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Abstract

Background: Previous studies have demonstrated that exposure to environmental tobacco smoke is associated with a reduction in fractional exhaled
nitric oxide (FeNO) levels, elevation in eosinophil (EOS) counts and alterations in airway inflammation patterns, influencing the efficacy of glucocorticoid
therapy for TH2 inflammation. No previous study has investigated the association of the extent of exposure to environmental tobacco smoke with FeNO
levels. This study aimed to investigate the association of the extent of exposure to environmental tobacco smoke with FeNO level and EOS count.

Methods: In this retrospective cohort study, we included 12766 individuals from the National Health and Nutrition Examination Survey 2007-2012. The
extent of exposure to environmental tobacco smoke was assessed by measuring serum cotinine levels. Participants were categorised into quintiles based
on their cotinine levels. Logistic regression models were developed to evaluate the association of serum cotinine levels with FeNO levels and EOS count.

Findings: In the unadjusted and adjusted models, the highest quintile of serum cotinine levels (>105 ng/ml) was significantly negatively associated
with FeNO levels. However, low-to-moderate quintiles of serum cotinine levels were not significantly associated with FeNO levels. Based on sensitivity
analyses, the negative associations between the highest quintile of serum cotinine levels and FeNO levels remained consistent among participants with
asthma, chronic bronchitis and respiratory symptoms within 7 days. Increased serum cotinine levels were significantly associated with increased EOS
counts, which in turn were significantly associated with increased FeNO levels. EOS significantly mediated 7.59% of cotinine-associated reductions in
FeNO levels.

Conclusions: Our findings indicated that high levels of tobacco smoke exposure are associated with a decrease in FeNO levels and an increase in EOS
count. The smoking status should be considered when evaluating type 2 airway inflammation based on FeNO levels and EOS count.

Introduction the diagnosis of airway eosinophilic inflammation. They are helpful

for guiding ICS and IgE-targeted therapies for patients with COPD,

The subtypes of airway inflammation include neutrophilic, asthma and chronic cough. Therefore, FeNO and eosinophils are of

eosinophilic, mixed and oligocytic inflammation. Airway eosinophilic - . . . T
phIC, gocyt Y P great significance in the management of airway diseases. Nitric oxide
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inflammation is defined as a blood eosinophil (EOS) count 2300 (NO) serves as an endogenous regulatory molecule whose production

. o . . s
cells:uL.™ and/or a sputum EOS count 23% [1]. Airway eosinophilic is regulated by NO synthase (NOS), which is predominantly produced
by inducible NOS in bronchial epithelial cells. Exhaled NO levels can

be measured by quantifying NO concentration in exhaled breath.

inflammation is sensitive to inhaled corticosteroids (ICS) [2]. In
particular, in patients with asthma and chronic obstructive pulmonary
disease (COPD) exhibiting airway eosinophilic inflammation,

treatment with ICS can ameliorate symptoms, reduce acute attack Smoking induces alterations in airway inflammation types, thereby

frequency and improve lung function [3]. Therefore, diagnosing airway
eosinophilic inflammation isimportant. Fractional exhaled nitric oxide
(FeNO) levels, along with blood EOS counts, are considered indicators
of airway eosinophilic inflammation [4]. Moreover, FeNO levels are
closely associated with an individual’s response to allergens, airway
hyper-responsiveness and impaired lung function [5,6], thus enabling
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affecting the efficacy of ICS therapy in patients with asthma and
COPD. Consequently, investigating the influence of smoking on type
2 airway inflammation has become a focal point of research. Previous
studies have grouped light and heavy smokers together, making it
difficult to determine the specific extent of tobacco smoke exposure
that leads to changes in airway inflammation types, thus resulting in
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contradictory research findings. No previous study has investigated
the association of the extent of exposure to environmental tobacco
smoke with FeNO levels. Furthermore, although FeNO and EOS are
associated with airway eosinophilic inflammation and act through
different pathways, it remains unknown whether EOS play a mediating
role in reducing FeNO levels induced by tobacco smoke exposure.
Cotinine is the primary metabolite of nicotine and is significantly
positively correlated with the extent of tobacco smoke exposure [7].
The estimated elimination half-life of cotinine (approximately 15-20
h) is longer than that of nicotine [8]. Therefore, cotinine has been
widely used as a biomarker for tobacco exposure [9-12], as explained
in detail in the NHANSE database (https://wwwn.cdc.gov/Nchs/
Nhanes/2011-2012/COTNAL G.htm). In the current study, cotinine
was used to determine the level of tobacco smoke exposure.

