to 12 years), Taylor et al. compared the efficacy of codeine
10 mg/5 mL combined with guaifenesin 100 mg/5 mL, dextromethorphan, and placebo. Al-
though codeine was associated with a reduction in mean cough and composite scores, these
results did not achieve statistical significance and did not demonstrate greater effectiveness
compared to either the other active treatments or the placebo [135].

Common side effects of codeine include drowsiness, constipation, and nausea [136].
More severe effects can include breathing difficulties and, in some cases, fatal respiratory
depression, especially in children who are “ultra-rapid metabolizers” of the drug due to
variations in the CYP2D6 enzyme, leading to potentially dangerous levels of morphine in
the body [136].

5.1.2. Peripheral Cough Suppressants

Levodropropizine

Levodropropizine is a piperazine compound derived from hydroxyzine, a first-generation
antihistamine [137]. Rapidly absorbed by the digestive tract, with a plasma peak of
40-60 min after ingestion, levodropropizine undergoes hepatic metabolism, but it does
not require activation via complex metabolic pathways such as CYP2D6 [138]. Approxi-
mately 80-90% of an administered dose is eliminated unchanged in the urine [138]. Levo-
dropropizine acts primarily on the peripheral sensory nerves, specifically the C fibers, and
inhibits the release of neuropeptides like substance P and bradykinin [138]. By blocking the
release of these neuropeptides, levodropropizine reduces the activation of sensory neurons,
leading to a decreased cough response [138]. This action is crucial in conditions where the
cough is driven by peripheral irritation or inflammation rather than central nervous system
(CNS) triggers [138]. Indeed, levodropropizine does not significantly affect the CNS [139].
Its selective action on peripheral receptors minimizes the risk of CNS-related side effects,
such as drowsiness, sedation or respiratory depression [139]. This makes levodropropizine
a safer option for treating cough in children, particularly for daytime use, as it does not
impair alertness or cognitive function [139].

Levodropropizine is commonly indicated for short-term symptomatic treatment of
acute cough in adults and children aged > 2 years old [140]. The dosage depends on
patient’s age: 2.5 mg to 5 mg, administered three times daily, for children aged 2 to
5 years; 5 mg, administered three times daily, for children aged 6 to 12 years; and 10 mg,
administered three times daily, for children over 12 years and adolescents [121].

Regarding its effectiveness, Zanasi et al. compared this drug to the efficacy of central
cough suppressants (opioids and non-opioids), conducting a meta-analysis of seven clinical
studies involving 1178 patients across pediatric and adult populations. They evaluated
cough frequency, severity, and night awakenings as the outcome measures. The results
showed that levodropropizine significantly outperformed control treatments in reducing
cough intensity, frequency, and nocturnal awakenings. The findings confirm that levo-
dropropizine is more effective than centrally acting antitussives like codeine, cloperastine,
and dextromethorphan, offering a superior benefit-risk profile [141]. Recently, Marseglia
et al. conducted a comprehensive literature review focusing on studies assessing the ef-
fectiveness of levodropropizine in managing acute post-viral cough in pediatric patients.
The review synthesized data from RCTs and observational studies to provide a robust
evidence base for the use of levodropropizine in this population. The analysis revealed
that levodropropizine is effective in reducing cough frequency and severity in children
and adolescents suffering from acute post-viral cough. Clinical studies demonstrated that
levodropropizine significantly alleviates cough symptoms compared to placebo and other
common cough treatments [121].
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Concerning its safety, the medication is well-tolerated with a favorable safety profile.
Rare and mild side effects, such as gastrointestinal discomfort or allergic reactions, may
occur [120,121].

Local anesthetics

Local anesthetics (e.g., benzonatate, lidocaine) act by blocking voltage-gated sodium
channels on sensory nerve fibers [142]. This inhibition prevents the initiation and prop-
agation of action potentials in the nerves responsible for detecting and responding to
irritants in the airways [142,143]. By blocking these channels, local anesthetics reduce the
excitability of sensory neurons, leading to a decrease in the cough reflex. This mechanism
is particularly useful in conditions where the cough is triggered by local irritation or in-
flammation [142,143]. These drugs are most used for inhibiting laryngeal and respiratory
reflex in anesthetized children [144].

Benzonatate is administered orally and is systemically absorbed [30]. Although spe-
cific pediatric studies are limited, children, especially older than 10 years, metabolize
benzonatate by esterases in the plasma to produce para-aminobenzoic acid (PABA) and
other metabolites, excreted primarily through the kidneys [30]. Benzonatate typically
acts within 15 to 20 min and provides relief for 3 to 8 h [30]. The usual dosage is 100 to
200 mg every 8 h, with a maximum daily dose not exceeding 600 mg [30]. Lidocaine can be
administered through various methods, including intravenous, intramuscular, and topical
routes [120]. Once administered, lidocaine is quickly metabolized in the liver through
the CYP450 enzyme system, particularly CYP3A4 and CYP1A2, and excreted unchanged
through the kidneys [120]. Dosage depends on the method of administration and the
clinical indication [120].

Recently Hu et al. evaluated the effectiveness of different doses of intravenous li-
docaine in reducing sufentanil-induced cough (SIC) in children. The study involved
188 pediatric patients (ages 3—-12) scheduled for elective tonsillectomy with or without ade-
noidectomy. Patients were divided into four groups receiving different doses of lidocaine:
Group A (0 mg/kg), Group B (1 mg/kg), Group C (1.5 mg/kg), and Group D (2 mg/kg).
The primary outcome was the SIC grade during anesthesia induction. Secondary outcomes
included the incidence of SIC and hemodynamic parameters (mean arterial pressure and
heart rate). SIC grades were significantly lower in Groups C and D compared to Groups A
and B. The incidence of SIC was highest in Group B and lowest in Group D. Severe cough
incidence was notably reduced in Group D compared to the other groups. No significant
differences were observed in hemodynamic parameters across the groups [145].

Regarding safety, serum concentrations of lidocaine > 5 mg/L may cause light-
headedness, tremors, hallucinations, and cardiac arrest [146]. The side effect profile of
benzonatate is considered relatively benign, but some patients may experience nausea, vom-
iting, or constipation, with mild drowsiness or dizziness occurring at higher doses [30,120].

5.1.3. Drugs Acting Both Peripherally and Centrally on Cough Reflex

H; antihistamines

Antihistamines are among the most prescribed drugs in pediatric care [147,148]. Specif-
ically, Hy antihistamines inhibit the action of histamine on H; receptors and can also inhibit
x-adrenergic, muscarinic, serotonin receptors, and ion channels [120,148].

Anti-H; antihistamines are functionally classified as first- and second-generation
drugs [120,149]. First-generation H; antihistamines are lipophilic, so they can easily cross
the blood-brain barrier and enter the CNS, leading to sedative effects [120,147,148]. When
administered orally, they typically reach peak concentration in children within 2 h and
are then metabolized in the liver via the CYP450 enzyme system (primarily CYP2D6 and
CYP3A4) and excreted in the urine [120,147,148]. In contrast, second-generation H; an-
tihistamines are lipophobic, which means they poorly penetrate the CNS, making them
relatively non-sedating [120,147,148]. Furthermore, some second-generation H; antihis-
tamines also possess anti-inflammatory properties (e.g., reduction of cytokine release,
inhibition of the synthesis of chemical mediators by mast cells and basophils) [120,147,148].
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These drugs are also administered orally, with peak concentrations occurring between
30 and 60 min (e.g., cetirizine) or up to 3 h (e.g., astemizole) after administration in chil-
dren [120]. Many second-generation H; antihistamines undergo metabolism in the liver,
primarily via the CYP450 enzyme system, while they are eliminated through the kidneys
or in the feces, with some variation depending on the drug [120,147,148].

Regarding their efficacy, Ciprandi et al. evaluated the potential effectiveness of lo-
ratadine, a second-generation H; antihistamine in treating allergic cough in 20 patients
with allergic rhinoconjunctivitis and cough caused by Parietaria judaica during its pollen
season. In this double-blind, placebo-controlled, parallel-group, randomized study, allergic
patients were given either loratadine 10 mg/day or a placebo in oral tablet form for 4 weeks.
Patients recorded the occurrence and severity of conjunctival and nasal symptoms, as well
as the frequency and intensity of cough attacks, daily. They also measured peak expiratory
flow (PEF) twice daily, in the morning and evening. Physicians assessed conjunctival
and nasal signs, and performed spirometry at the start of the study, and again at 2 and
4 weeks after treatment. A methacholine challenge was conducted at the beginning of the
study to assess PD20. Pollen counts were monitored throughout the study. Loratadine
treatment led to a significant reduction in ocular and nasal symptoms, as well as a decrease
in cough frequency and intensity. In the placebo group, peak expiratory flow rate, forced
vital capacity, and forced expiratory volume in one second showed a significant decline,
while these measures remained stable and within normal ranges in loratadine-treated
patients. These findings suggest that loratadine may be effective in treating allergic cough
and rhinoconjunctivitis [149]. A systematic review by Smith et al., which included three
RCTs examining the effectiveness of antihistamines in treating acute cough, found that anti-
histamines were no more effective than placebo in reducing cough frequency or improving
sleep-related outcomes [150]. More recently, Wei et al. evaluated the clinical efficacy of
combining montelukast sodium with either budesonide or loratadine in treating children
with cough variant asthma. A total of 72 pediatric patients were divided into two groups:
Group A (n = 35) received montelukast sodium combined with budesonide, while Group B
(n = 37) received montelukast sodium combined with loratadine. The study assessed the
clinical efficacy of both treatment combinations by measuring lung function indices: forced
expiratory volume in the first second (FEV1), the ratio of FEV1 to forced vital capacity
(FEV1/FVC), and PEF. Additionally, inflammation biomarkers (TNF-« and IL-4), eosinophil
levels, and IgE levels were monitored at three intervals: before treatment, at 4 weeks, and at
12 weeks post-treatment. The study also recorded adverse reactions, symptom recurrence,
and treatment compliance. The results showed significant improvements in lung function,
inflammation markers, eosinophil levels, and IgE levels in both groups after treatment.
However, Group A had lower treatment compliance compared to Group B. In conclusion,
both treatment combinations are clinically effective in managing cough variant asthma,
improving lung function and reducing inflammation with minimal adverse reactions and
low recurrence rates. Both methods are recommended for clinical use [151].

Concerning safety, first-generation H; antihistamines often cause CNS effects, such as
drowsiness, fatigue, increased appetite, and impaired cognitive function. Additionally, they
can exhibit antimuscarinic, antiadrenergic, and anti-serotonergic properties, potentially
leading to side effects like dry mouth, tachycardia, vision disorders, and confusion [147,148].
Second-generation antihistamines were associated with serious cardiac side effects, includ-
ing significant QT interval prolongation and severe arrhythmias, such as life-threatening
torsade de pointes [152].

