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Nitric oxide (NO) is a short-lived gas molecule which has been studied for its role as a signaling molecule in the

vasculature and later, in a broader view, as a cellular messenger in many other biological processes such as

immunity and inflammation, cell survival, apoptosis, and aging. Fractional exhaled nitric oxide (FeNO) is a

convenient, easy-to-obtain, and non-invasive method for assessing active, mainly Th2-driven, airway inflammation,

which is sensitive to treatment with standard anti-inflammatory therapy. Consequently, FeNO serves as a valued

tool to aid the diagnosis and monitoring of several asthma phenotypes. FeNO has been evaluated in several other

respiratory and/or immunological conditions, including allergic rhinitis, chronic rhinosinusitis with/without nasal

polyps, atopic dermatitis, eosinophilic esophagitis, and food allergy.

allergy  asthma  biomarkers  COPD  outcome  mediators

1. Introduction

Nitric oxide (NO) is a short-lived gas molecule that has been studied since the late 80s for its role as a signaling

molecule in the vasculature and later, in a broader view, as a cellular messenger in many other biological

processes such as immunity and inflammation, cell survival, apoptosis, and aging . NO is a Janus-faced

molecule involved in both physiological and pathological pathways.

NO detected by a non-invasive method in exhaled air, fractional exhaled nitric oxide (FeNO), has gained increasing

importance as a biomarker of type 2 inflammation , providing information about disease phenotype and the

response to certain treatments such as steroids or biological drugs . FeNO levels may increase in patients with

acute or chronic airway inflammation, such as type 2 bronchial asthma , and some respiratory infections

sustained by viruses through an interferon-gamma (IFNγ)-mediated pathway . On the contrary, low FeNO levels

are found in patients with neutrophilic asthma, chronic obstructive pulmonary disease (COPD), and cystic fibrosis

. Atopic subjects tend to present higher NO levels than non-atopic subjects due to an overexpression of iNOS in

their airway epithelial cells .

The arrival of biological drugs has helped to gain further insight into NO physiopathology, and, in turn, the

assessment of FeNO is a useful, non-invasive, and easy-to-obtain tool in monitoring conventional and biologic

therapy and predicting the outcome of a wide spectrum of type 2-mediated diseases.

2. Physiopathological Aspects
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NO is produced by the nitric oxide synthase (NOS) . There are both constitutive and inducible isoforms of this

enzyme. The constitutive ones (cNOS), which include nNOS and eNOS, are expressed, respectively, by neuronal

tissue and endothelium, epithelia, platelets, and skeletal muscles . The inducible form (iNOS), also known as

NOS2, can be expressed by a wide variety of cells in response to exogenous stimuli (e.g., bacterial

lipopolysaccharide) and inflammatory mediators (e.g., cytokines). Active NOS is a tetramer composed of two NOS

proteins and two calmodulin molecules . An increase in the intracellular calcium concentration stabilizes the

bond between calmodulin and NOS monomers, stimulating the capability of the enzyme to produce NO. For the

constitutive isoforms (nNOS and eNOS), a high calcium concentration is required to bind calmodulin, while iNOS

can bind calmodulin with high affinity, irrespective of calcium levels . For this reason, iNOS is called “calcium-

independent NOS” and it can produce NO at nanomolar levels for prolonged periods, mainly contributing to the

pathophysiological effects of NO and its detectable elevation in exhaled air .

iNOS is physiologically expressed in bronchial epithelial cells, ensuring a basal NO production mediated by IFNγ

through JAK/STAT-1 signaling. In chronic airway inflammation, including asthmatic patients’ airways, iNOS is

expressed by several cells, including macrophages, neutrophils, epithelial, endothelial, and vascular smooth

muscle cells, which use L-arginine and oxygen as a substrate . In paranasal sinuses, iNOS acts as a

constitutive form, producing a large amount of NO under the stimulation of proinflammatory cytokines (i.e., TNF-α

and IL-1β), possibly enhanced by pathways linked to the microbial films . However, during Th2 inflammation in

upper airway diseases, the primary sources of NO are epithelial cells and macrophages . In COPD patients,

an increase in iNOS expression in the peripheral lung and small airways has been described , together with

an increase in nNOS expression and activity in the airway epithelial cells and type 1 pneumocytes as a result of

oxidative stress , suggesting that in these patients, both isoforms contribute to an increased production of NO.