Materials and Methods

Study Design and Population

The National Health and Nutrition Examination Survey
(NHANES) is a programme of studies designed to assess the health
and nutritional status of adults and children in the United States (US).
During each survey cycle, a sample of participants is selected from
the US non-institutionalised civilian population using a complex,
stratified, multistage probability cluster sampling design. We analysed
data from the participants of the NHANES from 2007 to 2012. A total
of 16,784 participants aged >18 years had available data on cotinine.
The National Center for Health Statistics (NCHS) Institutional
Review Board (Hyattsville, MD) approved the study protocols, and all
participants provided written informed consent.

FENO

FENO was measured using Aerocrine NIOX MINO®, which
features a dynamic flow restrictor that stabilises the flow rate
at 50 ml/s. The NHANES protocol required two reproducible
FENO measurements in accordance with the testing procedures
recommended by the manufacturer and similar to those published by
the American Thoracic Society and European Respiratory Society. If
either or both of the first two valid FENO measurements are <30 ppb
and the measurements differ by <2 ppb or if both measurements are
>30 ppb and within 10% of each other, then the test was considered
reproducible and complete. Two values below or above the limit of
detection were also considered reproducible.

Cotinine

Serum samples were processed, stored and shipped to the Division
of Laboratory Sciences, National Center for Environmental Health
and Centers for Disease Control and Prevention for analysis. Serum
cotinine level was measured via isotope dilution-high-performance
liquid chromatography-atmospheric pressure chemical ionisation-
tandem mass spectrometry (ID-HPLC-APCI-MS/MS). Briefly, the
serum sample was spiked with methyl-D3 cotinine as an internal
standard, and after an equilibration period, the sample was applied
to a basified solid-phase extraction column. Cotinine was extracted
from the column with methylene chloride; the organic extract was
concentrated, and the residue was injected into a short C18 HPLC
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column. The eluant from these injections was monitored using
APCI-MS/MS, and the m/z 80 daughter ion from the m/z 177 quasi-
molecular ion was quantitated, along with additional ions for the
internal standard, external standard and confirmation. Cotinine levels
were calculated from the ratio of native to labelled cotinine in the
sample based on a comparison with a standard curve.

Other Variables of Interest

Age, sex and race/ethnicity were self-reported. Body mass index
(BMI) was calculated using the height and weight measured at the
mobile examination centre. Race and ethnicity were categorised as non-
Hispanic Black, other Hispanic, non-Hispanic white and non-Hispanic
other race, based on categories provided by NHANES investigators.
Self-reported data on engaging in strenuous exercise within 1 h,
consumption of NO-rich vegetables within 3 h , consumption of NO-
rich meat within 3 h, use of oral or inhaled steroids within 2 days and
development of respiratory symptoms within 7 days were collected
using a computer-assisted personal interview system. Asthma and
chronic bronchitis were defined according to self-reported diagnosis
by a physician. A complete blood count was performed using the
Beckman Coulter MAXM instrument in MECs, and all participants
underwent blood cell analysis.

