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Purpose: Fraction of exhaled nitric oxide (FeNO) and soluble advanced glycation end-product receptor (SRAGE) are proposed as
biomarkers of asthma, therefore we sought to assess their use in asthmatic children of Jordan.

Patients and Methods: We conducted a case-control study at The University of Jordan Hospital. A total of 141 asthmatic children
followed by respiratory pediatricians and 118 healthy children aged 4-18 years were recruited. FeNO was measured by NObreath
device and serum sRAGE by ELISA that detect endogenously soluble isoform (esRAGE) and total soluble RAGE (sRAGE).
Results: sSRAGE in asthmatic was half of the control (p <0.001). In addition, ratio of esSRAGE/sRAGE was two-fold higher in
asthmatic (p = <0.001). Neither FeNO nor esRAGE levels were significantly different between groups. FeNO and asthma control test
(ACT) score were negatively correlated corrected for age and body mass index (BMI), (r = —0.180, p= 0.034). For the uncontrolled
asthma group, esSRAGE/sRAGE negatively correlated with ACT score (r = —.329, p = 0.038). Receiver operating curve (ROC) analysis
revealed significant predictive value (PV) for SRAGE and esRAGE/sRAGE in asthma detection with area under the curve (AUC) of
(0.751 £ 0.031) and (0.711+.033), consequently. However, no biomarker had a significant PV for lack of control.

Conclusion: The current study supports utilizing SRAGE as a marker for asthma and present a potential therapeutic target. However,
our results indicate that both FeNO and sSRAGE have a limited role in the management of asthmatic children or assessment of asthma
control.
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Introduction
Asthma is the most common chronic lung disease affecting children worldwide. It is a heterogenous disease comprising
a range of different clinically recognized phenotypes that are characterized by bronchial hypersensitivity, chronic airway
inflammation and reversible airway narrowing. Asthma is mainly diagnosed based on clinical history and physical
findings that are linked to distinct, yet complex underlying molecular pathways known as endotypes.' Two major
endotypes of asthma were identified, T-helper 2-high (TH2-high) that is elicited mainly by TH2 which is typically
seen in childhood-onset asthma due to allergens sensitization. TH2-high endotype is characterized by airway eosinophilic
inflammation and is highly responsive to steroids treatment. On the other hand, asthmatics lacking the TH2 endotype
(TH2-low) has much fewer clear mechanisms and more severe outcomes hallmarked with airway neutrophilia, which is
not well-responsive to steroids.'

In Jordan, asthma prevalence was estimated by 9% among children in Amman and northern Jordan.>* Importantly,
asthma affects children growth, development, and quality of life and poses a great burden on healthcare systems.’
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Currently, commonly used methods in the diagnosis and management of asthma are peak expiratory flow, lung function
test (spirometry), bronchodilator responsiveness, and bronchial provocation.” The difficulty of application and invasive-
ness in most of the aforementioned methods for young children led to agreed consensus on the urgent need to validate
novel and applicable methods for improving asthma outcomes especially among children.® Therefore, other comple-
mentary assessment methods are currently proposed as specific asthma biomarkers including fractional exhaled nitric
oxide (FeNO) and soluble receptor for advanced glycation end products (sSRAGE).®’

FeNO test is used to measure expiratory nitric oxide gas level, which is produced by inflammatory cells of allergic or
eosinophilic asthma.® FeNO is being increasingly used worldwide as a complementary tool to either identify asthma
phenotype, to determine level of control, or to predict exacerbations and medication plan.” However, its validity is still
questioned due to its various confounders, thus more investigation is mandated. To our knowledge, no previous studies
have been conducted in Jordan on utilization of FeNO in asthma diagnosis or management at any age group, and a few
were conducted in the middle east.” In Jordan, FeNO is rarely used in clinical practice partly due to its controversial role
as a diagnostic tool or as management biomarker. Asthma is often inadequately diagnosed or treated, particularly in low-
and middle-socioeconomic countries.” ! In Jordan for an example, asthma control was achieved in only 45.2% of the
sample of a study performed in south of Jordan, having severe asthma and atopy defined as main risk factors for
uncontrolled asthma.'? Previous reports have shown that FeNO utilization may improve diagnosis and management of
allergic childhood asthma due to its non-invasive and non-laborious measurement methods.”'*'* However, there is no
consensus established till now for using FeNO in asthma diagnosis, it’s more likely to rule in rather than rule out allergic
asthma.’

On the other hand, a growing body of evidence suggests that advanced glycation-end products receptor (RAGE)-
multi-ligand receptor belonging to the cell surface immunoglobulin superfamily- is highly expressed in the lungs and is
implicated in asthma pathogenesis and suggested as a biomarker.'>"’

Current experimental findings indicate that RAGE plays a key role in type 2 inflammatory reactions evident in TH2-
high asthmatic subtype.'> Moreover, previous clinical studies demonstrated that increased RAGE ligands and signaling
strongly correlate with asthma severity, especially in severe neutrophilic asthma (TH2-low).'® 2! The soluble form of the
receptor (SRAGE) is produced from proteolytic cleavage of the extracellular domain of the plasma membrane bound
receptor (MRAGE) or from the alternative splicing of the RAGE gene leading to production of the endogenously secreted
soluble isoform (esRAGE).?*** Serum or bronchial lavage levels of SRAGE correlated with asthma previously by several
reports. Serum sRAGE levels were negatively correlated to FeNO levels and low sSRAGE was associated with wheezing
children at high risk of asthma.?* Interestingly, inhalation of steroids, decreased FeNO and increased sRAGE levels and
improved asthma.?* Another study highlighted an association of low serum sRAGE with acute and chronic morbidities of
bronchiolitis including recurrent wheeze in hospitalized infants.>> Several reports investigated the pathophysiological
mechanisms of RAGE axis, however, the variable expression of RAGE, the diversity of RAGE ligands, along with the
overly complex nature of asthma disease, merit further research.'” It has been previously shown that binding of mRAGE
to its ligands such as high mobility group box 1 (HGMB1) results in activation of a myriad of inflammatory signaling
cascades in various cell types including alveolar cells.?® Currently, it is suggested that sSRAGE can function as a decoy
receptor that reduces binding of various RAGE ligands to mRAGE thus reducing downstream pro-inflammatory
signaling pathways (eg, nuclear factor kappa B (NF«kB), Janus kinase/signal transducer and activator of transcription
(JAK/STAT)) in the lungs.'”