Cloperastine

Cloperastine is an antitussive agent that acts directly on the cough center in the
brainstem, reducing the cough reflex and thereby decreasing cough frequency, without
causing respiratory depression or impacting the cardiovascular system [153]. Due to its
structural similarity to H; receptor antagonists, cloperastine also presents antihistaminic
properties and exhibits papaverine-like activities [154]. It is taken orally and begins to act
typically within 20-30 min after administration, with effects lasting for 3—4 h [120,154].
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Cloperastine undergoes hepatic metabolism via the CYP450 enzymes and is primarily
excreted unchanged in the urine [154].

It is generally considered safe for use in children, but its use is often limited to those
aged 2 years and older [120]. The dosing should be carefully adjusted according to the
child’s age and weight and varies depending on the formulation (e.g., syrup, tablets) and
the age of the child [120].

Regarding its efficacy, Scotti et al. conducted a double-blind controlled trial in children
suffering from various cough-inducing conditions. The findings suggest that cloperastine
is effective in reducing cough frequency and severity without significant side effects [155].
Svitaylo et al. conducted a randomized, double-blind, placebo-controlled study to evaluate
the efficacy and tolerability of cloperastine in treating nonproductive cough in 200 pediatric
subjects. The study specifically focused on the drug’s impact on night-time cough and the
quality of sleep for both patients and their parents. The results indicated that cloperastine
significantly reduced night-time cough frequency, leading to improved sleep quality for
both the patients and their parents [156].

Common side effects of cloperastine include drowsiness, dry mouth, and dizziness
due to its antihistamine properties [153]. Less commonly, gastrointestinal disturbances
(e.g., mild and transient nausea) may occur [153].

5.2. Natural Remedies with Neuromodulator Effects

Several natural products, grounded in historical and cultural practices, are commonly
employed across different societies to alleviate cough symptoms [157]. All these compounds
share the same pharmacokinetics, with absorption in the gastrointestinal tract, metabolism
in the liver, and excretion through urine [157].

Ginger

Ginger (Zingiber officinale) holds promise as a natural remedy for cough in children
due to its anti-inflammatory, antioxidant, and antimicrobial properties [157]. It contains
bioactive compounds such as gingerols and shogaols, which have anti-inflammatory and
neuromodulatory properties and may help reduce cough by inhibiting the production and
release of pro-inflammatory mediators and modulating neural pathways [157,158].

To the best of our knowledge, no studies evaluating the efficacy and safety of ginger
were so far conducted in pediatric age and its use is currently not recommended for the
treatment of cough in children [158].

Honey

Honey is a nutritious, natural, and healthy food produced by honeybees (Apis mellif-
era) [159]. Generally, it has a content of 80-85% carbohydrates, 15-17% water, 0.3% proteins,
0.2% ashes, and minor quantities of amino acids, phenols, pigments, and vitamins [160].

Honey has bactericidal, anti-inflammatory, antioxidant, metabolic, and antitussive
properties [161]. Its viscosity increases saliva production and swallowing, which sends
an irritative stimulus to the cortical neural network [120]. It interferes with the cough
reflex, reducing the sensitivity of cough receptors and the frequency and severity of cough,
particularly at night [120].

Honey is commonly used to treat acute cough in children over one year old [162].
It should not be given to infants under one year due to the risk of infection caused by
Clostridium botulinum [162].

Anibasa et al. investigated the efficacy of honey in treating cough caused by URTIs in
children, compared to diphenhydramine, assessing the impact of honey on cough frequency,
severity, and the associated stress on caregivers. A single-blind RCT was conducted with
84 children who had URTI-related cough. The children were randomly assigned to receive
either honey (intervention group, n = 42) or diphenhydramine (control group, n = 42)
over three consecutive nights. Data on cough frequency, severity, and caregiver stress
were collected using the Pediatric Cough Questionnaire and Kingston Caregiver Stress
Scale. The analysis showed that honey significantly reduced cough frequency and severity
compared to diphenhydramine. Additionally, caregivers of children in the honey group
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reported a greater reduction in stress and improved sleep patterns for both themselves and
the children [163].

Nishimura et al. assessed the effectiveness of honey in treating nocturnal coughs
and sleep disorders in young children with URTIs. They conducted a multicenter, ran-
domized, double-blind, placebo-controlled trial in Japan, including 161 children aged
1-5 years who had URTIs and coughs lasting up to 7 days. Participants were recruited
from 13 pediatric community clinics and randomly assigned to receive either acacia honey
or a honey-flavored syrup placebo. The treatments were administered before bedtime on
two consecutive nights, and nocturnal cough and sleep difficulties were assessed using
a 7-point Likert scale. Data collection occurred from November 2021 to February 2022,
with 78 children in the honey group and 83 in the placebo group. Both groups experi-
enced improvements in cough and sleep difficulties over the two nights, but there were no
significant differences between the honey and placebo groups [164].

More recently, Kuitunen et al. conducted a systematic review to evaluate the efficacy
and safety of honey as a treatment for acute cough in children. The authors analyzed
multiple studies to determine whether honey is a viable alternative to conventional cough
medications. Honey was found to be effective in reducing cough frequency and severity,
improving sleep quality for both children and their parents. It was especially beneficial
compared to placebo or no treatment. Furthermore, honey is generally safe for children
over one year of age, with minimal side effects reported. The authors suggest that honey
performs similarly or better than OTC cough suppressants and is a cost-effective option
for managing acute cough in children. The study concludes that honey is an effective and
safe option for treating acute cough in children, supporting its use as a natural remedy in
pediatric care [165].

Licorice root

Licorice (Glycyrrhiza glabra) has a long history as a remedy for coughs and respiratory
disorders [157,166].

Kuang et al. assessed the effectiveness of 14 key compounds and crude extracts from
licorice using two experimental models in mice: the ammonia-induced cough model and
the phenol red secretion model. The authors found that liquiritin apioside, liquiritin,
and liquiritigenin, when administered at 50 mg/kg orally, significantly reduced cough
frequency by 30-78%. The antitussive effects of these compounds were partially blocked by
methysergide or glibenclamide, but not by naloxone, indicating that their action involves
both peripheral and central pathways. These compounds also exhibited potent expectorant
effects after a 3-day treatment. Water and ethanol extracts of licorice, rich in liquiritin
apioside and liquiritin, reduced cough frequency by 25-59% at 200 mg/kg and enhanced
phenol red secretion. In contrast, ethyl acetate extracts were less effective [166].

Recently, Rabbani et al. conducted a randomized placebo-controlled trial to assess
the efficacy of an oral combined tablet containing Glycyrrhiza glabra, Viola odorata, and
Operculina turpethum as an adjunctive therapy for managing mild-to-moderate childhood
asthma. A total of 60 children and adolescents with chronic mild-to-moderate asthma
were assigned to either the intervention group or the placebo group, in addition to their
standard asthma treatment. Outcomes were measured through clinical assessments of
cough frequency and severity, shortness of breath, spirometry indices, disease control, and
treatment adherence using validated questionnaires. Patients in the first group showed
significant improvements in respiratory test indices and Asthma Control Questionnaire
scores and a reduction in the severity of activity restriction compared to the placebo group.
Notably, there were significant differences in the frequency and severity of coughs and
activity restriction. The Asthma Control Questionnaire scores also improved significantly
for the Anti-Asthma® group compared to the placebo [167].

Currently, the EMA does not recommend its use in subjects under 18 years old [168].

Menthol

Menthol is an acyclic monoterpene derived from the peppermint plant (Mentha
piperita) [169]. It exhibits a range of therapeutic properties, including analgesic, anti-
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inflammatory, antitussive, antiviral, and antifungal effects [120]. These benefits are primar-
ily attributed to its interaction with nociceptors, such as TRPMS8, which are predominantly
found on afferent sensory neurons [120].

Clinical evidence of menthol’s efficacy is minimal and based on small cohorts of
patients. Kania et al. conducted a single-blind, pseudo-randomized crossover trial with
42 healthy children, aged 10-11, to evaluate the effects of menthol on nasal airflow, per-
ceived nasal openness, and cough response. Participants inhaled either menthol or a
placebo (eucalyptus oil), and measurements were taken before and after intervention on
two consecutive days. The study found that menthol did not affect nasal airflow as mea-
sured by spirometry. However, menthol significantly increased the children’s perception
of nasal openness. Although menthol reduced cough count slightly, this change was not
significantly different from the placebo [170].

Mild, temporary irritant effects (e.g., burning sensation on the skin, eyes, or nose) may
follow menthol administration [120]. More severe adverse events, like seizures related to
dermal exposure, are typically limited to young infants [120].

The use in children under 2 years of age is contraindicated by the EMA, while it is not
recommended in children between 2 years and 11 years of age [171].

Thyme

Thyme (Thymus vulgaris) contains thymol and carvacrol, which have antimicrobial,
anti-inflammatory, and antitussive effects. These compounds may act on neuromodulatory
pathways to reduce cough reflex sensitivity [172].

Recently, Eskandarpour et al. conducted a randomized, triple-blind clinical trial to
evaluate the effect of Thymus vulgaris on cough in children aged 5 to 12 years experiencing
mild to moderate asthma exacerbations. A total of 60 children were divided into two groups:
the intervention group (1 = 30) received Thymus vulgaris (20 mg/kg every 8 h) in syrup form
along with standard medical treatment for one week; the control group (1 = 30) received
standard medical treatment with placebo syrup. Clinical symptoms, laboratory measures,
and spirometry data were assessed before and after the intervention. The intervention led to
a significant reduction in activity-induced cough in the first group compared to the control
group. However, there was no significant difference in the reduction of wheezing and
breathlessness between the groups. Spirometry results showed a significant improvement
in FEV1 in the intervention group, but there were no significant differences in FEV1/FVC,
PEF, or forced expiratory flow at 25-75% of vital capacity (FEF25-75%) [172].

Currently, its use is not recommended by the EMA in subjects under 18 years old [173].

6. Conclusions

The exploration of neuromodulators in the field of acute and chronic cough in children
provides significant insights into the unique underlying mechanisms that differentiate
pediatric cough from adult presentations. Neuromodulators can play a critical role in the
increased sensitivity and persistence of cough frequently observed in children. These find-
ings highlight the need to consider age-related differences in neuromodulation pathways
when diagnosing and treating pediatric cough, as children’s neural pathways can respond
differently to stimuli compared to adults.