Finally, several skin cell populations, including keratinocytes, endothelial cells, fibroblasts, melanocytes,

adipocytes, Langerhans cells, neutrophils, and macrophages, can produce NO, participating in both skin

homeostasis and pathological processes. Indeed, studies on AD patients have shown that the iNOS expressed in

the skin allows NO to enter the lungs via the circulation, contributing to the NO production observed in these

patients .

NO plays a role in both physiological and pathological conditions. For instance, in the nervous system, this

molecule is involved in synaptic plasticity and the signaling within neurons , but it also exerts an action in many

neurodegenerative conditions . Indeed, excessive NO and the NO-mediated posttranslational modification of

cysteine thiols can induce nitrosative stress in the nervous system, contributing to the neuropathology of many

neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis,

Huntington’s disease, and multiple sclerosis . For example, in Huntington’s disease, the S-nitrosylation of key

proteins involved in the disease progression and abnormal NO signaling in the peripheral blood tissues have been

observed . Of note, in multiple sclerosis, some studies have found an association between mutations in the

iNOS gene and the disease progression . In addition, in the central nervous system of patients affected by

multiple sclerosis, higher levels of iNOS RNA have been found . In addition, an increase in iNOS

immunoreactivity has also been shown in the active lesions compared to the normal brain . Finally, in both

animal models and patients with Parkinson’s disease, NO plays a complex role, participating in both
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neuroprotective and neurodegenerative mechanisms . Researchers found that the S-nitrosylation of some

proteins involved in Parkinson’s disease pathogenesis, such as parkin, causes inhibition of its ubiquitination

activity, leading to the formation of Lewy bodies and disease progression .

In inflammatory processes, NO production increases by participating in immune defense against infectious

pathogens and causing noxious effects by increasing oxidative stress . A basal production of a small amount of

NO (i.e., femtomolar to picomolar) produced by the bronchial epithelium is fundamental for respiratory physiology

. Low constitutive NO levels are also involved in bronchodilatation via NO-activated guanylyl cyclase . In

addition, NO enhances lung development, promotes ciliary motility, and stimulates the production of surfactant .

On the contrary, augmented NO levels participate in airway inflammation, free radical production, bronchial

hyperreactivity, mucus hypersecretion, increased vascular permeability, reduced ciliary heartbeat, and tissue

damage .

NO plays a pivotal role in Th2 inflammation (Figure 1), stimulating the survival, activity, and recruitment of

eosinophils, mast cells, basophils, and lymphocytes . Other evidence comes from murine models; indeed,

decreased eosinophilic infiltrates, bronchial thickening, and mucus secretion, together with lower concentrations of

type 2 cytokines (i.e., interleukin (IL)-4, IL-5, and -13) and chemokines (i.e., eotaxin-1), were found in asthmatic

mice “knock-out” for all NOS isoforms compared to the wild type . The cytokine milieu typical of Th2-mediated

disease induces iNOS expression by epithelial and inflammatory cells. Indeed, iNOS expression is observed under

the stimulation of various type 2 cytokines, especially IL-4 and IL-13 . On the contrary, IL-5 induces

eosinophilia but is unrelated to iNOS activation and does not contribute to NO levels . Indeed, IL-4 and Il-13

induce iNOS expression mainly through the STAT 6 pathway, while IL-5 acts through different pathways, primarily

activating STAT 3 .
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Figure 1. Schematic representation of the Th2 pathway. Dendritic cell activation by damaged epithelial cells

secreting interleukin (IL)-4 prompts Th0 cells to differentiate into Th2 cells. Th2 cells secrete IL-5, among other

cytokines, which represents the main stimulus for the production and recruitment of eosinophils (orange arrow) at

the level of the target organ. Infections or exposure to pollutants induce epithelial cells to release the so-called

alarmins (IL-25, IL-33, thymic stromal lymphopoietin (TSLP)) which activate innate lymphoid cells 2 (ILC2), which

produce Th2 cytokines. IL-13, mainly secreted by eosinophils, activates the expression (orange arrow) of inducible

nitric oxide synthase (iNOS) and increases the production of NO. AR, allergic rhinitis; CRS, chronic rhinosinusitis;

EoE, eosinophilic esophagitis; AD, atopic dermatitis.