Taken together, there is a growing rationale for investigating RAGE as a biomarker of asthma.

The main goal of this study was to assess utility of more applicable non-invasive biomarkers such as FeNO or
minimally invasive biomarkers such as serum sRAGE in asthma management among Jordanian population. We
compared levels of FeNO and sRAGE in both asthmatic and healthy children (control) and investigated the relationship
between these levels and various variables such as demographic data, gestational age, environmental exposure to tobacco
and pet dander (cats), vitamin D supplementation, concomitant allergies, and asthma medications. Additionally, we
investigated correlations between FeNO and sRAGE biomarkers and asthma control measured by asthma control test
(ACT). Moreover, we evaluated the diagnostic value of FeNO and sRAGE to diagnose asthma or to aid in assessment of
asthma control in children.
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Materials and Methods
Study Population

The study recruited 141 asthmatic children that were clinically diagnosed by respiratory pediatricians, who visited
pediatric respiratory clinic at the Jordan University Hospital’s (JUH), in the city of Amman, Jordan, from July 2021 until
July 2022. Additionally, 118 healthy children who visited the pediatric clinics for routine check-up were recruited as
controls. Clinical history, FeNO measurement and a blood sample were taken for all study subjects.

Study Design

The study is a case-control study. Asthmatic children or children with recurrent wheezing who were aged between 4 and
18 years old were included. These children were diagnosed according to the Global Initiative for Asthma GINA criteria
and were followed up by pediatric pulmonary specialists. The following were the exclusion criteria: patients presented
with asthma exacerbation treatment before FeNO measurement, presence of respiratory viral infection or other acute
respiratory concomitant disease in the 12 weeks before medical care. Healthy children of matched age and sex who did
not have any respiratory diseases were included as controls in this study. An extensive chart review was conducted to
extract the study variables, including demographic information such as age and sex for all participants. Perinatal history
and social history including gestational age, pets, and smoking exposure. Medication history includes inhaled salbutamol,
inhaled and systemic steroids, and previous vitamin D supplementation. In addition, medical history was taken to record
presence of other concomitant allergies, the severity of asthma within the last 2 months and the treatment regimen used
for asthma. We conducted logistic regression analysis to identify variables that affect asthma and to identify factors
affecting FeNO levels, esRAGE/sRAGE among all participants, control group and asthmatic patients. In addition, we
compared levels of FeNO and sRAGE in both asthmatic and control healthy children and investigated the relationship
between these levels and various variables such as demographic data, gestational age, environmental exposure to tobacco
and pet dander(cats), vitamin D supplementation, concomitant allergies and asthma medications. Additionally, we
investigated correlations between FeNO and sSRAGE biomarkers and asthma control measured by asthma control test
(ACT).** Moreover, we evaluated the diagnostic value of FeNO and sRAGE to diagnose asthma or to aid in assessment
of asthma control in children.

FeNO Device

FeNO was measured by NObreath device (Wales, UK) according to American Thoracic Society /European Respiratory
Society (ATS/ERS) and manufacturer recommendations.?’ For analysis purposes, asthmatic children based on the value
of FeNO were categorized according to ATS clinical practice guidelines as the following: high (>35 ppb), intermediate
(20-35) and low (<20).’

Measurement of Serum sRAGE and esRAGE

A sample of five milliliters (5 mL) of venous blood was collected by venipuncture. The serum was separated by
centrifugation (10 mm, 3000 x g, 10 min), and stored at —80 °C until used. The levels of SRAGE and esRAGE in serum
were measured by two distinct Enzyme-Linked Immunosorbent Assay (ELISA) kits. For sSRAGE, (OmniKine Human
RAGE Colorimetric ELISA Kit (My BioSource, San Diego, LA, California, Cat. NO. MBS9502071) was utilized to
detect total SRAGE including cleaved form of membrane bound full length RAGE and endogenously soluble esRAGE,
while for esRAGE directed kit (esRAGE ELISA Kit, My BioSource, Cat. NO. MBS3801084) was used to specifically
detect esSRAGE by using an antibody directed against the unique COOH-terminal sequence of RAGE-v1(splice variant
lacking transmembrane domain) and does not cross-react with the cleaved form of full RAGE. Both immunoassays used
the quantitative technique of a “Sandwich” ELISA with different capture antibodies. The serum was assayed according to
the protocol described by the manufacturers. The SRAGE kit and esSRAGE kit were capable to detect and quantify RAGE
proteins within range of (63—4000 pg/mL) and (0-1600 ng/mL), respectively. All sera’s measurements fell within
detection range. The optical densities were measured by a microplate reader set to 450 nm. (Synergy HTX, multi-
mode order), from Biotech. The software program was GenS5, version 2.07.

Journal of Asthma and Allergy 2023:16 https: 795

Dove:


https://www.dovepress.com
https://www.dovepress.com

Alzayadneh et al Dove

Asthma Control

The level of asthma control was assessed by medical evaluation before a patient underwent FeNO level measurements.
Asthma Control Test (ACT) was used to assess control level of asthma for teens of 12 years and older.”® It comprises five
questions assessing the frequency of shortness of breath, frequency of asthma night-time symptoms, degree of functional
limitation, frequency of using rescuers, and patient’s self-assessment of their level of asthma control. Each item has five
response choices each with a score ranging from (1-5). Accordingly, the levels of asthma control are as follows: well-
controlled (scores of 20-25), partially controlled (15-19), and uncontrolled asthma (5-14).?® For Children up to 11-years
-old, children ACT (cACT) was used which has a total score of 27, where poor controlled children had lower than 19
score.”’

Statistical Analysis

All collected data were organized, coded, and imported to the Statistical Package for Social Sciences (SPSS) version 22.
Continuous variables were expressed as median and interquartile range while categorical variables were expressed as
frequency and percentage. Statistical comparisons among the FeNO values, SRAGE and esRAGE serum levels were
performed using the Mann—Whitney test and Kruskal-Wallis test. Spearman’s rho test was used to find correlations
between continuous variables. P values less than 0.05 were considered statistically significant. Logistic regression
analysis was conducted to identify variables that affect asthma, FeNO level and esRAGE/sRAGE among all participants,
control group and asthmatic patients. A receiver operating characteristic (ROC) curve was constructed, presenting the
sensitivity and specificity to find the best cut-off values for the diagnosis of asthma or detection of lack of control. In
which an asymptotic p values of less than 0.05 were considered significant.