Understanding these mechanisms not only enhances our knowledge of cough patho-
physiology, but also opens new avenues for targeted therapies that could improve the
outcomes of children suffering from both acute and chronic cough.

Further research in this area is critical. A deeper exploration of how neuromodulators
interact with the pediatric cough reflex will provide a clearer understanding of the long-
term effects and safety of these treatments, significantly improving the QoL for children,
especially those suffering from persistent or recurring cough, and their caregivers. The
potential for such advances makes this a vital area of ongoing investigation.



Int. J. Mol. Sci. 2024, 25, 11229 16 of 22

Author Contributions: Conceptualization, S.M.; methodology, A.G.; software, G.A.; validation, L.C.,
PR. and S.M,; formal analysis, S.ER.; investigation, F.T. and M.C.; resources, M.L.R. and P.R.; data
curation, G.A.; writing—original draft preparation, S.ER., ET., A.G. and M.L.R.; writing—review
and editing, S.ER. and S.M.; visualization, S.ER., FT.,, A.G.,, M.LR, G.A, M.C, L.C, PR. and S.M.;
supervision, S.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Murgia, V.; Manti, S.; Licari, A.; De Filippo, M.; Ciprandi, G.; Marseglia, G.L. Upper Respiratory Tract Infection-Associated Acute
Cough and the Urge to Cough: New Insights for Clinical Practice. Pediatr. Allergy Immunol. Pulmonol. 2020, 33, 3—11. [CrossRef]
[PubMed]

Andrani, F,; Aiello, M.; Bertorelli, G.; Crisafulli, E.; Chetta, A. Cough, a vital reflex. mechanisms, determinants and measurements.
Acta Biomed. 2019, 89, 477-480. [PubMed]

Chang, A.B.; Glomb, W.B. Guidelines for evaluating chronic cough in pediatrics: ACCP evidence-based clinical practice guidelines.
Chest 2006, 129, 260S-283S. [CrossRef]

Galway, N.C.; Shields, M.D. The child with an incessant dry cough. Paediatr. Respir. Rev. 2019, 30, 58-64. [CrossRef]

Gilchrist, FJ. An approach to the child with a wet cough. Paediatr. Respir. Rev. 2019, 31, 75-81. [CrossRef]

Marseglia, G.L.; Manti, S.; Chiappini, E.; Brambilla, I.; Caffarelli, C.; Calvani, M.; Cardinale, F,; Cravidi, C.; Duse, M.; Martelli, A;
et al. Acute cough in children and adolescents: A systematic review and a practical algorithm by the Italian Society of Pediatric
Allergy and Immunology. Allergol. Immunopathol. 2021, 49, 155-169. [CrossRef]

Marseglia, G.L.; Manti, S.; Chiappini, E.; Brambilla, L; Caffarelli, C.; Calvani, M.; Cardinale, F; Cravidi, C.; Duse, M.; Martelli, A ;
et al. Chronic cough in childhood: A systematic review for practical guidance by the Italian Society of Pediatric Allergy and
Immunology. Allergol. Immunopathol. 2021, 49, 133-154. [CrossRef]

Morice, A.; Kardos, P. Comprehensive evidence-based review on European antitussives. BMJ Open Respir. Res. 2016, 3, e000137.
[CrossRef] [PubMed]

Prasad, S.; Lownik, E.; Ricco, J. Viral Infections of the Respiratory Tract. Fam. Med. 2016, 17, 507-517.

Cheng, Z.R.; Chua, Y.X.; How, C.H.; Tan, Y.H. Approach to chronic cough in children. Singap. Med. J. 2021, 62, 513-519. [CrossRef]
Weinberger, M. Chronic Cough and Causes in Children. J. Clin. Med. 2023, 12, 3947. [CrossRef] [PubMed]

Jurca, M.; Ramette, A.; Dogaru, C.M.; Goutaki, M.; Spycher, B.D.; Latzin, P; Gaillard, E.A.; Kuehni, C.E. Prevalence of cough
throughout childhood: A cohort study. PLoS ONE 2017, 12, e0177485. [CrossRef]

Bergmann, M.; Haasenritter, J.; Beidatsch, D.; Schwarm, S.; Horner, K.; Bosner, S.; Grevenrath, P.; Schmidt, L.; Viniol, A,;
Donner-Banzhoff, N.; et al. Coughing children in family practice and primary care: A systematic review of prevalence, aetiology
and prognosis. BMC Pediatr. 2021, 21, 260. [CrossRef]

Jin, HJ.; Kim, C.W. Understanding the Impact of Chronic Cough on the Quality of Life in the General Population. Allergy Asthma
Immunol. Res. 2020, 12, 906-909. [CrossRef]

Wei, W.; Liu, R.; ZhangTong, Y.; Qiu, Z. The efficacy of specific neuromodulators on human refractory chronic cough: A systematic
review and meta-analysis. . Thorac. Dis. 2016, 8, 2942-2951. [CrossRef]

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]

Keller, J.A.; McGovern, A.E.; Mazzone, S.B. Translating Cough Mechanisms into Better Cough Suppressants. Chest 2017, 152,
833-841. [CrossRef] [PubMed]

Belvisi, M.G.; Birrell, M.A.; Khalid, S.; Wortley, M.A.; Dockry, R.; Coote, J.; Holt, K.; Dubuis, E.; Kelsall, A.; Maher, S.A.; et al.
Neurophenotypes in Airway Diseases. Insights from Translational Cough Studies. Am. ]. Respir. Crit. Care Med. 2016, 193,
1364-1372. [CrossRef] [PubMed]

Canning, B.]. Functional implications of the multiple afferent pathways regulating cough. Pulm. Pharmacol. Ther. 2011, 24, 295-299.
[CrossRef]

Polverino, M.; Polverino, F; Fasolino, M.; Ando, F,; Alfieri, A.; De Blasio, F. Anatomy and neuro-pathophysiology of the cough
reflex arc. Multidiscip. Respir. Med. 2012, 7, 5. [CrossRef]

Yanagihara, N.; Von Leden, H.; Werner-Kukuk, E. The physical parameters of cough: The larynx in a normal single cough. Acta
Otolaryngol. 1966, 61, 495-510. [CrossRef] [PubMed]

Mazzone, S.B. Sensory regulation of the cough reflex. Pulm. Pharmacol. Ther. 2004, 17, 361-368. [CrossRef] [PubMed]


https://doi.org/10.1089/ped.2019.1135
https://www.ncbi.nlm.nih.gov/pubmed/33406022
https://www.ncbi.nlm.nih.gov/pubmed/30657115
https://doi.org/10.1378/chest.129.1_suppl.260S
https://doi.org/10.1016/j.prrv.2018.08.002
https://doi.org/10.1016/j.prrv.2018.11.002
https://doi.org/10.15586/aei.v49i2.45
https://doi.org/10.15586/aei.v49i2.44
https://doi.org/10.1136/bmjresp-2016-000137
https://www.ncbi.nlm.nih.gov/pubmed/27547407
https://doi.org/10.11622/smedj.2021200
https://doi.org/10.3390/jcm12123947
https://www.ncbi.nlm.nih.gov/pubmed/37373643
https://doi.org/10.1371/journal.pone.0177485
https://doi.org/10.1186/s12887-021-02739-4
https://doi.org/10.4168/aair.2020.12.6.906
https://doi.org/10.21037/jtd.2016.10.51
https://doi.org/10.1097/ACI.0000000000000027
https://www.ncbi.nlm.nih.gov/pubmed/24345788
https://doi.org/10.1016/j.chest.2017.05.016
https://www.ncbi.nlm.nih.gov/pubmed/28552543
https://doi.org/10.1164/rccm.201508-1602OC
https://www.ncbi.nlm.nih.gov/pubmed/26741046
https://doi.org/10.1016/j.pupt.2011.01.008
https://doi.org/10.1186/2049-6958-7-5
https://doi.org/10.3109/00016486609127088
https://www.ncbi.nlm.nih.gov/pubmed/5963004
https://doi.org/10.1016/j.pupt.2004.09.021
https://www.ncbi.nlm.nih.gov/pubmed/15564077

Int. J. Mol. Sci. 2024, 25, 11229 17 of 22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Mazzone, S.B.; Farrell, M.]. Heterogeneity of cough neurobiology: Clinical implications. Pulm. Pharmacol. Ther. 2019, 55, 62-66.
[CrossRef] [PubMed]

Mazzone, S.B.; Reynolds, S.M.; Mori, N.; Kollarik, M.; Farmer, D.G.; Myers, A.C.; Canning, B.]. Selective expression of a sodium
pump isozyme by cough receptors and evidence for its essential role in regulating cough. J. Neurosci. 2009, 29, 13662-13671.
[CrossRef]

Mazzone, S.B.; Undem, B.J. Vagal Afferent Innervation of the Airways in Health and Disease. Physiol. Rev. 2016, 96, 975-1024.
[CrossRef]

Canning, B.J.; Mazzone, S.B.; Meeker, S.N.; Mori, N.; Reynolds, S.M.; Undem, B.]. Identification of the tracheal and laryngeal
afferent neurones mediating cough in anaesthetized guinea-pigs. J. Physiol. 2004, 557, 543-558. [CrossRef]

Chou, Y.L.; Mori, N.; Canning, B.]. Opposing effects of bronchopulmonary C-fiber subtypes on cough in guinea pigs. Am. .
Physiol. Regul. Integr. Comp. Physiol. 2018, 314, R489-R498. [CrossRef]

Canning, B.J.; Reynolds, S.M.; Mazzone, S.B. Multiple mechanisms of reflex bronchospasm in guinea pigs. J. Appl. Physiol. 2001,
91, 2642-2653. [CrossRef]

Chou, Y.L.; Scarupa, M.D.; Mori, N.; Canning, B.J. Differential effects of airway afferent nerve subtypes on cough and respiration
in anesthetized guinea pigs. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2008, 295, R1572-R1584. [CrossRef]

Dicpinigaitis, P.V.; Morice, A.H.; Birring, S.S.; McGarvey, L.; Smith, J.A.; Canning, B.J.; Page, C.P. Antitussive drugs—Past, present,
and future. Pharmacol. Rev. 2014, 66, 468-512. [CrossRef]

Nasra, J.; Belvisi, M.G. Modulation of sensory nerve function and the cough reflex: Understanding disease pathogenesis.
Pharmacol. Ther. 2009, 124, 354-375. [CrossRef] [PubMed]

Schelegle, E.S.; Green, J.F. An overview of the anatomy and physiology of slowly adapting pulmonary stretch receptors. Respir.
Physiol. 2001, 125, 17-31. [CrossRef] [PubMed]

Ricco, M.M.; Kummer, W.; Biglari, B.; Myers, A.C.; Undem, B.J. Interganglionic segregation of distinct vagal afferent fibre
phenotypes in guinea-pig airways. J. Physiol. 1996, 496, 521-530. [CrossRef]

Zaccone, E/J.; Lieu, T.; Muroi, Y.; Potenzieri, C.; Undem, B.E.; Gao, P; Han, L.; Canning, B.J.; Undem, B.J. Parainfluenza 3-Induced
Cough Hypersensitivity in the Guinea Pig Airways. PLoS ONE 2016, 11, e0155526. [CrossRef]

Takemura, M.; Quarcoo, D.; Niimi, A.; Dinh, Q.T.; Geppetti, P; Fischer, A.; Chung, K.F.; Groneberg, D.A. Is TRPV1 a useful target
in respiratory diseases? Pulm. Pharmacol. Ther. 2008, 21, 833-839. [CrossRef] [PubMed]

Materazzi, S.; Nassini, R.; Gatti, R.; Trevisani, M.; Geppetti, P. Cough sensors: II. Transient receptor potential membrane receptors
on cough sensors. Handb. Exp. Pharmacol. 2009, 187, 49-61.