3. Exhaled NO in Type 2 Lower Airway Diseases

3.1. FeNO in T2 High Asthma
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Based on the prevalent type of airway inflammation, asthma has been broadly categorized into two endotypes: T2-

high and T2-low. T2 airway inflammation in patients with asthma, although occurring along a continuum, is

characterized by a specific set of cytokines, including IL-4, IL-5, IL-13, and the so-called alarmins, IL-25 and IL-33,

and thymic stromal lymphopoietin (TSLP), secreted by activated epithelial cells. The T2 inflammatory response is

frequently associated with atopy (i.e., the genetic tendency to develop allergic diseases, such as allergic rhinitis,

asthma, and atopic dermatitis, associated with heightened immune responses to diverse antigens/allergens,

leading to CD4+ Th2 differentiation and overproduction of immunoglobulin E (IgE)) , eosinophilic disorders, and

parasitic infections .

In approximately 50–70% of asthmatic patients, a T2 inflammatory response represents the pathogenetic

mechanism responsible for the disease .

Both innate and adaptive immune responses are involved in the inflammation of type 2 asthma. Innate lymphoid

cells (ILC2s) and Th2 cells are critical in orchestrating the type 2 inflammatory response. When exposed to

pollutants or viral and fungal infections, ILC2s are stimulated by alarmins secreted by epithelial cells. Allergens, on

the other hand, are the activators of Th2 cells. Once stimulated, ILC2 and Th2 produce type 2 cytokines, including

IL-4, IL-5, and IL-13, responsible for the main alterations present in asthma. IL-4 and IL-13 cause class switching of

B cells to produce IgE. IL-13 is responsible for hyperplasia of both globular and smooth cells. IL-5 is the key

cytokine involved in the differentiation, maturation, and survival of eosinophils . Eosinophils, mast cells, and

basophils are the main effector cells of the T2 inflammation pathway .

T2-high asthma phenotypes include both early- and late-onset asthma, frequent exacerbations, atopy, eosinophilia,

and increased levels of FeNO.

FeNO levels, compared to healthy controls, are elevated in T2 high asthma patients  and other respiratory

diseases such as AR and CRSwNP .

In asthma, FeNO originates predominantly from the lower airways , and a relationship between FeNO and

airway eosinophilic inflammation has been reported . FeNO, eosinophils, and IgE are considered the most

relevant biomarkers of the T2 inflammatory pathway.

3.2. FeNO in Cough Variant Asthma

CVA is a specific and atypical asthma phenotype and the most common cause of chronic cough. About 33.3% of

patients with chronic cough are caused by CVA . CVA is associated with airway hyperresponsiveness and

chronic eosinophilic inflammation, in both central and peripheral airways, and manifests itself as a non-productive

cough without wheezing or shortness of breath . A positive response to the bronchial provocation test and the

efficacy of bronchodilator therapy in preventing cough are the most important diagnostic criterions for CVA.

A subset of subjects with CVA (approximately 30%), especially those with higher airway responsiveness, higher

sputum eosinophils, and atopy, can progress into classic asthma in the absence of appropriate treatment for
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asthma .

Small airways dysfunction (SAD) is a clinically relevant characteristic of CVA . Feng-Jia et al. retrospectively

analysed 150 patients with CVA and found that small airway function was significantly reduced when compared

with patients without CVA . In a prospective study, FeNO waa measured at exhalation flow rates of 200 mL/s

(reflecting the inflammation of peripheral small airway) ; FeNO > 11 ppb had high diagnostic value for CVA

especially in SAD patients . Combining FeNO and small airway function indexes might increase the diagnostic

value for differentiating CVA from typical asthma .

FeNO levels in patients with CVA are lower than those observed in patients with classic asthma, indicating greater

chronic eosinophilic airway inflammation in the latter than in the former .