Ethical Considerations

The study was conducted in compliance with the Declaration of Helsinki, and the study’s protocol and proposal were
reviewed and accepted by the Jordan University Hospital’s Institutional Review Board (IRB) # 2022/33 and the
University of Jordan’s research ethics committee. A written informed consent was obtained from the parents or legal
proxies of all participants of this study.

Results

Characteristics of Study Children

The study group included 141 asthmatic (5- to 18-years-old) or wheezing (under 5-years-old) children and 118 healthy
controls. Of study children, 65.2% were males and 34.8% were females. The median age of children was 11 years.
Demographic and clinical characteristics of all study children are listed in Table 1. For asthmatic children, clinical
characteristics are shown in Table 2. Among asthma risk factors, family history of asthma and presence of allergy other
than asthma showed significant association with asthma diagnosis as observed from logistic regression analysis (Table S1).

Measurements of FeNO, sRAGE, esRAGE and Ratio of esRAGE/sRAGE
The median (Interquartile range (IQR)) FeNO levels (ppm) were not significantly different between asthmatic and control
children (14.0, (8.0-22.0) vs. 15.0, (7.8-23.5)), p = 0.987), however, median serum sRAGE (pg/mL) was reduced in
asthmatic to almost half that of control (673.8 (417.2-1017) vs. 1363.0 (774.0-2065), p <0.001) (Table 3). Although only
28.4% are taking systemic corticosteroids, 84.4% used inhaled corticosteroids (ICS), which could explain the blunted
difference in FeNO measurements between asthmatic and control children.

In addition, median of esRAGE was not different between the groups (280.2 (255.8-420.9) vs. 276.6 (260.7-303.2),
p = 0.182) (Table 3). In contrast, median of ratio of esRAGE/sRAGE (IQR) was significantly higher in asthmatic
compared to control (0.40 (7.8-23.5) vs. 0.2086 (8.0-22.0), p <0.001) (Table 3).

For the different asthma control groups, no statistically significant differences were found regarding FeNO levels or
serum RAGE markers (sSRAGE, esRAGE, or esRAGE/RAGE) (Table 4), indicating they could not provide a useful tool
to assess level of control of asthma in children as compared to ACT.
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Table | Characteristics of the of All Participants (Control and Asthma Groups)

All Participants n = 259 Controln =118 Asthma n = 141

Gender %* (n)
Males 63.7 (165) 61.9 (73) 65.2 (92)
Females 36.3 (94) 38.1 (45) 34.8 (49)

Age Category

I-5 3.9 (10) 3.4(4) 43 (6)
6-10 429 (1) 42.4(50) 433 (61)
=15 50.2 (130) 50.8(60) 49.6 (70)
16-20 3.1 (8) 34 (4) 28 (4)

Gestational Age

Term 91.1 (236) 93.3 (110) 89.4 (126)
Preterm 8.9 (23) 6.7 (8) 10.6 (15)
Exposure to Smoking 56.8 (147) 56.8 (67) 56.7 (80)
Exposure to Cats Dander 20.1 (52) 16.1 (19) 23.4 (33)

FENO Category

Normal 66.0 (171) 65.2 (77) 66.7 (94)
Intermediate 25.9 (67) 29.7 (35) 22.7 (32)
High 8.1 (21) 5.1 (6) 10.6 (15)
Vitamin D Supplementation 29.0 (75) 33.1 (39) 25.5 (36)
Family History of Asthma 27.0 (70) 16.9 (20) 35.5 (50)
Allergy (Yes) 39.0 (101) 144 (17) 59.6 (84)

Notes: *Valid percent.
Abbreviation: FeNO, Fraction of exhaled nitric oxide.

Table 2 Clinical Characteristics of Asthma Patients (n = 141)

% (N)
Asthma Control test (ACT)
ACT Median= 20 (15-21) [7-25]
Controlled 504 (71)
Partially Uncontrolled 19.1 (27)
Uncontrolled 30.5 (43)
Oral Corticosteroid 28.4 (40)
ICS use 84.4 (119)
LABA use 40.4 (57)
SABA use 84.4 (119)
Antihistamine use 52.5 (74)
(Continued)
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Table 2 (Continued).

% (N)
Total Daily Dose of ICS
Median= 250 (200-500) [0—1000]
Low 13.4 (16)
Intermediate 10.9 (13)
High 75.7 (90)
Frequency of Salbutamol Inhaler use
< |/ Week 50.3 (71)
1/ Week 85 (12)
2/ Week 35 (5
3 or More / week 37.7 (53)
Previous hospital Admission Due to Asthma Within Past Year 34.0 (48)
Allergy, Other THAN Asthma
Allergic Rhinitis 32.6 (46)
Eczema 18.4 (26)
Food Allergy 13.5 (19)
Allergic Conjunctivitis 21.3 (30)
Number of Concomitant Allergic diseases
Only Asthma 43.3 (61)
One other Concomitant Allergy 32.6 (46)
2 Other Concomitant Allergies 19.1 (27)
3 Other Concomitant allergies 5.0 (7)

Abbreviations: ACT, asthma control test; ICS, inhaled corticosteroids; LABA, long-acting beta ago-
nists; SABA, short-acting beta agonists.