Ramsey, L.S.; Delling, M.; Clapham, D.E. An introduction to TRP channels. Annu. Rev. Physiol. 2006, 68, 619—647. [CrossRef]
Bonvini, S.J.; Birrell, M.A.; Smith, J.A.; Belvisi, M.G. Targeting TRP channels for chronic cough: From bench to bedside. Naunyn
Schmiedebergs Arch. Pharmacol. 2015, 388, 401-420. [CrossRef]

Picazo-Juarez, G.; Romero-Suarez, S.; Nieto-Posadas, A.; Llorente, I.; Jara-Oseguera, A.; Briggs, M.; McIntosh, T.J.; Simon, S.A.;
Ladrén-de-Guevara, E.; Islas, L.D.; et al. Identification of a binding motif in the S5 helix that confers cholesterol sensitivity to the
TRPV1 ion channel. ]. Biol. Chem. 2011, 286, 24966-24976. [CrossRef]

Lalloo, U.G.; Fox, A].; Belvisi, M.G.; Chung, K.E; Barnes, PJ. Capsazepine inhibits cough induced by capsaicin and citric acid but
not by hypertonic saline in guinea pigs. J. Appl. Physiol. 1995, 79, 1082-1087. [CrossRef]

Zhou, Y.; Sun, B.; Li, Q.; Luo, P; Dong, L.; Rong, W. Sensitivity of bronchopulmonary receptors to cold and heat mediated by
transient receptor potential cation channel subtypes in an ex vivo rat lung preparation. Respir. Physiol. Neurobiol. 2011, 177,
327-332. [CrossRef] [PubMed]

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

Jordt, S.E.; Tominaga, M.; Julius, D. Acid potentiation of the capsaicin receptor determined by a key extracellular site. Proc. Natl.
Acad. Sci. USA 2000, 97, 8134-8139. [CrossRef] [PubMed]

Moriyama, T.; Higashi, T.; Togashi, K.; Iida, T.; Segi, E.; Sugimoto, Y.; Tominaga, T.; Narumiya, S.; Tominaga, M. Sensitization of
TRPV1 by EP1 and IP reveals peripheral nociceptive mechanism of prostaglandins. Mol. Pain. 2005, 1, 3. [CrossRef]

Amadesi, S.; Nie, J.; Vergnolle, N.; Cottrell, G.S.; Grady, E.F.; Trevisani, M.; Manni, C.; Geppetti, P.; McRoberts, J.A.; Ennes, H.;
et al. Protease-activated receptor 2 sensitizes the capsaicin receptor transient receptor potential vanilloid receptor 1 to induce
hyperalgesia. J. Neurosci. 2004, 24, 4300-4312. [CrossRef]

Watanabe, N.; Horie, S.; Michael, G.J.; Keir, S.; Spina, D.; Page, C.P,; Priestley, ].V. Inmunohistochemical co-localization of
transient receptor potential vanilloid (TRPV)1 and sensory neuropeptides in the guinea-pig respiratory system. Neuroscience 2006,
141, 1533-1543. [CrossRef]

Piedimonte, G.; Rodriguez, M.M.; King, K.A.; McLean, S.; Jiang, X. Respiratory syncytial virus upregulates expression of the
substance P receptor in rat lungs. Am. J. Physiol. 1999, 277, L831-L840. [CrossRef]

Bautista, D.M.; Movahed, P.; Hinman, A.; Axelsson, H.E.; Sterner, O.; Hogestitt, E.D.; Julius, D.; Jordt, S.E.; Zygmunt, PM.
Pungent products from garlic activate the sensory ion channel TRPA1. Proc. Natl. Acad. Sci. USA 2005, 102, 12248-12252.
[CrossRef]


https://doi.org/10.1016/j.pupt.2019.02.002
https://www.ncbi.nlm.nih.gov/pubmed/30763726
https://doi.org/10.1523/JNEUROSCI.4354-08.2009
https://doi.org/10.1152/physrev.00039.2015
https://doi.org/10.1113/jphysiol.2003.057885
https://doi.org/10.1152/ajpregu.00313.2017
https://doi.org/10.1152/jappl.2001.91.6.2642
https://doi.org/10.1152/ajpregu.90382.2008
https://doi.org/10.1124/pr.111.005116
https://doi.org/10.1016/j.pharmthera.2009.09.006
https://www.ncbi.nlm.nih.gov/pubmed/19818366
https://doi.org/10.1016/S0034-5687(00)00202-4
https://www.ncbi.nlm.nih.gov/pubmed/11240150
https://doi.org/10.1113/jphysiol.1996.sp021703
https://doi.org/10.1371/journal.pone.0155526
https://doi.org/10.1016/j.pupt.2008.09.005
https://www.ncbi.nlm.nih.gov/pubmed/18992356
https://doi.org/10.1146/annurev.physiol.68.040204.100431
https://doi.org/10.1007/s00210-014-1082-1
https://doi.org/10.1074/jbc.M111.237537
https://doi.org/10.1152/jappl.1995.79.4.1082
https://doi.org/10.1016/j.resp.2011.05.011
https://www.ncbi.nlm.nih.gov/pubmed/21621010
https://doi.org/10.1038/39807
https://www.ncbi.nlm.nih.gov/pubmed/9349813
https://doi.org/10.1073/pnas.100129497
https://www.ncbi.nlm.nih.gov/pubmed/10859346
https://doi.org/10.1186/1744-8069-1-3
https://doi.org/10.1523/JNEUROSCI.5679-03.2004
https://doi.org/10.1016/j.neuroscience.2006.04.073
https://doi.org/10.1152/ajplung.1999.277.4.L831
https://doi.org/10.1073/pnas.0505356102

Int. J. Mol. Sci. 2024, 25, 11229 18 of 22

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.
74.

Story, G.M.; Peier, A.M.; Reeve, A J.; Eid, S.R.; Mosbacher, J.; Hricik, T.R.; Earley, T.]J.; Hergarden, A.C.; Andersson, D.A.; Hwang,
S.W.; et al. ANKTM]1, a TRP-like channel expressed in nociceptive neurons, is activated by cold temperatures. Cell 2003, 112,
819-829. [CrossRef]

Grace, M; Birrell, M.A.; Dubuis, E.; Maher, S.A.; Belvisi, M.G. Transient receptor potential channels mediate the tussive response
to prostaglandin E2 and bradykinin. Thorax 2012, 67, 891-900. [CrossRef]

Terada, Y.; Fujimura, M.; Nishimura, S.; Tsubota, M.; Sekiguchi, F.; Nishikawa, H.; Kawabata, A. Contribution of TRPA1 as
a downstream signal of proteinase-activated receptor-2 to pancreatic pain. J. Pharmacol. Sci. 2013, 123, 284-287. [CrossRef]
[PubMed]

Nassenstein, C.; Kwong, K.; Taylor-Clark, T.; Kollarik, M.; Macglashan, D.M.; Braun, A.; Undem, B.]. Expression and function of
the ion channel TRPA1 in vagal afferent nerves innervating mouse lungs. J. Physiol. 2008, 586, 1595-1604. [CrossRef] [PubMed]
Mukhopadhyay, I.; Gomes, P.; Aranake, S.; Shetty, M.; Karnik, P.; Damle, M.; Kuruganti, S.; Thorat, S.; Khairatkar-Joshi, N.
Expression of functional TRPA1 receptor on human lung fibroblast and epithelial cells. J. Recept. Signal Transduct. Res. 2011, 31,
350-358. [CrossRef] [PubMed]

Bessac, B.F,; Sivula, M.; von Hehn, C.A.; Escalera, J.; Cohn, L.; Jordt, S.E. TRPAL1 is a major oxidant sensor in murine airway
sensory neurons. J. Clin. Investig. 2008, 118, 1899-1910. [CrossRef]

Taylor-Clark, T.E.; McAlexander, M.A.; Nassenstein, C.; Sheardown, S.A.; Wilson, S.; Thornton, J.; Carr, M.].; Undem, B.]. Relative
contributions of TRPA1 and TRPV1 channels in the activation of vagal bronchopulmonary C-fibres by the endogenous autacoid
4-oxononenal. J. Physiol. 2008, 586, 3447-3459. [CrossRef]

Strotmann, R.; Harteneck, C.; Nunnenmacher, K.; Schultz, G.; Plant, T.D. OTRPC4, a nonselective cation channel that confers
sensitivity to extracellular osmolarity. Nat. Cell Biol. 2000, 2, 695-702. [CrossRef]

Poole, D.P.; Amadesi, S.; Veldhuis, N.A.; Abogadie, F.C.; Lieu, T.; Darby, W.; Liedtke, W.; Lew, M.].; McIntyre, P.; Bunnett, N.W.
Protease-activated receptor 2 (PAR2) protein and transient receptor potential vanilloid 4 (TRPV4) protein coupling is required for
sustained inflammatory signaling. J. Biol. Chem. 2013, 288, 5790-5802. [CrossRef]

Grant, A.D.; Cottrell, G.S.; Amadesi, S.; Trevisani, M.; Nicoletti, P.; Materazzi, S.; Altier, C.; Cenac, N.; Zamponi, G.W.; Bautista-
Cruz, F; et al. Protease-activated receptor 2 sensitizes the transient receptor potential vanilloid 4 ion channel to cause mechanical
hyperalgesia in mice. J. Physiol. 2007, 578, 715-733. [CrossRef]