Selection of the Study Population

We conducted a cross-sectional study using aggregated data from
three NHANES cycles (2007/2008, 2009/2010 and 2011/2012) in
which serum cotinine was tested. A total of 16,784 adults completed
the serum cotinine test during this survey period (Figure 1). Among
them, 3280 were excluded due to missing data on exhaled NO (3227)
and EOS (53). Additionally, 738 participants were excluded due to
the following missing covariate data: asthma; chronic bronchitis;
engaging in strenuous exercise within 1 h; consumption of NO-rich
vegetables within 3 h; consumption of NO-rich meat within 3 h; use
of oral or inhaled steroids within 2 days and development of cough,
cold or respiratory illness within 7 days. Finally, 12766 participants
were included in the study. The participants were categorised into
five groups based on cotinine levels: Q1 (first quintile), Q2 (second
quintile), Q3 (third quintile), Q4 (fourth quintile) and Q5 (fifth
quintile).

Statistical Analysis

Continuous variables of age, BMI at enrolment and laboratory
findings were expressed as median (interquartile range) or mean +
standard deviation (SD). The remaining categorical variables were
expressed as n (%). The participants were categorised into quintiles
based on the cotinine levels provided by NHANSE: Q1 (0.011), Q2
(0.011-0.027), Q3 (0.027-0.104), Q4 (0.104-105) and Q5 (=105).
Quintiles based on cotinine levels can effectively reflect the distribution
of tobacco smoke exposure levels among the participants. Participants
in the highest quintile (Q5) were considered to have high levels of
tobacco smoke exposure. Logistic regression models were used to
investigate the odds ratios (ORs) and 95% confidence intervals (Cls) of
FeNO levels according to serum cotinine levels (quintiles). In adjusted
model 1, the adjusted covariates included cotinine, age, sex, BMI and
ethnicity. In adjusted model 2, the adjusted covariates were asthma,
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Exclude within 7 days
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analysis
n=12766

15: Missing data on consumption of NO-
rich food within 3 hours

9: No data available on engaging in
strenuous exercise within 1 hours

660: No data on asthma or chronic

Figure 1: Flow diagram of the study. Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; ICS: inhaled corticosteroids; CI: confidence interval; OR: odds ratio; SD: standard

deviation.

chronic bronchitis, EOS, engaging in strenuous exercise within 1 h,
consumption of NO-rich vegetables within 3 h, consumption of NO-
rich meat within 3 h, use of oral or inhaled steroids within 2 days,
development of respiratory symptoms within 7 days and covariates
included in model 1. A sensitivity analysis was conducted using the
logistic regression model among participants with such as chronic
bronchitis , asthma, and respiratory symptoms within 7 days prior
to testing. After weighting the data with the sample weights (full
sample 2-year interview weight) obtained from the NHANS 2007-
2012 demographics file, logistic regression analysis was performed to
explore the relationship between tobacco exposure and FeNO levels
in the US population. Additionally, logistic regression models were
utilised to explore the association between cotinine levels (quintiles)
in the participants and higher EOS counts (20.3 x 10° cells/pl).
Logistic regression models were also used to analyse the association
between EOS counts in the participants and higher FeNO levels (>25
bbp). Correlation coefficients (Spearman’s rtho and Kendall’s tau)
were calculated to investigate the cotinine-EOS association. This
study examined the proportion of mediation through EOS in the
associations of cotinine levels and FeNO using the R (R4.2.1) based
on the mediation method recommended by Hayes [13]. The data were
analysed using R (R4.2.1) and SPSS version 21.0 (IBM Corp., Armonk,
NY, USA). The statistically significant cut-off of the two-sided P-value
was 0.05.

Results

Characteristics of the Participants

Table 1 describes the socio-demographic, anthropometric, race,
primary disease and laboratory data of the participants. Approximately
17.5% (2446/13,945) of the participants had FeNO levels >25 bbp, and
approximately 21.5% (3194/13,945) had EOS counts >0.3 x 10°/ul. The
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median age of the participants was 43 (20, 60) years. In total, 2844
(20.4%) participants had cough, cold or respiratory illness within the
past 7 days, 1721 (12.4%) had asthma, and 459 (4.1%) had chronic
bronchitis. In order to ensure that the survey results can represent the
entire US population, we weighted the data. The characteristics of the
US adults were showed in the Table S4.