Compared with other small airway pulmonary function tests such as MMEF/MEF50, FeNO shows increased

sensitivity and specificity in the diagnosis of CVA, and it is negatively correlated with both MMEF and MEF50

values. In addition, combining FeNO with MMEF/MEF50 increases the diagnostic accuracy of CVA in children ,

resulting in a rapid and accurate diagnosis, thus avoiding unnecessary treatments.

The diagnostic accuracy of FeNO in detecting CVA in chronic cough patients with AR was higher than in those with

chronic cough without AR .

FeNO can be used as a predictor for airway eosinophilic inflammation but also as a predictor for steroid

responsiveness in patients with chronic cough. The value of 34.5 ppb of FeNO has been suggested to distinguish

between patients with chronic cough who respond to corticosteroid treatment and non-responders (with 85%

sensitivity and about 90% specificity) .

3.3. FeNO in COPD

Airway inflammation in COPD is driven by type 1 immune response; however, in a subset of COPD patients, a T2

inflammatory response plays a significant role both in the stable state and during exacerbation of the disease .

Eosinophilic airway inflammation has been reported in up to 20–40% of COPD patients . Blood eosinophils

persistently above 2% can be found in 15–37% of patients with COPD , suggesting a pathogenetic role of T2

inflammatory immunity in a subset of patients.

FeNO levels in COPD patients are higher than those observed in healthy non-smokers; however, they are not as

high as those observed in untreated asthma .

In COPD subjects, high FeNO values, as compared to those with low values, may suggest eosinophilic

inflammation and the presence of some asthmatic features , airway eosinophilic inflammation , and increased

spirometric response to inhaled corticosteroids .
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Increased FeNO levels have been reported during the exacerbated phases of COPD , and in clinically stable

COPD outpatients, FeNO levels persistently above 20 ppb are associated with a significantly higher risk of

exacerbation .

FeNO monitoring in COPD has a less defined role as compared to asthma. However, FeNO might also reflect in

COPD the presence of airway eosinophilia and predict the response to corticosteroids. In addition, FeNO could

play a role as a potential prognostic biomarker in COPD. Indeed, its level increased in patients with greater disease

severity and during acute exacerbations  and in those at higher risk of exacerbation .

As compared to healthy subjects, a greater intra-individual FeNO variation in COPD patients during stable clinical

conditions has been reported . In addition, FeNO variability is influenced by COPD exacerbations, with FeNO

increasing at the onset of exacerbation and FeNO value variability being associated with future risk of

exacerbations .

In conclusion, in COPD, although FeNO values show greater variability, its use, particularly when combined with

other T2-type inflammatory biomarkers, could improve COPD phenotypic discrimination or help to select

candidates for personalized therapies, particularly in the context of biological therapy.

4. Exhaled NO in Type 2 Upper Airway Diseases

4.1. FeNO in Allergic Rhinitis

Upper and lower airways represent a continuous anatomo-physiological entity, and a high percentage (up to 38%)

of patients with AR also have asthma . Indeed, asthma and AR share a common etiopathogenesis,

characterized by a T2 inflammatory substrate with the release of different biomarkers, among which NO is one of

the most studied. In addition, the early and proper therapeutic management of both diseases seems to achieve

mutual benefits. Likely, the measurement of NO in the upper respiratory tract provides information on the degree of

eosinophilic inflammation, completing the clinical and non-invasive management of AR .

These results taken together suggest that FeNO is rather a measure of allergy than of the severity of the disease in

AR, but it could gain a value in evaluating the therapeutic effect of certain drugs in these patients.

4.2. FeNO in Chronic Rhino-Sinusitis

CRS is a chronic, heterogeneous, and multifactorial inflammatory disease of the upper airways, whose prevalence

in the general adult population is about 10–15% . In CRS, as well as in asthma, the activation of ILC-2 cells

leads to the release of cytokines (Il-9, Il-4, Il-5, and IL-13) that promote a Th-2 inflammatory response .