Adcock, J.].; Birrell, M.A.; Maher, S.A.; Bonvini, S.J.; Dubuis, E.D.; Wortley, M.A; Baker, K.; Belvisi, M.G. Characterization of Aj-
And C-fibres Innervating Guinea-pig Airways. Thorax 2014, 69, A77. [CrossRef]

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

Peier, A.M.; Mogrich, A.; Hergarden, A.C.; Reeve, A.].; Andersson, D.A; Story, G.M.; Earley, T.].; Dragoni, I.; McIntyre, P.; Bevan,
S.; et al. A TRP channel that senses cold stimuli and menthol. Cell 2002, 108, 705-715. [CrossRef] [PubMed]

Abe, ].; Hosokawa, H.; Okazawa, M.; Kandachi, M.; Sawada, Y.; Yamanaka, K.; Matsumura, K.; Kobayashi, S. TRPMS protein
localization in trigeminal ganglion and taste papillae. Brain Res. Mol. Brain Res. 2005, 136, 91-98. [CrossRef] [PubMed]

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

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]

Mazzone, S.B.; Cole, L.].; Ando, A.; Egan, G.F; Farrell, M.]. Investigation of the neural control of cough and cough suppression in
humans using functional brain imaging. J. Neurosci. 2011, 31, 2948-2958. [CrossRef]

Eccles, R.; Mallefet, P. Soothing Properties of Glycerol in Cough Syrups for Acute Cough Due to Common Cold. Pharmacy 2017, 5,
4. [CrossRef]

Eccles, R.; Morris, S.; Jawad, M. Lack of effect of codeine in the treatment of cough associated with acute upper respiratory tract
infection. J. Clin. Pharm. Ther. 1992, 17, 175-180. [CrossRef]

Lee, P.C,; Cotterill-Jones, C.; Eccles, R. Voluntary control of cough. Pulm. Pharmacol. Ther. 2002, 15, 317-320. [CrossRef]

Lee, P.C.; Jawad, M.S.; Hull, ].D.; West, W.H.; Shaw, K.; Eccles, R. The antitussive effect of placebo treatment on cough associated
with acute upper respiratory infection. Psychosom. Med. 2005, 67, 314-317. [CrossRef]

De Blasio, E,; Dicpinigaitis, P.V.; Rubin, B.K.; De Danieli, G.; Lanata, L.; Zanasi, A. An observational study on cough in children:
Epidemiology, impact on quality of sleep and treatment outcome. Cough 2012, 8, 1. [CrossRef]

Schroeder, K.; Fahey, T. Over-the-counter medications for acute cough in children and adults in ambulatory settings. Cochrane
Database Syst. Rev. 2012, 8, CD001831.

Mameli, C.; Picca, M.; Buzzetti, R.; Pace, M.E.; Badolato, R.; Cravidi, C.; Zuccotti, G.V.; Marchisio, P,; Italian Society of Paediatrics
Lombardy Section. Incidence of acute respiratory infections in preschool children in an outpatient setting before and during
Covid-19 pandemic in Lombardy Region, Italy. Ital. ]. Pediatr. 2022, 48, 18. [CrossRef] [PubMed]

Lamas, A.; Ruiz de Valbuena, M.; Maiz, L. Cough in children. Arch. Bronconeumol. 2014, 50, 294-300. [CrossRef] [PubMed]
Pappas, D.E. The Common Cold. In Principles and Practice of Pediatric Infectious Diseases; Elsevier: Amsterdam, The Netherlands,
2018; pp. 199-202.


https://doi.org/10.1016/S0092-8674(03)00158-2
https://doi.org/10.1136/thoraxjnl-2011-201443
https://doi.org/10.1254/jphs.13128SC
https://www.ncbi.nlm.nih.gov/pubmed/24162021
https://doi.org/10.1113/jphysiol.2007.148379
https://www.ncbi.nlm.nih.gov/pubmed/18218683
https://doi.org/10.3109/10799893.2011.602413
https://www.ncbi.nlm.nih.gov/pubmed/21848366
https://doi.org/10.1172/JCI34192
https://doi.org/10.1113/jphysiol.2008.153585
https://doi.org/10.1038/35036318
https://doi.org/10.1074/jbc.M112.438184
https://doi.org/10.1113/jphysiol.2006.121111
https://doi.org/10.1136/thoraxjnl-2014-206260.152
https://doi.org/10.1038/nature719
https://doi.org/10.1016/S0092-8674(02)00652-9
https://www.ncbi.nlm.nih.gov/pubmed/11893340
https://doi.org/10.1016/j.molbrainres.2005.01.013
https://www.ncbi.nlm.nih.gov/pubmed/15893591
https://doi.org/10.1096/fj.11-188383
https://doi.org/10.1152/japplphysiol.01144.2012
https://www.ncbi.nlm.nih.gov/pubmed/23640596
https://doi.org/10.1523/JNEUROSCI.4597-10.2011
https://doi.org/10.3390/pharmacy5010004
https://doi.org/10.1111/j.1365-2710.1992.tb01289.x
https://doi.org/10.1006/pupt.2002.0365
https://doi.org/10.1097/01.psy.0000155667.59662.92
https://doi.org/10.1186/1745-9974-8-1
https://doi.org/10.1186/s13052-022-01221-w
https://www.ncbi.nlm.nih.gov/pubmed/35115026
https://doi.org/10.1016/j.arbres.2013.09.011
https://www.ncbi.nlm.nih.gov/pubmed/24507905

Int. J. Mol. Sci. 2024, 25, 11229 19 of 22

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

Monto, A.S.; Foster-Tucker, J.E.; Callear, A.P.; Leis, A.M.; Godonou, E.T.; Smith, M.; Truscon, R.; Johnson, E.; Thomas, L.J.;
Thompson, M.S.; et al. Respiratory Viral Infections from 2015 to 2022 in the HIVE Cohort of American Households: Incidence,
illness characteristics, and seasonality. |. Infect. Dis. 2024, jiae423. [CrossRef]

Garzon Mora, N.; Jaramillo, A.P,; Briones Andriuoli, R.; Torres, S.; Revilla, ].C.; Moncada, D. An Overview of the Effectiveness of
Corticoids in Croup: A Systematic Literature Review. Cureus 2023, 15, e46317. [CrossRef]

Cao, A.M.; Choy, ].P.; Mohanakrishnan, L.N.; Bain, R.F,; van Driel, M.L. Chest radiographs for acute lower respiratory tract
infections. Cochrane Database Syst. Rev. 2013, 2013, CD009119. [CrossRef]

Marseglia, G.L.; Pagella, F,; Klersy, C.; Barberi, S.; Licari, A.; Ciprandi, G. The 10-day mark is a good way to diagnose not only
acute rhinosinusitis but also adenoiditis, as confirmed by endoscopy. Int. J. Pediatr. Otorhinolaryngol. 2007, 71, 581-583. [CrossRef]
Martin, J.; Townshend, J.; Brodlie, M. Diagnosis and management of asthma in children. BM] Paediatr. Open 2022, 6, e001277.
[CrossRef]

Costantino, S.; Torre, A.; Foti Randazzese, S.; Mollica, S.A.; Motta, E; Busceti, D.; Ferrante, E.; Caminiti, L.; Crisafulli, G.; Manti, S.
Association between Second-Hand Exposure to E-Cigarettes at Home and Exacerbations in Children with Asthma. Children 2024,
11, 356. [CrossRef]

Kasi, A.S.; Kamerman-Kretzmer, R.J. Cough. Pediatr. Rev. 2019, 40, 157-167. [CrossRef]

Tarlo, SM.; Altman, KW.; Oppenheimer, J.; Lim, K.; Vertigan, A.; Prezant, D.; Irwin, R.S.; CHEST Expert Cough Panel.
Occupational and Environmental Contributions to Chronic Cough in Adults: Chest Expert Panel Report. Chest 2016, 150, 894-907.
[CrossRef] [PubMed]

Boulet, L.P,; Turmel, J.; Irwin, R.S.; CHEST Expert Cough Panel. Cough in the Athlete: CHEST Guideline and Expert Panel Report.
Chest 2017, 151, 441-454. [CrossRef] [PubMed]

Thompson, M.; Vodicka, T.A.; Blair, P.S.; Buckley, D.I.; Heneghan, C.; Hay, A.D.; TARGET Programme Team. Duration of
symptoms of respiratory tract infections in children: Systematic review. BM] 2013, 347, £7027. [CrossRef] [PubMed]

Budhiraja, G.; Singh, H.; Guram, D.; Pulkit Kaur, N. Foreign Body Aspiration in Pediatric Airway: A Clinical Study. Indian ].
Otolaryngol. Head. Neck Surg. 2022, 74, 6448-6454. [CrossRef]

Morice, A.H.; Millgvist, E.; Bieksiene, K.; Birring, S.S.; Dicpinigaitis, P.; Domingo Ribas, C.; Hilton Boon, M.; Kantar, A.; Lai, K,;
McGarvey, L.; et al. ERS guidelines on the diagnosis and treatment of chronic cough in adults and children. Eur. Respir. ]. 2020, 55,
1901136. [CrossRef]

Chang, A.B.; Oppenheimer, ].J.; Weinberger, M.; Weir, K.; Rubin, B.K,; Irwin, R.S. Use of Management Pathways or Algorithms in
Children with Chronic Cough: Systematic Reviews. Chest 2016, 149, 106-119. [CrossRef]

Song, W].; Chang, Y.S.; Faruqi, S.; Kang, M.K,; Kim, ].Y.; Kang, M.G.; Kim, S.; Jo, EJ.; Lee, S.E.; Kim, M.H.; et al. Defining Chronic
Cough: A Systematic Review of the Epidemiological Literature. Allergy Asthma Immunol. Res. 2016, 8, 146—155. [CrossRef]
Singh, D.; Arora, V.; Sobti, P.C. Chronic/recurrent cough in rural children in Ludhiana, Punjab. Indian. Pediatr. 2002, 39, 23-29.
Pan, G.; Zhang, S.; Feng, Y.; Takahashi, K.; Kagawa, J.; Yu, L.; Wang, P.,; Liu, M.; Liu, Q.; Hou, S.; et al. Air pollution and children’s
respiratory symptoms in six cities of Northern China. Respir. Med. 2010, 104, 1903-1911. [CrossRef]

Drescher, B.J.; Chang, A.B.; Phillips, N.; Acworth, J.; Marchant, J.; Sloots, T.P; David, M.; O’Grady, K.FE. The development of
chronic cough in children following presentation to a tertiary paediatric emergency department with acute respiratory illness:
Study protocol for a prospective cohort study. BMC Pediatr. 2013, 13, 125. [CrossRef]