Association of Cotinine Levels with FeNO Levels

Table 2 presents the risk of higher FeNO levels (>25 bbp)
associated with serum cotinine levels categorized into quintiles among
participants. In the unadjusted models, participants with the highest
quintile of serum cotinine levels (>105 ng/ml) showed decreased
FeNO levels compared with those with the lowest quintile of serum
cotinine levels (0.011 ng/ml) (OR, 0.24 [0.20, 0.29]). There were no
significant differences in FeNO levels of participants between Q3
and the lowest quantile of cotinine levels (21.6% vs 19.5%) as well
as between Q2 and the lowest quantile of cotinine levels (21.7% vs
19.5%) (Table 2). After adjusting for potential confounders, similar
results were observed in models 1 and 2. In model 2, a 1 SD increase in
cotinine level was associated with lower FeNO levels (OR, 0.47 [0.42,
0.517]) (Table 2). Sensitivity analyses performed among participants
with asthma, recent respiratory symptoms, and chronic bronchitis
yielded consistent findings (Tables S1-S3). After weighting the sample,
the negative association between cotinine and FeNO levels remained
consistent across the US population (Table S5).

Logistic regression model 1 included covariates of cotinine, age,
sex, BMI, race and EOS count. Logistic regression model 2 included
covariates of use of oral or inhaled steroids within 2 days, development
of respiratory symptoms within 7 days, consumption of NO-rich food
within 3 h, engaging in strenuous exercise within 1 h, asthma, chronic
bronchitis and covariates in model 1.
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Table 1: Characteristics and laboratory data of the participants according to cotinine levels (n = 12766).

Cotinine levels (ng/ml)

Characteristics Total

Q1 (<0.011) Q2 (0.012-0.027) | Q3 (0.027-0.104) Q4 (0.104-105) Q5 (>105)
n 12766 2791 2022 2564 2807 2582
Cotinine levels (ng/ml) 0.053 (0.017,24.13) | 0.011 (0.011,0.011) | 0.02(0.017,0.023) | 0.046 (0.035,0.065) | 0.967 (0.241,27.2) 261 183, 355)
Age (years) 46 (33, 60) 50 (37, 63) 50 (37, 62) 47 (33, 61) 41 (28, 56) 44 (32, 56)
Sex
Male 6,477 (50.7%) 1119 (40.1%) 930 (46%) 1292 (50.4%) 1559(55.5%) 1577 (61.1%)
Female 6,289 (49.3%) 1672 (59.9%) 1092 (54.0%) 1272 (49.6%) 1248 (44.5%) 1005 (38.9%)
BMI (kg/m?) 28 (24, 32) 28 (24, 32) 28 (24, 32) 29 (25, 33) 29 (25, 34) 27(23,31)

Race/Hispanic origin (%)

Mexican American

1,984 (15.5%)

541 (19.4%)

368 (18.2%)

442 (17.2%)

471 (16.8%)

162 (6.3%)

Other Hispanic 1,352 (10.6%) 376 (13.5%) 253 (12.5%) 271 (10.6%) 292 (10.4%) 160 (6.2%)
Non-Hispanic White 5,701 (44.7%) 1297 (46.5%) 834 (41.2%) 1021 (39.8%) 1075 (38.3%) 1474 (57.1%)
Non-Hispanic Black 2,647 (20.7%) 336 (12.0%) 334 (16.5%) 551 (21.5%) 780 (27.8%) 646 (25.0%)