Table 3 Differences Between Asthmatic and Control in Studied Biomarkers

All Participants Control Asthma *p-value
Median (IQR) [Min-Max]

FeNO 15.0 (8.0-23.0) 15.0 (7.8-23.5) 14.0 (8.0-22.0) 0.987
[0.0-121] [0.0-109.0] [0.0-121.0]

esRAGE 279.2 (258.7-321.2) 280.2 (255.8-420.9) 276.6 (260.7-303.2) 0.182
[58.7-552.7] [58.7-516.9] [152.1-552.7]

sRAGE 902.2 (517.8-1476.8) 1363.0 (774.0-2065) 673.8 (417.2-1017) <0.001
[3.4-8453.0] [109.2-8453] [3.4-3580.3]

esRAGE/sRAGE 0.3228 (0.1845-0.6355) 0.2086 (0.1295-0.3849) 0.40 (0.27-0.72) <0.001
[0-80.86] [0.08-3.82] [0-81]

Note: *P-value on Mann Whitney U-test.
Abbreviations: FeNO, Fraction of exhaled nitric oxide; esRAGE; endogenously soluble isoform of receptor for advanced glycation end products; sSRAGE, soluble receptor
for advanced glycation end products; IQR, Interquartile range.
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Table 4 Differences Between Asthmatic Groups According to ACT Score in Studied Biomarkers

Controlled Partially Controlled Uncontrolled *p- value
Median (IQR)[min-max]

esRAGE 275.1667 (39.28) 272.3889 (50) 284.6111 (45.72) 0.210
[152.07-478.58] [184.73-552.73] [184.73-456.08]

sRAGE 635.9167 (546.67) 624.2500 (848.03) 710.3333 (585.57) 0.700
[3.42-2616.75] [155.08-3318.11] [170.33-3580.33]

esRAGE/sRAGE 0.4445 (0.42) 04511 (0.65) 0.3840 (0.45) 0.792
[0.08-80.86] [0.13-1.7] [0.09-1.58]

FeNO 13 (11.00) 12 (15) 21.3095 (24.25) 0.459
[0—49.00] [2-84.0] [1-121]

Notes: *P-value on Mann Whitney U-test.

Abbreviations: ACT, asthma control test; esRAGE; endogenously soluble isoform of receptor for advanced glycation end products; sSRAGE,
soluble receptor for advanced glycation end products; FeNO, Fraction of exhaled nitric oxide; IQR, Interquartile range; min, minimum; max,
maximum.

Regarding ICS and systemic steroids use, asthmatic children who were taking ICS had significantly higher ACT
scores than those who did not (chi square = 8.705, p = 0.003, degree of freedom (df) = 1) which might be related to better
control of the disease with use of ICS (Figure 1A). In contrast, asthmatic children who were treated with systemic
steroids had significantly lower ACT scores which is explained by the need to treat more severe asthma with systemic
steroids (chi square = 11.813, p =0.001, df = 1) (Figure 1E).

However, FeNO, sRAGE, or esRAGE were not significantly affected by ICS or systemic steroids (chi square = 3.71,
p = 0.39, df = 6). (Figure 1B—1D and 1F-1H; consequently)

For asthmatic children who have allergic rhinitis, ratio of eSRAGE/sRAGE, was significantly lower compared to
children who have not; (0.92 + 2.08 vs. 1.57 + 8.59, Asymptotic significance (Asymp. Sig.) (2-tailed) = 0.026)
(Figure 2A), and close to significancy the sSRAGE level was lower for children with allergic rhinitis, whereases FeNO
levels were not different if allergic rhinitis was present or not (Figure 2A). Asthmatic children who have atopic dermatitis
have significantly higher FeNO levels when compared to children without (22.58 & 16.49 vs. 16.80 £+ 15.86, Asymp. Sig.
(2-tailed) = 0 0.014) (Figure 2B). In addition, asthmatic children with food allergies had higher sSRAGE levels; (982.23 +
480.79 vs. 742.96 + 563.93, Asymp. Sig. (2-tailed) = 0.017) (Figure 2C).

Factors Affecting FeNO Levels and esRAGE/sRAGE

We conducted logistic regression to identify variables that affect FeNO level (Table 5) and esRAGE/sRAGE (Table 6)
among all study participants, control, and asthmatic groups. Age significantly affected FeNO level among all participants
(Table 5). For esRAGE/sRAGE, exposure to smoking among all participants and use of inhaled corticosteroids among
asthmatic children significantly affected the ratio (Table 6).

Correlation Analyses

There was a significant positive correlation between age and FeNO measurement in both asthmatic and control children
(0.178 p = 0.035) (Figure S1A). Indeed, there was a significant positive correlation for all participants (r = 0.186, p =
0.003) (Figure S1B). A trend for a negative but weak correlation was observed between ACT score and FeNO for all
participants (r = —0.161, p = 0.057) (Figure S2A). When corrected for age and BMI, FeNO was significantly but weakly
correlated with ACT score, (r = —0.180, p = 0.034. spearman) (Figure S2B).

Correlation analyses did not reveal significant correlations between FeNO and any of RAGE markers (sRAGE,
esRAGE, or esRAGE/sRAGE) in all participants or in asthmatic children. Regarding sRAGE levels, there was
a significant slight negative correlation with body mass index (BMI) (r = —0.225, p = 0.008) (Figure S3). There was
no significant correlation between ACT score and SRAGE or esRAGE/sRAGE ratio observed in asthmatic children or all
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Figure | Box plots demonstrating comparisons between asthmatic children who take inhaled corticosteroids (ICS) and who do not (A-D), and between asthmatic children
who take systemic steroids and who do not (E-H) in terms of ACT score, FeNO, sRAGE and esRAGE levels. ACT score was significantly different between children who
are under ICS and who are not (chi square = 8.705, p = 0.003, df = |) as in (A). However, asthmatic children who were treated with systemic steroids had significantly lower
ACT scores (chi square = | 1.813, p = 0.001, df = |) as in (E). On the other hand, FeNO level, sSRAGE, or esRAGE were not significantly affected by ICS or systemic steroids
(chi square = 3.71, p = 0.39, df = 6) as in (B-D and F-H; consequently); *P value of <.05 is considered significant.

Abbreviations: ICS, inhaled corticosteroids; FeNO, Fraction of exhaled nitric oxide; sSRAGE, soluble receptor for advanced glycation end products; esRAGE, endogenously
soluble isoform of receptor for advanced glycation end products; ACT, asthma control test.
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Figure 2 Comparisons between asthmatic children who have concomitant allergic disease and who have not in levels of FeNO, sRAGE and esRAGE/RAGE ratio. (A)
asthmatic children without and with allergic rhinitis; ratio of esSRAGE/sRAGE, was significantly lower compared to children who have not; (0.92 + 2.08 vs. 1.57 *+ 8.59, Asymp.
Sig. (2-tailed) =0.026) and a trend for the sSRAGE level to be lower, while FeNO levels were not different; (B) asthmatic children without and with atopic dermatitis; atopic
dermatitis was associated with higher FeNO levels (22.58 + 16.49 vs. 16.80 + 15.86, Asymp. Sig. (2-tailed) =0 0.014); (C) asthmatic children without and with food allergy;
food allergy was associated with higher sSRAGE levels; (982.23 + 480.79 vs. 742.96+ 563.93, Asymp. Sig. (2-tailed) = 0.017) and a trend to reduced esRAGE/RAGE ratio. *P
value of .05 is considered significant.