Leonardi, G.S.; Houthuijs, D.; Nikiforov, B.; Volf, J.; Rudnai, P.; Zejda, J.; Gurzau, E.; Fabianova, E.; Fletcher, T.; Brunekreef,
B. Respiratory symptoms, bronchitis and asthma in children of Central and Eastern Europe. Eur. Respir. ]. 2002, 20, 890-898.
[CrossRef] [PubMed]

Undem, B.J.; Zaccone, E.; McGarvey, L.; Mazzone, S.B. Neural dysfunction following respiratory viral infection as a cause of
chronic cough hypersensitivity. Pulm. Pharmacol. Ther. 2015, 33, 52-56. [CrossRef] [PubMed]

Hara, J.; Fujimura, M.; Ueda, A.; Myou, S.; Oribe, Y.; Ohkura, N.; Kita, T.; Yasui, M.; Kasahara, K. Effect of pressure stress applied
to the airway on cough-reflex sensitivity in Guinea pigs. Am. J. Respir. Crit. Care Med. 2008, 177, 585-592. [CrossRef]

Chang, A.B. Pediatric cough: Children are not miniature adults. Lung 2010, 188, S33-540. [CrossRef] [PubMed]

Ioan, I; Poussel, M.; Coutier, L.; Plevkova, J.; Poliacek, I.; Bolser, D.C.; Davenport, PW.; Derelle, J.; Hanacek, J.; Tatar, M.; et al.
What is chronic cough in children? Front. Physiol. 2014, 5, 322. [CrossRef] [PubMed]

Mindru, D.E.; Paduraru, G.; Rusu, C.D.; Tarca, E.; Azoicdi, A.N.; Rosu, S.T.; Curpan, A.S.; Ciomaga Jitaru, LM.; Paduret, .A.; Luca,
A.C. Foreign Body Aspiration in Children-Retrospective Study and Management Novelties. Medicina 2023, 59, 1113. [CrossRef]
Wallis, C.; Alexopoulou, E.; Antén-Pacheco, J.L.; Bhatt, ]. M.; Bush, A.; Chang, A.B.; Charatsi, A.M.; Coleman, C.; Depiazzi, J.;
Douros, K.; et al. ERS statement on tracheomalacia and bronchomalacia in children. Eur. Respir. J. 2019, 54, 1900382. [CrossRef]
Chang, A.B.; Upham, ].W,; Masters, I.B.; Redding, G.R.; Gibson, P.G.; Marchant, ] M.; Grimwood, K. Protracted bacterial bronchitis:
The last decade and the road ahead. Pediatr. Pulmonol. 2016, 51, 225-242. [CrossRef]

Cao, J.Y,; Wang, Y.C.; Deng, X.X. Efficacy of 32-adrenergic receptor agonist combined with corticosteroid in the treatment of
children with cough variant asthma. World J. Clin. Cases 2023, 11, 7610-7618. [CrossRef]

Wu, Q.; Wang, L.; Wu, M,; Lin, H. Effect of Montelukast Combined with Budesonide on Inflammatory Response and Pulmonary
Function in Children with Cough Variant Asthma: A Meta-analysis. J. Coll. Physicians Surg. Pak. 2023, 33, 1040-1049.

Tian, C.; Xiong, S.; Li, S.; Song, X.; Zhang, Y.; Jiang, X.; Hou, X.; Zhang, Y.; Liu, C. Spirometry in the diagnosis of cough variant
asthma in children. Pediatr. Pulmonol. 2024, 59, 291-299. [CrossRef] [PubMed]


https://doi.org/10.1093/infdis/jiae423
https://doi.org/10.7759/cureus.46317
https://doi.org/10.1002/14651858.CD009119.pub2
https://doi.org/10.1016/j.ijporl.2006.12.003
https://doi.org/10.1136/bmjpo-2021-001277
https://doi.org/10.3390/children11030356
https://doi.org/10.1542/pir.2018-0116
https://doi.org/10.1016/j.chest.2016.07.029
https://www.ncbi.nlm.nih.gov/pubmed/27521735
https://doi.org/10.1016/j.chest.2016.10.054
https://www.ncbi.nlm.nih.gov/pubmed/27865877
https://doi.org/10.1136/bmj.f7027
https://www.ncbi.nlm.nih.gov/pubmed/24335668
https://doi.org/10.1007/s12070-020-02297-8
https://doi.org/10.1183/13993003.01136-2019
https://doi.org/10.1378/chest.15-1403
https://doi.org/10.4168/aair.2016.8.2.146
https://doi.org/10.1016/j.rmed.2010.07.018
https://doi.org/10.1186/1471-2431-13-125
https://doi.org/10.1183/09031936.02.00260802
https://www.ncbi.nlm.nih.gov/pubmed/12412680
https://doi.org/10.1016/j.pupt.2015.06.006
https://www.ncbi.nlm.nih.gov/pubmed/26141017
https://doi.org/10.1164/rccm.200703-457OC
https://doi.org/10.1007/s00408-009-9166-2
https://www.ncbi.nlm.nih.gov/pubmed/19672656
https://doi.org/10.3389/fphys.2014.00322
https://www.ncbi.nlm.nih.gov/pubmed/25221517
https://doi.org/10.3390/medicina59061113
https://doi.org/10.1183/13993003.00382-2019
https://doi.org/10.1002/ppul.23351
https://doi.org/10.12998/wjcc.v11.i31.7610
https://doi.org/10.1002/ppul.26745
https://www.ncbi.nlm.nih.gov/pubmed/37921541

Int. J. Mol. Sci. 2024, 25, 11229 20 of 22

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.
117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

Yang, S.; He, X.; Zhang, R. Clinical efficacy of montelukast sodium combination therapy for cough variant asthma in children: A
meta-analysis. Pediatr. Pulmonol. 2024, 59, 1541-1551. [CrossRef] [PubMed]

Rosen, R.; Vandenplas, Y.; Singendonk, M.; Cabana, M.; DiLorenzo, C.; Gottrand, F.; Gupta, S.; Langendam, M.; Staiano, A.;
Thapar, N.; et al. Pediatric Gastroesophageal Reflux Clinical Practice Guidelines: Joint Recommendations of the North American
Society for Pediatric Gastroenterology, Hepatology, and Nutrition and the European Society for Pediatric Gastroenterology,
Hepatology, and Nutrition. J. Pediatr. Gastroenterol. Nutr. 2018, 66, 516-554. [CrossRef]

Lee, AS,; Lee, ].S.,; He, Z.; Ryu, ].H. Reflux-Aspiration in Chronic Lung Disease. Ann. Am. Thorac. Soc. 2020, 17, 155-164.
[CrossRef]

Weinberger, M.; Hurvitz, M. Diagnosis and management of chronic cough: Similarities and differences between children and
adults. FI000Res 2020, 9, 757. [CrossRef]

Kravitz, H.; Gomberg, R.M.; Burnstine, R.C.; Hagler, S.; Korach, A. Psychogenic cough tic in children and adolescents: Nine case
histories illustrate the need for re-evaluation of this common but frequently unrecognized problem. Clin. Pediatr. 1969, 8, 580-583.
[CrossRef]

Wright, M.EA.; Balfour-Lynn, .M. Habit-tic cough: Presentation and outcome with simple reassurance. Pediatr. Pulmonol. 2018,
53, 512-516. [CrossRef]

Weinberger, M. The habit cough: Diagnosis and treatment. Pediatr. Pulmonol. 2018, 53, 535-537. [CrossRef] [PubMed]

Chang, A.B.; Robertson, C.E; van Asperen, P.P,; Glasgow, N.J.; Masters, L.B.; Teoh, L.; Mellis, C.M.; Landau, L.I.; Marchant, ].M.;
Morris, P.S. A cough algorithm for chronic cough in children: A multicenter, randomized controlled study. Pediatrics 2013, 131,
1576-1583. [CrossRef]

Karabel, M.; Kelekgi, S.; Karabel, D.; Giirkan, M.E. The evaluation of children with prolonged cough accompanied by American
College of Chest Physicians guidelines. Clin. Respir. |. 2014, 8, 152-159. [CrossRef]

Mukerji, S.S.; Yenduri, N.J.S.; Chiou, E.; Moonnumakal, S.P.; Bedwell, J.R. A multi-disciplinary approach to chronic cough in
children. Laryngoscope Investig. Otolaryngol. 2022, 7, 409-416. [CrossRef] [PubMed]

Kantar, A.; Chang, A.B.; Shields, M.D.; Marchant, ]. M.; Grimwood, K.; Grigg, J.; Priftis, K.N.; Cutrera, R.; Midulla, F; Brand, PL.P;
et al. ERS statement on protracted bacterial bronchitis in children. Eur. Respir. J. 2017, 50, 1602139. [CrossRef] [PubMed]
Nadim, F.; Bucher, D. Neuromodulation of neurons and synapses. Curr. Opin. Neurobiol. 2014, 29, 48-56. [CrossRef] [PubMed]
Tsuboi, D.; Nagai, T.; Yoshimoto, J.; Kaibuchi, K. Neuromodulator regulation and emotions: Insights from the crosstalk of cell
signaling. Front. Mol. Neurosci. 2024, 17, 1376762. [CrossRef] [PubMed]

Alcedo, ].; Prahlad, V. Neuromodulators: An essential part of survival. ]. Neurogenet. 2020, 34, 475-481. [CrossRef]

Marcus, D.J.; Bruchas, M.R. Optical Approaches for Investigating Neuromodulation and G Protein-Coupled Receptor Signaling.
Pharmacol. Rev. 2023, 75, 1119-1139. [CrossRef]

Mazzone, S.B. Neurobiology of Coughing in Children. J. Clin. Med. 2023, 12, 7285. [CrossRef]

Chung, K.F; McGarvey, L.; Song, W.J.; Chang, A.B.; Lai, K.; Canning, B.J.; Birring, S.S.; Smith, J.A.; Mazzone, S.B. Cough
hypersensitivity and chronic cough. Nat. Rev. Dis. Primers 2022, 8, 45. [CrossRef]

Manti, S.; Tosca, M.A.; Licari, A.; Brambilla, I.; Foiadelli, T.; Ciprandi, G.; Marseglia, G.L. Cough Remedies for Children and
Adolescents: Current and Future Perspectives. Paediatr. Drugs 2020, 22, 617-634. [CrossRef]

Marseglia, G.L.; Ciprandi, G. Levodropropizine for children and adolescents with acute post-viral cough: An evidence-based
choice. Minerva Pediatr. 2024, online ahead of print. [CrossRef]