Other race 1,082 (8.5%) 241 (8.6%) 233 (11.5%) 279 (10.9%) 189 (6.7%) 140 (5.4%)
Cough, cold, respiratory illness within 7 days (%) 2,558 (20.0%) 457 (16.4%) 356 (17.6%) 455 (17.7%) 572(20.4%) 718 (27.8%)
Strenuous exercise within 1 h (%) 106 (0.8%) 20 (0.7%) 15 (0.7%) 26 (1.0%) 25 (0.9%) 20 (0.8%)

Ate NO-rich vegetables within 3 h (%) 540 (4.2%) 141 (5.1%) 93 (4.6%) 132 (5.1%) 92 (3.3%) 82 (3.2%)

Ate NO-rich meat within 3 h (%) 441 (3.5%) 84 (3.0%) 61 (3.0%) 95 (3.7%) 102 (3.6%) 99 (3.8%)

Used oral or inhaled steroids within 2 days (%) 564 (4.4%) 106 (3.8%) 70(3.5%) 89 (3.5%) 135 (4.8%) 164 (6.4%)
Asthma (%) 1,773 (13.9%) 330(11.8%) 243(12.0%) 343 (13.4%) 421 (15.0%) 436 (16.9%)
Chronic bronchitis (%) 642 (5.0%) 86 (3.1%) 65 (3.2%) 124 (4.8%) 153 (5.5%) 214(8.3%)
Laboratory findings

FeNO level (bbp) 14 (9, 21) 16 (11, 23) 16 (11,23) 16 (11,23) 14 (9, 21) 8(5,12)

Eosinophil count (1000 cells/pl)

0.20 (0.10, 0.30)

0.10 (0.10, 0.20)

0.20 (0.10, 0.20)

0.20 (0.10, 0.20)

0.20 (0.10, 0.30)

0.20 (0.10, 0.30)

FeNO level >25 bbp

2,197 (17.2%)

560 (20.1%)

433 (21.4%)

556 (21.7%)

503 (17.9%)

145 (5.6%)

EOS count >0.3 x 10°/pl)

3,235 (25.3%)

593 (21.2%)

467(23.1%)

592 (23.1%)

732 (26.1%)

851 (33.0%)

Table 2: Adjusted ORs and 95% ClIs for the association of cotinine levels with the risk of high FeNO level (n = 12766).

Cotinine levels (ng/ml)

Per SD increase in cotinine levels

Q1 (Lowest) (<0.011)

Q2 (0.012-0.027)

Q3 (0.027-0.104)

Q4 (0.104-105)

Q5 (Highest) (>105)

No. of FeNO > 25 bbp (%) 602 (19.5%)

551 (21.7%)

592 (21.6%)

535 (19.2%)

166 (6.0%)

Unadjusted 1 1.09 (0.94, 1.25)* 1.10 (0.97, 1.26)* 0.87(0.76, 0.99) 0.24 (0.20, 0.29) 0.51 (0.47, 0.56)
Model 1 1 1.02 (0.88, 118)* 1(0.87, 1.14)° 0.73 (0.64, 0.84) 0.22 (0.18, 0.27) 0.48 (0.44, 0.52)
Model 2 1 1.04 (0.90, 1.20)* 1.03 (0.90, 1.18)* 0.79 (0.69, 0.91) 0.18 (0.15, 0.22) 0.47 (0.42, 0.51)
#P>0.05

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; CI: confidence interval; OR: odds ratio; SD: standard deviation.

Association of Cotinine Levels with EOS Levels

Compared with participants with the lowest quintile of cotinine levels,
those with the highest quintile of cotinine levels had higher EOS count
(20.3 x 10° cells/ul) (OR 1.82 [1.61, 2.06]). The ORs were 1.87 (1.64, 2.13)
and 2.39 (2.09, 2.74) in models 1 and 2, respectively (Table 3). However,
no statistically significant difference in EOS counts was observed between
Q3 and the lowest quintile of cotinine levels and between Q2 and the
lowest quintile of cotinine levels. This study revealed that higher cotinine
levels were positively associated with EOS count in all models (Table
3). A 1 SD increase in cotinine levels was associated with elevated EOS

Geol Earth Mar Sci, Volume 7(1): 4-11, 2025

count (ORs of 1.14, 1.14 and 1.24 in the unadjusted model, model 1 and
model 2, respectively). Correlation analyses revealed significant positive
correlations between cotinine and EOS levels (Spearman’s rho: r = 0.074,
P < 0.0001; Kendall’s tau: r = 0.097, P < 0.0001).