Abbreviations: FeNO, Fraction of exhaled nitric oxide; sSRAGE, soluble receptor for advanced glycation end products; esRAGE; endogenously soluble isoform of receptor
for advanced glycation end products; ACT, asthma control test.

participants, however, in uncontrolled asthma group, esSRAGE/sSRAGE negatively correlated with ACT (r = —0.329, p =
0.038) (Figure S4).

Taken together, these data indicate that the studied biomarkers do not exhibit strong correlations with the level of
asthma control assessed by ACT.

Receiver Operating Curve (ROC) for FeNO and RAGE

ROC analysis was utilized to illustrate validity of FeNO, and RAGE markers (sSRAGE, esRAGE, or esRAGE/sRAGE)
for use in predicting asthma among all study children (GINA guidelines as gold-standard criteria) (Figure 3A) and lack of
asthma control among asthma children (ACT as gold-standard criteria) (Figure 3B).
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Table 5 Factors Affecting FENO Level Among All Participants, Control Group and Asthmatic Patients’

All Participants Control Asthma
Demographic/ Clinical Characteristics Median (Iqr) P value Median (iqr) P value Median (iqr) P value
Gender 0.594%* 0.559* 0.984*
Males 15.0 (18) 15 (16.3) 13 (16)
Females 14.0 (14) 145 (17) 15 (1)
Age Category 0.020% 0.100% 0.199*
1-5 10 (13) 9 (12) 11.5(20.3)
6-10 12 (15) 13 (16) 10 (13.5)
I1-15 16 (15) 17.5 (17.5) 15 (12)
16-20 16.5 (14.5) 16 (14.3) 19.5 (18.3)
Gestational Age 0.433* 0.374* 0.872*
Term 14 (15.5) 15 (16.8) 13.5 (12.3)
Preterm 17 (16) 18.5 (12.5) 13.5 (24)
Exposure to Smoking 0.920* 0.898* 0.711*
Yes 15 (14) 16 (15) 14 (12)
No 13 (17.8) 13 (18) 12.5 (16.8)
Exposure to Cats Dander 0.960* 0.265* 0.348%*
Yes 16 (15) 20 (16) 13 (12)
No 14 (15) 14 (16) 14 (13)
Vitamin D Supplementation 0.701* 0.810* 0.380*
Yes 16 (14) 15 (16) 17 (13)
No 14 (15) 15 (17) 13 (14)
Allergy 0.907* 0.875% 0.938*
Yes 14 (13.5) 13 (15) 13.5 (12.8)
No 15 (17.3) 16 (17) 13.5 (16.8)
Family History of Asthma 0.376* 0.758* 0.347*
Yes 14 (15) 15.5 (14.8) 12 (12)
No 15 (15) 15 (17) 14 (12.8)
Oral Corticosteroid - - - - 0.222*
Yes = = = = 10 (13)
No - - - - 15 (13)
Asthma Control Test (ACT) - - - - 0.459%
Controlled - - - - 13 (1)
Partially Uncontrolled - - - - 12 (14.5)

(Continued)
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Table 5 (Continued).

All Participants Control Asthma
Demographic/ Clinical Characteristics Median (Iqr) P value Median (iqr) P value Median (iqr) P value
Uncontrolled - - - - 15 (19.5)
ICS use - - - - 0.087*
Yes - - - - 13 (14)
No = = = = 18 (23.3)
LABA use - - - - 0.727*
Yes - - - - 15 (13.8)
No - - - - 13 (13)
Antihistamine use — — — - 0.733*
Yes - - - - 13.5 (14.8)
No — — — — 13.5 (11.8)
Total Daily Dose of ICS - - - - 0.496"
Low - - - - 17 (17)
Intermediate - - - - 10 (14)
High - - - - 13.5 (14.3)

Notes: *p values were calculated using Mann-Whitney test, #p values were calculated using Kruskal-Wallis test.
Abbreviations: FeNO, fraction of exhaled nitric oxide; ACT, asthma control test; ICS, inhaled corticosteroids; LABA, long-acting beta agonists; IQR, Interquartile range.

Table 6 Factors Affecting ESRAGE/SRAGE Among All Participants, Control Group and Asthmatic Patients

All Participants Control Asthma

Demographic/ Clinical Characteristics Median (iqr) P value Median (iqr) P value Median (iqr) P value

Gender 0.46 1* 0.282* 0.800*

Males 0.401 (0.386) 0.214 (0.248) 673.8 (547.8)

Females 0.404 (0.448) 0.201 (0.268) 717.6 (686.5)

Age Category 0.889% 0.698" 0.147%

1-5 0.373 (0.351) 0.294 (0.255) 992.2 (1025)

6-10 0.393 (0.387) 0.166 (0.28) 624.3 (562.5)

11-15 0.411 (0.492) 0.217 (0.234) 672.2 (661.7)

16-20 0.518 (0.388) 0.245 (0.55) 742.6 (251.3)

Gestational Age 0.775*% 0.724* 0.302*

Term 0.400 (0.430) 0.209 (0.239) 713.1 (0.629)

Preterm 0.420 (0.383) 0.273 (1.15) 543.8 (357.4)

Exposure to Smoking 0.021* 0.288* 0.729*
(Continued)
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Table 6 (Continued).