Nguyen, L.; Thomas, K.L.; Lucke-Wold, B.P; Cavendish, J.Z.; Crowe, M.S.; Matsumoto, R.R. Dextromethorphan: An update on its
utility for neurological and neuropsychiatric disorders. Pharmacol. Ther. 2016, 159, 1-22. [CrossRef]

Corado, C.R.; McKemie, D.S.; Knych, H.K. Pharmacokinetics of dextromethorphan and its metabolites in horses following a
single oral administration. Drug Test Anal. 2017, 9, 880-887. [CrossRef] [PubMed]

Yoder, K.E.; Shaffer, M.L.; La Tournous, S.J.; Paul, LM. Child assessment of dextromethorphan, diphenhydramine, and placebo
for nocturnal cough due to upper respiratory infection. Clin. Pediatr. 2006, 45, 633—640. [CrossRef] [PubMed]

Paul, LM.; Beiler, ].; McMonagle, A.; Shaffer, M.L.; Duda, L.; Berlin, C.M., Jr. Effect of honey, dextromethorphan, and no treatment
on nocturnal cough and sleep quality for coughing children and their parents. Arch. Pediatr. Adolesc. Med. 2007, 161, 1140-1146.
[CrossRef] [PubMed]

Meeves, S5.G.; Cruz-Rivera, M.; Leyva, R.A.; Wilson, B.L.; Moreira, S.A.; Gelotte, C.K.; Jayawardena, S. Objective and self-reported
evidence of dextromethorphan antitussive efficacy in children, aged 6-11 years, with acute cough due to the common cold.
Pediatr. Pulmonol. 2023, 58, 2229-2239. [CrossRef]

Available online: http://www.mhra.gov.uk/home/groups/pl-p/documents/websiteresources/con041374.pdf (accessed on
30 August 2024).

Bryner, ] K.; Wang, U.K.; Hui, ].W.; Bedodo, M.; MacDougall, C.; Anderson, I.B. Dextromethorphan abuse in adolescence: An
increasing trend: 1999-2004. Arch. Pediatr. Adolesc. Med. 2006, 160, 1217-1222. [CrossRef]

Pathan, H.; Williams, J. Basic opioid pharmacology: An update. Br. J. Pain 2012, 6, 11-16. [CrossRef]

Knych, HK.; Baden, R.W.; Gretler, S.R.; McKemie, D.S. Characterization of the in vitro CYP450 mediated metabolism of the
polymorphic CYP2D6 probe drug codeine in horses. Biochem. Pharmacol. 2019, 168, 184-192. [CrossRef]

Peechakara, B.V.; Tharp, ].G.; Eriator, L1.; Gupta, M. Codeine. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL,
USA, 2024. Available online: https://www.ncbi.nlm.nih.gov/books/NBK526029/ (accessed on 30 August 2024).


https://doi.org/10.1002/ppul.26960
https://www.ncbi.nlm.nih.gov/pubmed/38501316
https://doi.org/10.1097/MPG.0000000000001889
https://doi.org/10.1513/AnnalsATS.201906-427CME
https://doi.org/10.12688/f1000research.25468.1
https://doi.org/10.1177/000992286900801009
https://doi.org/10.1002/ppul.23948
https://doi.org/10.1002/ppul.23979
https://www.ncbi.nlm.nih.gov/pubmed/29484846
https://doi.org/10.1542/peds.2012-3318
https://doi.org/10.1111/crj.12052
https://doi.org/10.1002/lio2.778
https://www.ncbi.nlm.nih.gov/pubmed/35434349
https://doi.org/10.1183/13993003.02139-2016
https://www.ncbi.nlm.nih.gov/pubmed/28838975
https://doi.org/10.1016/j.conb.2014.05.003
https://www.ncbi.nlm.nih.gov/pubmed/24907657
https://doi.org/10.3389/fnmol.2024.1376762
https://www.ncbi.nlm.nih.gov/pubmed/38516040
https://doi.org/10.1080/01677063.2020.1839066
https://doi.org/10.1124/pharmrev.122.000584
https://doi.org/10.3390/jcm12237285
https://doi.org/10.1038/s41572-022-00370-w
https://doi.org/10.1007/s40272-020-00420-4
https://doi.org/10.23736/s2724-5276.24.07638-9
https://doi.org/10.1016/j.pharmthera.2016.01.016
https://doi.org/10.1002/dta.2060
https://www.ncbi.nlm.nih.gov/pubmed/27580591
https://doi.org/10.1177/0009922806291014
https://www.ncbi.nlm.nih.gov/pubmed/16928841
https://doi.org/10.1001/archpedi.161.12.1140
https://www.ncbi.nlm.nih.gov/pubmed/18056558
https://doi.org/10.1002/ppul.26416
http://www.mhra.gov.uk/home/groups/pl-p/documents/websiteresources/con041374.pdf
https://doi.org/10.1001/archpedi.160.12.1217
https://doi.org/10.1177/2049463712438493
https://doi.org/10.1016/j.bcp.2019.07.005
https://www.ncbi.nlm.nih.gov/books/NBK526029/

Int. J. Mol. Sci. 2024, 25, 11229 21 0f22

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Available online: https://www.ema.europa.eu/en/medicines/human/referrals/codeine-containing-medicinal-products-
treatment-cough-or-cold-paediatric-patients (accessed on 30 August 2024).

Available online: https://www.fda.gov/drugs/drug-safety-and-availability /fda-drug-safety-communication-fda-restricts-use-
prescription-codeine-pain-and-cough-medicines-and (accessed on 30 August 2024).

Available online: https://www.fda.gov/drugs/drug-safety-and-availability /fda-drug-safety-communication-fda-requires-
labeling-changes-prescription-opioid-cough-and-cold (accessed on 30 August 2024).

Taylor, J.A.; Novack, A.H.; Almquist, J.R.; Rogers, J.E. Efficacy of cough suppressants in children. J. Pediatr. 1993, 122, 799-802.
[CrossRef]

Cunico, D.; Rossi, A.; Verdesca, M.; Principi, N.; Esposito, S. Pain Management in Children Admitted to the Emergency Room: A
Narrative Review. Pharmaceuticals 2023, 16, 1178. [CrossRef]

Machado, A.K.M.D.S.; Nemitz, M.C.; Todeschini, V.; Sangoi, M.D.S. Characteristics, Properties and Analytical Methods for
Determination of Dropropizine and Levodropropizine: A Review. Crit. Rev. Anal. Chem. 2021, 51, 174-182. [CrossRef]

Lavezzo, A.; Melillo, G.; Clavenna, G.; Omini, C. Peripheral site of action of levodropropizine in experimentally-induced cough:
Role of sensory neuropeptides. Pulm. Pharmacol. 1992, 5, 143-147. [CrossRef] [PubMed]

Birring, S.; de Blasio, F,; Dicpinigaitis, P.V.; Fontana, G.; Lanata, L.; Page, C.; Saibene, F.; Zanasi, A. Antitussive therapy: A role for
levodropropizine. Pulm. Pharmacol. Ther. 2019, 56, 79-85. [CrossRef]

Mannini, C.; Lavorini, F; Zanasi, A.; Saibene, F; Lanata, L.; Fontana, G. A Randomized Clinical Trial Comparing the Effects
of Antitussive Agents on Respiratory Center Output in Patients with Chronic Cough. Chest 2017, 151, 1288-1294. [CrossRef]
[PubMed]

Zanasi, A.; Lanata, L.; Fontana, G.; Saibene, E; Dicpinigaitis, P.; De Blasio, F. Levodropropizine for treating cough in adult and
children: A meta-analysis of published studies. Multidiscip. Respir. Med. 2015, 10, 19. [CrossRef] [PubMed]

Tikhonov, D.B.; Zhorov, B.S. Mechanism of sodium channel block by local anesthetics, antiarrhythmics, and anticonvulsants. J.
Gen. Physiol. 2017, 149, 465-481. [CrossRef]

Di Maio, G.; Villano, I.; Ilardi, C.R.; Messina, A.; Monda, V.; Iodice, A.C.; Porro, C.; Panaro, M.A.; Chieffi, S.; Messina, G.; et al.
Mechanisms of Transmission and Processing of Pain: A Narrative Review. Int. |. Environ. Res. Public Health 2023, 20, 3064.
[CrossRef]

Erb, T.O.; von Ungern-Sternberg, B.S.; Keller, K.; Frei, EJ. The effect of intravenous lidocaine on laryngeal and respiratory reflex
responses in anaesthetised children. Anaesthesia 2013, 68, 13-20. [CrossRef]

Hu, Y;; Du, M.C,; Zhu, G.H.; Long, X.; Jiang, ].].; Gong, Y. 50% efficacy dose of intravenous lidocaine in supressing sufentanil-
induced cough in children: A randomised controlled trial. BMC Anesthesiol. 2024, 24, 149. [CrossRef] [PubMed]

Truesdale, K.; Jurdi, A. Nebulized lidocaine in the treatment of intractable cough. Am. J. Hosp. Palliat. Care 2013, 30, 587-589.
[CrossRef]

Parisi, G.F,; Licari, A.; Papale, M.; Manti, S.; Salpietro, C.; Marseglia, G.L.; Leonardi, S. Antihistamines: ABC for the pediatricians.
Pediatr. Allerqy Immunol. 2020, 31, 34-36. [CrossRef]

Parisi, G.F,; Leonardi, S.; Ciprandi, G.; Corsico, A.; Licari, A.; Miraglia Del Giudice, M.; Peroni, D.; Salpietro, C.; Marseglia, G.L.
Antihistamines in children and adolescents: A practical update. Allergol. Immunopathol. 2020, 48, 753-762. [CrossRef] [PubMed]
Ciprandi, G.; Buscaglia, S.; Catrullo, A.; Marchesi, E.; Bianchi, B.; Canonica, G.W. Loratadine in the treatment of cough associated
with allergic rhinoconjunctivitis. Ann. Allergy Asthma Immunol. 1995, 75, 115-120. [PubMed]

Smith, S.M.; Schroeder, K.; Fahey, T. Over-the-counter (OTC) medications for acute cough in children and adults in community
settings. Cochrane Database Syst. Rev. 2014, 2014, CD001831. [CrossRef] [PubMed]

Wei, H.; Li, W,; Jiang, Z.; Xi, X.; Qi, G. Clinical efficacy of montelukast sodium combined with budesonide or combined with
loratadine in treating children with cough variant asthma and influence on inflammatory factors in the serum. Exp. Ther. Med.
2019, 18, 411-417. [CrossRef]

Ali, Z.; Ismail, M.; Khan, F; Sajid, H. Association of Hl-antihistamines with torsade de pointes: A pharmacovigilance study of the
food and drug administration adverse event reporting system. Expert Opin. Drug Saf. 2021, 20, 101-107. [CrossRef]

Catania, M.A.; Cuzzocrea, S. Pharmacological and clinical overview of cloperastine in treatment of cough. Ther. Clin. Risk Manag.
2011, 7, 83-92.