CRS, like asthma, is a phenotypically heterogeneous disease. Depending on the presence or absence of nasal

polyps, CRS can be classified into two types: CRS with (CRSwNP) and without nasal polyps (CRSsNP). In

addition, from the histological point of view of CRSwNP, depending on the presence or absence of eosinophils
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infiltrating the nasal mucosa, two distinct histo-phenotypes have been reported: the eosinophilic-CRSwNP

(ECRSwNP) and the non-eosinophilic-CRSwNP (NECRSwNP) . The inflammatory CRS phenotypes present a

substantial variability in their geographic distribution. Indeed, in Caucasian populations, CRSwNP more frequently

presents with a type 2 (eosinophilic) inflammatory profile, while in Asian populations, mixed inflammatory profiles

(type 1 and 3) have been reported .

Lower airway morbidity is highly prevalent in patients with CRSwNP , being present with asthma in up to 30–

70% of them . Accordingly, about 25% of patients with severe eosinophilic asthma have CRSwNP as a

comorbidity .

In patients with CRSwNP, type 2 inflammation affects not only the nasal mucosa but also the bronchi and alveoli,

even in the absence of asthmatic comorbidity . CRSwNP with and without asthma is the most severe form of T2

inflammation in the upper airway, and CRSwNP and asthma are linked through the underlying T2 inflammatory

pathway, emphasizing the continuum between the upper and lower airways .

5. FeNO in Eosinophilic Esophagitis

Among eosinophilic gastrointestinal disorders (EGIDs), EoE is the most frequent and the most prevalent cause of

chronic esophagitis, after gastroesophageal reflux disease (GERD), which is often a cause of misdiagnosis .

EoE is a chronic, allergen-driven eosinophilic inflammatory disease of the esophagus affecting both children and

adults. Its incidence and prevalence are both rising .

Symptoms of EoE are related to esophageal dysfunction . The gold standard diagnostic method is endoscopic

biopsy with confirmed diagnosis in the presence of several eosinophils/high power field (hpf) ≥ 15 .

The pathogenic pathway underlying EoE is an antigen-driven Th2 immune response. Ingested allergens, especially

food allergens, interacting with esophageal epithelial cells stimulate them to release alarmins (IL-25, IL-33, TSLP),

thereby activating a T2-mediated immune response . The relevant pathogenetic role of food allergens in

sustaining the eosinophilic inflammation in EoE is suggested by the observation that dietary therapy is effective in

up to 70% of patients with EoE .

6. Exhaled NO in Other Type 2 Diseases

6.1. Atopic Dermatitis

With a prevalence of 3% in adults and 20% in children, AD is one of the most frequent allergic conditions affecting

the skin . Pathogenetical mechanisms leading to this condition possibly involve environmental, genetic, and

immunologic factors which cause inflammation and dysfunction of the skin barrier . The presence of AD could

influence FeNO levels . Indeed, among the others, FeNO is a biomarker for the presence of a type 2 immune
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pattern, with increased levels of different cytokines such as IL-4 and IL-13, which are involved iNOS induction and

thus NO production .

All of this evidence taken together indicates that currently, FeNO assessment is not a reliable tool in patients with

concomitant mild or moderate AD and respiratory disease. .

6.2. Food Allergy

Food allergy likely affects nearly 5% of adults and 8% of children, with growing evidence of an increase in

prevalence .

Among food allergies, a peanut allergy can be a life threatening event and accounts for approximately two-thirds of

all fatal food-induced anaphylaxis . Clinical peanut allergy resolves in up to 20% of children .

FeNO has been shown to be elevated in children with a peanut allergy who have “outgrown” their asthma . In

addition, FeNO may improve the ability to predict allergic reaction during a peanut challenge . In particular, a

change in FeNO during a peanut challenge was related to the severity of reaction. FeNO decreased more

significantly in those who subsequently developed anaphylaxis than in those with a clinical allergy, not anaphylaxis,

or who had a negative peanut challenge (tolerance) .

FeNO was increased also in patients with asthma and sensitization to other food allergens, with or without

sensitization to airborne allergens . In this research, the increase in FeNO was related to the increase in other

local and systemic type 2 inflammation markers, such as serum eosinophil cationic protein (S-ECP) and periostin

.

As a bedside test that can be used in children, it has potential for further research into mechanisms of anaphylaxis

in food allergies and potentially assists in predicting an imminent anaphylactic reaction in some patients.
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