All Participants Control Asthma
Demographic/ Clinical Characteristics Median (iqr) P value Median (iqr) P value Median (iqr) P value
Yes 0.461 (0.431) 0.25 (0.309) 675.1 (623.9)
No 0.358 (0.387) 0.193 (0.196) 692.6 (614.2)
Exposure to Cats Dander 0.163* 0.179% 0.481*
Yes 0.342 (0.467) 0.17 (0.19) 922.6 (836.1)
No 0.405 (0.420) 0.227 (0.252) 668.3 (538.8)
Vitamin D Supplementation 0.321* 0.126* 0.750%*
Yes 0.451 (0.436) 0.3 (0.28) 553.4 (660)
No 0.400 (0.419) 0.193 (0.213) 701.4 (597.5)
Allergy 0.635* 0.469%* 0.838*
Yes 0.432 (0.407) 0.241 (0.333) 658.1 (567.5)
No 0.388 (0.439) 0.206 (0.251) 739.2 (681.4)
Family History of Asthma 0.472* 0.869* 0.493*
Yes 0.381 (0.38) 0.23 (0.28) 825.1 (596.3)
No 0.419 (0.438) 0.206 (0.232) 622.6 (532.9)
Oral Corticosteroid - - - - 0.416*
Yes - - - - 658.1 (650)
No - - - - 695.9 (587.3)
Asthma Control Test (ACT) - - - - 0.732%
Controlled - - - - 647.1 (536.6)
Partially Uncontrolled - - - - 624.3 (848)
Uncontrolled - - - - 710.3 (585.6)
ICS use - - - - 0.008*
Yes - - - - 675.1 (602)
No - - - - 654.9 (596.1)
LABA use - - - - 0.544%*
Yes - - - - 750.9 (621.7)
No - - - - 610.1 (581.7)
Antihistamine use = = = - 0.914*
Yes - - - - 724.8 (629.4)
No - - - - 623.4 (547.7)
Total Daily dose of ICS - - - - 0.413%
Low — — — — 945.9 (714.9)
(Continued)
804 https: Journal of Asthma and Allergy 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Alzayadneh et al

Table 6 (Continued).

All Participants Control Asthma

Demographic/ Clinical Characteristics Median (iqr) P value Median (iqr) P value Median (iqr) P value

Intermediate - - - - 899.3 (772.5)

High - - - - 635.9 (527.5)

Notes: *p values were calculated using Mann—Whitney test, #p values were calculated using Kruskal-WVallis test.
Abbreviations: esRAGE; endogenously soluble isoform of receptor for advanced glycation end products; sSRAGE, soluble receptor for advanced glycation end products;
ACT, asthma control test; ICS, inhaled corticosteroids; LABA, long-acting beta agonists; IQR, Interquartile range.

Interestingly, SRAGE and esRAGE/sRAGE provided a significant predictive value for asthma among all participants as
revealed by ROC analysis (Figure 3A). In which, SRAGE, had an area under the curve (AUC) of 0.751 £ 0.031, asymptotic
significance (asymp. Sig.) = 0.000, 95% CI (0.691-0.812). For sSRAGE, a cut off value of 683.59 (pg/mL) had a sensitivity of
51.4% and a specificity of 80%, while a cut off value of 403.39 (pg/mL) had a sensitivity of 23.6% and a specificity of 90%. The
positive and negative predictive values for SRAGE were (71.4, 49.1), respectively. The ratio of esSRAGE/sSRAGE had an AUC
of, 0.711 £ 0.033, Asymp. sig. = 0.000, CI (0.646-0.777). A cut off value of 0.4279 had sensitivity of 48.6% and specificity of
80%, and a cut off value of (0.9226) had sensitivity of 12.9% and specificity of 90%. The positive and negative predictive values
for esRAGE/sRAGE were (62.1%, 46.7%), respectively. On the other hand, neither FeNO, nor soluble RAGE biomarkers had
a significant diagnostic value regarding detection of lack of control of asthma among asthmatic patients (Figure 3B).
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Interval Interval
Test Result Variable(s) Area Std. Asymptotic Sig.? Lower Upper Test Result Variable(s) Area std.  Asymptotic Sig.® Lower Upper
Error® Bound Bound Error® Bound Bound
FENO 0.499 0.036 0.984 0.428 0.571 FENO 0.565 0.056 0.223 0.455 0.674
esRAGE 0.453 0.037 0.199 0.380 0.526 esRAGE 0.590 0.053 0.089 0.487 0.693
SRAGE 0.751 0.031 0.000 0.691 0.812 SRAGE 0.537 0.053 0.491 0.433 0.640
esRAGE/sRAGE 0.721 0.033 0.000 0.656 0.786 esRAGE/sRAGE 0.464 0.053 0.499 0.361 0.567

The test result variable(s): FeNO, esRAGE has at least one tie between the positive actual state group The test result variable(s): FeNO, esRAGE, RAGE has at least one tie between the positive actual state

and the negative actual state group. group and the negative actual state group.
a. Under the nonparametric assumption

b. Null hypothesis: true area = 0.5, *p<0.05

a. Under the nonparametric assumption
b. Null hypothesis: true area = 0.5, *p<0.05

Figure 3 ROC curve of FeNO, sRAGE, esRAGE, esRAGE/RAGE, among different study groups. (A) ROC curve of FeNO, sRAGE, esRAGE, esRAGE/RAGE among all
participants (n = 258). AUC of test variables in identifying asthma (GINA standards) are depicted in the tables under the corresponding curve; number of actual positive
results(asthmatics) = 140 (B) ROC curve of FeNO, sSRAGE, esRAGE, esRAGE/RAGE in asthmatic patients (n = 140). AUC of test variables in identifying lack of control (ACT
as gold standard) are depicted in the tables under the corresponding curve; number of actual positive results (uncontrolled asthma) = 43. a, Under the nonparametric
assumption; b, Null hypothesis: true area = 0.5; *P value of <.05 is considered significant.