Luo, H.Y;; Long, H.Z.; Zhou, ZW.; Xu, S.G.; Li, E].; Cheng, Y.; Wen, D.D.; Deng, P.; Gao, L.C. Pharmacokinetics, Bioequivalence
and Safety of Cloperastine in Chinese Healthy Subjects Under Fasting and Postprandial Conditions. Drugs R&D 2022, 22, 311-320.
Scotti, L.; Borzani, M. Cloperastine fendizoate in the treatment of cough-producing diseases in pediatrics. Minerva Pediatr. 1988,
40, 283-286.

Svitaylo, O.A. Efficacy and tolerability of cloperastine fendizoate in the treatment of children and adolescents with a cough
caused by respiratory infections: Effect on night-time cough and the quality of sleep of patients and parents. A randomized,
double-blind, placebo-controlled study. Int. |. Drugs Ther. 2005, 22, 35-43.

Pecoraro, L.; Peterle, E.; Dalla Benetta, E.; Piazza, M.; Chatziparasidis, G.; Kantar, A. Well-Established and Traditional Use of
Vegetal Extracts as an Approach to the “Deep Roots” of Cough. Children 2024, 11, 584. [CrossRef]

Crichton, M.; Marshall, S.; Marx, W.; Isenring, E.; Lohning, A. Therapeutic health effects of ginger (Zingiber officinale): Updated
narrative review exploring the mechanisms of action. Nutr. Rev. 2023, 8, 1213-1224. [CrossRef] [PubMed]


https://www.ema.europa.eu/en/medicines/human/referrals/codeine-containing-medicinal-products-treatment-cough-or-cold-paediatric-patients
https://www.ema.europa.eu/en/medicines/human/referrals/codeine-containing-medicinal-products-treatment-cough-or-cold-paediatric-patients
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-restricts-use-prescription-codeine-pain-and-cough-medicines-and
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-restricts-use-prescription-codeine-pain-and-cough-medicines-and
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-requires-labeling-changes-prescription-opioid-cough-and-cold
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-requires-labeling-changes-prescription-opioid-cough-and-cold
https://doi.org/10.1016/S0022-3476(06)80031-4
https://doi.org/10.3390/ph16081178
https://doi.org/10.1080/10408347.2019.1700098
https://doi.org/10.1016/0952-0600(92)90033-D
https://www.ncbi.nlm.nih.gov/pubmed/1611233
https://doi.org/10.1016/j.pupt.2019.03.003
https://doi.org/10.1016/j.chest.2017.02.001
https://www.ncbi.nlm.nih.gov/pubmed/28192113
https://doi.org/10.1186/s40248-015-0014-3
https://www.ncbi.nlm.nih.gov/pubmed/26097707
https://doi.org/10.1085/jgp.201611668
https://doi.org/10.3390/ijerph20043064
https://doi.org/10.1111/j.1365-2044.2012.07295.x
https://doi.org/10.1186/s12871-024-02541-6
https://www.ncbi.nlm.nih.gov/pubmed/38641778
https://doi.org/10.1177/1049909112458577
https://doi.org/10.1111/pai.13152
https://doi.org/10.1016/j.aller.2020.02.005
https://www.ncbi.nlm.nih.gov/pubmed/32448753
https://www.ncbi.nlm.nih.gov/pubmed/7648374
https://doi.org/10.1002/14651858.CD001831.pub5
https://www.ncbi.nlm.nih.gov/pubmed/25420096
https://doi.org/10.3892/etm.2019.7574
https://doi.org/10.1080/14740338.2021.1846717
https://doi.org/10.3390/children11050584
https://doi.org/10.1093/nutrit/nuac115
https://www.ncbi.nlm.nih.gov/pubmed/36688554

Int. J. Mol. Sci. 2024, 25, 11229 22 0f 22

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Fernandes, K.E.; Frost, E.A.; Remnant, E.J.; Schell, K.R.; Cokcetin, N.N.; Carter, D.A. The role of honey in the ecology of the hive:
Nutrition, detoxification, longevity, and protection against hive pathogens. Front. Nutr. 2022, 9, 954170. [CrossRef] [PubMed]
Khan, S.U.; Anjum, S.I; Rahman, K.; Ansari, M.]J.; Khan, W.U.; Kamal, S.; Khattak, B.; Muhammad, A.; Khan, H.U. Honey: Single
food stuff comprises many drugs. Saudi ]. Biol. Sci. 2018, 25, 320-325. [CrossRef]

Samarghandian, S.; Farkhondeh, T.; Samini, F. Honey and Health: A Review of Recent Clinical Research. Pharmacogn. Res. 2017, 9,
121-127.

Lam, S.H.F,; Homme, ].; Avarello, J.; Heins, A.; Pauze, D.; Mace, S.; Dietrich, A.; Stoner, M.; Chumpitazi, C.E.; Saidinejad, M. Use
of antitussive medications in acute cough in young children. J. Am. Coll. Emerg. Physicians Open 2021, 2, €12467. [CrossRef]
Anibasa, FO.; Abuba, T.; Dankyau, M. Effect of Honey on Cough Symptoms in Children with Upper Respiratory Tract Infection:
A Randomised Controlled Trial. West Afr. ]. Med. 2022, 39, 928-934.

Nishimura, T.; Muta, H.; Hosaka, T.; Ueda, M.; Kishida, K.; Honey and Coughs Study Group of the Society of Ambulatory and
General Paediatrics of Japan. Multicentre, randomised study found that honey had no pharmacological effect on nocturnal
coughs and sleep quality at 1-5 years of age. Acta Paediatr. 2022, 111, 2157-2164. [CrossRef] [PubMed]

Kuitunen, I.; Renko, M. Honey for acute cough in children—A systematic review. Eur. J. Pediatr. 2023, 182, 3949-3956. [CrossRef]
Kuang, Y.; Li, B.; Fan, J.; Qiao, X.; Ye, M. Antitussive and expectorant activities of licorice and its major compounds. Bioorg. Med.
Chem. 2018, 26, 278-284. [CrossRef]

Rabbani, F; Raeisi, M.; Keivanfar, M.; Saffaei, A.; Sabzghabaee, A.M. The Efficacy of an Oral Formulation of Glycyrrhiza
glabra, Viola odorata, and Operculina turpethum as an Add-on Therapy for Mild-to-moderate Childhood Asthma: A Randomized
Placebo-Controlled Clinical Trial. J. Res. Pharm. Pract. 2023, 11, 116-123. [CrossRef]

Available online: https://www.ema.europa.eu/en/documents/herbal-monograph/final-community-herbal-monograph-
glycyrrhiza-glabra-1-andor-glycyrrhiza-inflata-bat-andor-glycyrrhiza-uralensis- fisch-radix-first-version_en.pdf (accessed on
30 August 2024).

Riachi, L.G.; De Maria, C.A. Peppermint antioxidants revisited. Food Chem. 2015, 176, 72-81. [CrossRef] [PubMed]

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

Available online: https://www.ema.europa.eu/en/documents/herbal-monograph/european-union-herbal-monograph-
mentha-x-piperita-I-aetheroleum-revision-1_en.pdf (accessed on 30 August 2024).

Eskandarpour, E.; Ahadi, A.; Jazani, A.M.; Azgomi, RN.D.; Molatefi, R. Thymus vulgaris ameliorates cough in children with
asthma exacerbation: A randomized, triple-blind, placebo-controlled clinical trial. Allergol. Immunopathol. 2024, 52, 9-15.
[CrossRef] [PubMed]

Available online: https://www.ema.europa.eu/en/documents/herbal-monograph/final-european-union-herbal-monograph-
thymus-vulgaris-1-thymus-zygis-I-aetheroleum-revision-1_en.pdf (accessed on 30 August 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fnut.2022.954170
https://www.ncbi.nlm.nih.gov/pubmed/35958247
https://doi.org/10.1016/j.sjbs.2017.08.004
https://doi.org/10.1002/emp2.12467
https://doi.org/10.1111/apa.16509
https://www.ncbi.nlm.nih.gov/pubmed/35927828
https://doi.org/10.1007/s00431-023-05066-1
https://doi.org/10.1016/j.bmc.2017.11.046
https://doi.org/10.4103/jrpp.jrpp_77_22
https://www.ema.europa.eu/en/documents/herbal-monograph/final-community-herbal-monograph-glycyrrhiza-glabra-l-andor-glycyrrhiza-inflata-bat-andor-glycyrrhiza-uralensis-fisch-radix-first-version_en.pdf
https://www.ema.europa.eu/en/documents/herbal-monograph/final-community-herbal-monograph-glycyrrhiza-glabra-l-andor-glycyrrhiza-inflata-bat-andor-glycyrrhiza-uralensis-fisch-radix-first-version_en.pdf
https://doi.org/10.1016/j.foodchem.2014.12.028
https://www.ncbi.nlm.nih.gov/pubmed/25624208
https://doi.org/10.1002/ppul.20797
https://www.ncbi.nlm.nih.gov/pubmed/18435479
https://www.ema.europa.eu/en/documents/herbal-monograph/european-union-herbal-monograph-mentha-x-piperita-l-aetheroleum-revision-1_en.pdf
https://www.ema.europa.eu/en/documents/herbal-monograph/european-union-herbal-monograph-mentha-x-piperita-l-aetheroleum-revision-1_en.pdf
https://doi.org/10.15586/aei.v52i1.964
https://www.ncbi.nlm.nih.gov/pubmed/38186189
https://www.ema.europa.eu/en/documents/herbal-monograph/final-european-union-herbal-monograph-thymus-vulgaris-l-thymus-zygis-l-aetheroleum-revision-1_en.pdf
https://www.ema.europa.eu/en/documents/herbal-monograph/final-european-union-herbal-monograph-thymus-vulgaris-l-thymus-zygis-l-aetheroleum-revision-1_en.pdf

	Introduction 
	Cough: A Vital Reflex 
	Acute Cough 
	Chronic Cough 
	Neuromodulators 
	Neuromodulator Drugs 
	Central Cough Suppressants 
	Peripheral Cough Suppressants 
	Drugs Acting Both Peripherally and Centrally on Cough Reflex 

	Natural Remedies with Neuromodulator Effects 

	Conclusions 
	References