Abbreviations: ROC curve, receiver-operating characteristic curve; FeNO, fraction of exhaled nitric oxide; sSRAGE, soluble receptor for advanced glycation end products;
esRAGE; endogenously soluble isoform of receptor for advanced glycation end products; AUC, Area under the curve; ACT, asthma control test.
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Figure 4 This schematic summarizes the mechanisms underlying allergic airway inflammation in asthma involving RAGE signaling and biosynthesis of nitric oxide (NO).
Allergens trigger release of RAGE ligands such as HMGBI, S100/calgranulins which bind to and activate RAGE on lung epithelial cells. RAGE structure is depicted showing its
variable domain (V-domain), two constant domains(C-domain), and cytosolic domain. The RAGE protein exists as full-length membrane-bound RAGE (mRAGE), as well as
a soluble form (sRAGE), which lacks the transmembrane and signaling domains, and functions as a decoy receptor. SRAGE can be produced endogenously by alternative
splicing (esRAGE) or through proteolytic cleavage of the full-length mRAGE. Upon ligand binding, intracellular signaling cascades are initiated which leads to transcriptional
activation of NF-kB- and STAT-dependent gene transcription. RAGE-dependent activation of NF-kB induces a positive feedback loop by inducing RAGE (AGER gene) and NF-
kB gene transcription and is suspected to stimulate release of cytokines that activate resident immune cells in the lung and is also released into the circulation to activate
TH2 cells and ILC2s producing large amounts of IL-4, IL-5 and IL-13 and other cytokines activating B cells to produce allergy-specific globulins (IgE). The IgE specific to
allergens will then bind to eosinophils to exacerbate allergic airway inflammation and airway hyperresponsiveness. The biosynthesis of NO in the airways is induced by
inducible NO Synthase (iNOS) expressed in lung epithelial cells and inflammatory cells (basophils, eosinophils, neutrophils, mast cells, B or T lymphocytes). NO produced
intracellularly will diffuse to the lumen of the airways. Upregulation of iNOS induced by NF-kB during allergic inflammation generates elevated level of exhaled NO in the
bronchial airways which can be detected as “FeNO” indicating degree of inflammation.

Abbreviations: RAGE, receptor for advanced glycation end products; sSRAGE, soluble receptor for advanced glycation end products; esRAGE, endogenously soluble
receptor for advanced glycation end products; HMGBI, high mobility group box-1; FENO, fraction of exhaled nitric oxide; NO, nitric oxide; iNOS, inducible nitric oxide
synthase; NF-kB, nuclear factor-kappa B; TGF-B, transforming growth factor- B; TNF-a, tumor necrosis factor- a; JAK/STAT, Janus kinase/ The signal transduction and
activator of transcription; AGER, RAGE gene; ICAMI, Intercellular adhesion molecule |; VCAMI, vascular cell adhesion molecule I; ILC2, type 2 innate lymphoid cells; TH2,
T-helper 2-high; IL, interleukins; IgE, Inmunoglobulin type E. The figure was constructed by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed
under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

Discussion

The current study evaluates use of FeNO and sRAGE as markers for asthma in children who were previously diagnosed
with asthma and being evaluated by respiratory pediatricians in Jordanian population. As summarized in Figure 4
demonstrating the mechanisms underlying allergic airway inflammation in asthma that involves RAGE signaling and
biosynthesis of NO, there is compelling evidence in literature for a potential use of serum RAGE as a minimally invasive
asthma biomarker and exhaled NO as a non-invasive asthma biomarker in children. Our findings in this study show that
FeNO levels were not different between asthmatic patients who were followed up and control patients or between
asthmatic children grouped according to ACT score. Furthermore, FeNO level did not demonstrate usefulness as a marker
of asthma control level as assessed by ROC analysis using ACT as gold standard. Correlation analysis in this study
revealed that FeNO was significantly correlated to age as previously reported but weakly correlated with ACT score.
Similar to our findings, a study on Iranian asthmatic children, reported higher FeNO than what we found (28.5 ppb), and
a comparable ACT mean score (19.8), found no significant correlation with ACT score. Additionally, there was no
significant correlation between FeNO and changes in respiratory function measures before and after the administration of
bronchodilator.®® In the literature there is inconsistency about the correlations between FeNO and ACT scores in
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children.®" Furthermore, there is no consensus that the measurement of FeNO has a predictive value of asthma control
compared to lung function tests or that regular measurement of FeNO is beneficial in dose adjustment of steroids.” It was
noted before that among different control measures, the worst agreement was for FeNO and ICS.** FeNO levels, whether
expressed as a continuous variable or dichotomized, were not associated with future risk for exacerbations in either
unadjusted or adjusted models.>

As allergic asthma is the most prevalent phenotype among asthmatic children, reduced FeNO levels to a level
comparable to control group may be explained by ICS use in the majority of asthmatic children of the current study. In
this regard, a previous study demonstrated that FeNO was a poor indicator of asthma control in children on asthma
medication as it exhibited low accuracy to discriminate well-controlled from not well-controlled asthma.?* In essence, it
is more likely that patients with poor disease control are more frequently treated with high doses of ICS resulting in
lower FeNO levels as compared to less severe forms of the disease due to their immune-suppressive effects.*®> However,
logistic regression analysis for factors affecting FeNO levels in this study revealed significancy for age and only a trend
for ICS use which might be due to the size limitation of our study.

In accordance, a previous study reported that for asthmatic patients regardless of treatment, FeNO levels were not
related to asthma control or other clinical variables. In the former study, among untreated patients, higher FeNO values
were associated with the occurrence of cough or wheeze, while in patients on ICS, adherence to therapy was the only
determinant to degree of inflammation.*® Furthermore, recent studies found that even using asthma medications in doses
that lowers FeNO levels cannot improve clinical markers of asthma control, therefore improvement in asthma control
measures did not seem to be detected.’” FeNO measurement was suggested previously to aid in diagnosing asthma or
predicting asthma development in wheezing children.’® FeNO has been suggested by several reports as useful screening
tool for asthma, although several factors were shown to confound the interpretation of an elevated FeNO level such as
atopy and smoking.*® Several reports indicated that FeNO can be used as a marker to evaluate patient’s adherence to
treatment plan and predict response to different medications as reviewed recently.”® Although, FeNO-guided asthma
management was shown previously to have promising benefits, most clinical trials had variable effectiveness.***! In
a Meta-analysis study, FeNO-guided asthma management strategy was shown to partially improve the outcomes of
pediatric asthma by reducing asthma exacerbations and improving the forced expiratory volume in a second (FEV1), at
the expense of increased ICS dose without any beneficial effects on symptom control, quality of life.*” In the setting of
chronic inflammatory airway disease including asthma, conventional tests such as FEV1, reversibility or provocation
tests are indirectly associated with airway inflammation. However, FeNO is suggested to be advantageous for asthma
patients’ clinical management including direct detection of eosinophilic airway inflammation, anticipation of corticoster-
oid responsiveness, assessment of airway inflammation to evaluate need of corticosteroids and adjust dosing and
revealing otherwise unsuspected lack of adherence to corticosteroid therapy.”

In contrary to our findings in Jordan, a cross sectional study on asthmatic patients in Vietnam, revealed an inverse
correlation between FeNO and ACT score and spirometry indicators of airway obstruction.*' Moreover, significant
differences in FeNO were seen between different asthma control groups.*' Additionally, other studies indicated that
FeNO values were related to several markers of asthma control, such as nighttime symptoms, beta-agonist use, and
bronchodilator reversibility,** as well as to the use of oral or inhaled steroid treatment.*’ In addition, previous studies
showed that FeNO was raised in asthmatic children, especially when asthma is uncontrolled and during exacerbations.**
FeNO was associated with eosinophilic inflammation in endobronchial biopsies of children with difficult asthma after
systemic steroids treatment, and FeNO measurement was suggested to help with identifying patients with persistent
symptoms associated with airway eosinophilia.*’

Reviewing literature thoroughly, it’s quite legitimate that the disparity between FeNO and lung function or clinical
manifestations might be due to the heterogeneity of studied populations of children including genetic backgrounds and
environmental factors, variable inclusion criteria regarding severity of asthma, use of inhaled corticosteroid therapy and
dosage, presence of atopy, different techniques used to measure FeNO, as well as different measures for asthma control
assessment used. Hence, FeNO is still suggested as a complementary tool rather than a solely diagnostic tool to be used
along with lung function tests to assess airway inflammation, and to enhance control of asthma symptoms with better use

. . 4
of asthma medications.*®
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On the other hand, we show that serum soluble RAGE level and ratio of esSRAGE/RAGE have potential usefulness as
markers of asthma, but not as asthma control indicator as they were only significantly different between asthmatic and
control patients. This was supported by ROC analysis which revealed that both SRAGE or esSRAGE/sRAGE ratio have
significant validity as a screening or diagnostic tool for asthma. Similarly, a previous study on Egyptian population found
that serum sRAGE levels were decreased in asthmatic subjects compared to healthy controls and were lowest in subjects
with neutrophilic phenotype.*” Additionally, reduced plasma sRAGE levels in Chinese children with recurrent wheezing
were inversely correlated with increased fraction of exhaled nitric oxide and increased risk of asthma.*® However, our
study did not find significant correlations between FeNO and any of RAGE markers in all study participants or in
asthmatic children. Association analysis in another study revealed that increase in SRAGE concentration was associated
with lower odds of asthma.*” Moreover, SRAGE was identified as putatively causal for and protective against asthma.*’

Experimental studies support our findings as they demonstrate compelling evidence on the role of reduced levels of
sRAGE predisposing to asthma development or aggravating inflammation. Experimental models for allergens -induced
sensitization revealed that allergens exposure induces T2 inflammation in mRAGE-dependent pathway.'”->° Similarly,
another study showed that allergen-dependent activation of a toll-like receptor-4 (TLR4) induces secretion of High
mobility group box-1 (HMGB1) which in turn binds RAGE to induce allergic sensitization and amplify inflammation.”’

Therefore, SRAGE may present a putative therapeutic target in asthma treatment or prevention. Previous experimental
studies demonstrated that SRAGE works as a decoy receptor and administration of SRAGE diminishes lipopolysacchar-
ides-induced T-helper 1 and T-helper 17 cytokines.”® In neutrophilic asthma, SRAGE prevents T-helperl7-mediated
airway inflammation in neutrophilic asthma at least partly by blocking HMGB1/RAGE signaling.?® Furthermore,
a previous work indicated that plasma SRAGE may be a biomarker of severe asthma and may be associated with genetic
polymorphism of RAGE G82S gene variants in neutrophilic asthmatics.'®

Whereas in a well-treated and controlled population in another study, there were no differences in plasma sRAGE
levels compared to control children.*?

Regarding esRAGE levels, we utilized an ELISA kit that only detects the soluble splice variant of RAGE (esRAGE)
and does not cross react with cleaved mRAGE to investigate whether it has a potential usefulness as marker for asthma.
Indeed, we did not find any differences in esRAGE levels between asthmatic and control children, or among all
participants. Although esRAGE was extensively studied as a biomarker in many chronic diseases, previous findings
about esRAGE in asthma were limited and contradicting. In induced sputum, esRAGE levels were significantly higher in
asthmatic patients than in normal controls.*-** However, there was no significant increase in esRAGE level associated
with severity of asthma.>* In another study, systemic SRAGE that was significantly correlated to esRAGE was decreased
in subjects with neutrophilic asthma or COPD compared to those without airway neutrophilia who had similar to control
levels."” As our study did not either measure sputum esRAGE or identify the endotype of asthma, comparison with latter
findings is not valid. It is intriguing that the total SRAGE was lower in asthmatic than control in the present study while
no differences in esRAGE levels were detected which can be either due to reduced levels of mRAGE or shedding of
mRAGE due to changes in the regulation of enzymes responsible for cleaving the mRAGE.*

ROC analysis in this study revealed that neither SRAGE markers nor FeNO were useful to assess control level of
asthma using ACT as gold standard. This might be related to limitations due to the number of subjects included in this
study, to the disparity between ACT measure and the studied markers, or probably ACT control measure could be inferior
to these markers in differentiating between asthmatic children in term of control level.

Conclusion

The current study supports utilizing SRAGE as a marker for asthma and emphasizes its role in asthma as a potential
therapeutic target. However, our results indicate that both FeNO and sRAGE have a limited role in the management of
asthmatic children or assessment of asthma control.

Abbreviations
FeNO, Fraction of exhaled nitric oxide; RAGE, advanced glycation end-product receptor; sSRAGE, soluble RAGE;
esRAGE, endogenously soluble isoform of RAGE; mRAGE, plasma membrane bound RAGE; ACT, asthma control test;
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TH2-high, T-helper 2-high; TH2-low, T-helper 2-low; AUC, area under the curve; df, degree of freedom; asymp. Sig,
asymptotic significance; ACT, Asthma control test; cACT, children ACT; ICS, inhaled corticosteroids; FEV1, forced
expiratory volume in 1 minute; TLR4, toll-like receptor-4; HMGB1, High mobility group box-1.
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