Logistic regression model 1 included covariates of cotinine, age,
sex, BMI, race and FeNO level. Logistic regression model 2 included
covariates of use of oral or inhaled steroids within 2 days, development
of respiratory symptoms within 7 days, consumption of NO-rich food
within 3 h, engaging in strenuous exercise within 1 h prior to testing,
asthma, chronic bronchitis and covariates in model 1.
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Table 3: Adjusted ORs and 95% ClIs for the association of cotinine levels with EOS count (n = 12766)

Cotinine levels (ng/ml)

Per SD increase in

Q1 (Lowest) (<0.011)

cotinine levels

Q2 (0.012-0.027)

Q3 (0.027-0.104)

Q4 (0.104-105)

Q5 (Highest) (>105)

EOS count (20.3 x 10° cells/pl)

593 (21.2%)

467 (23.1%)

592 (23.1%)

732 (26.1%)

851 (33.0%)

Unadjusted 1 1.11 (0.97, 1.28)* 1.11 (0.98, 1.27)* 1.31 (1.16, 1.48) 1.82 (1.61, 2.06) 1.14 (1.10, 1.18)
Model 1 1 1.09 (0.96, 1.27)* 1.10 (0.97, 1.26)* 1.31 (1.16, 1.50) 1.87 (1.64, 2.13) 1.14 (1.10, 1.19)
Model 2 1 1.10 (0.95, 1.27)* 1.09 (0.95, 1.24)* 1.35(1.19, 1.54) 2.39 (2.09, 2.74) 1.24 (1.19, 1.29)
#P>0.05

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; ICS: inhaled corticosteroids; CI: confidence Interval; OR: odds ratio.

Table 4: Adjusted ORs and 95% CISs for the association of EOS count with FeNO levels (n = 12766).

Eosinophils (1000 cells/uL)

Q1(0)

Q2(0.1) Q3(0.2)

Q4(0.3)

Q5 (>0.3)

Per SD increase in the
EOS count

No. of FeNO >25 bbp (%)

750 (11.1%)

631 (10.9%) 722 (18.0%)

450 (24.4%)

568 (34.4%)

Unadjusted 1 1.02 (0.79, 1.32)* 1.64(1.27, 2.13) 2.21 (1.69, 2.90) 3.34(2.55, 4.34) 1.4 (1.37,1.51)
Model 1 1 0.95 (0.77, 1.29)* 1.55(1.19, 2.02) 2.10 (1.60, 2.76) 3.07 (2.24, 4.04) 1.40 (1.33, 1.47)
Model 2 1 1(0.77, 1.31) 1.65 (1.26, 2.15) 2.31(1.75, 3.06) 3.38 (2.55, 4.47) 1.4 (1.37,1.52)
P> 0.05

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; ICS: inhaled corticosteroids; CI: confidence interval; OR: odds ratio; SD: standard deviation

Table 5: Mediated effects by EOS on the association of cotinine levels with FeNO levels
(n =12766).

Categories Quintiles of cotinine levels and FeNO levels P

Mediation: EOS levels

Total effects (95% CI) -0.029 <0.001
Direct effects (95% CI) —0.032 <0.001
Mediated effects (95% CI) 0.004 <0.001
Proportion mediated by EOS 13%

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; CI: confidence
interval; OR: odds ratio; SD: standard deviation.

Association of EOS Count with FeNO Levels

This study revealed a positive association between EOS count and
FeNO levels. The participants were categorized into quintiles based on
the EOS counts (Table 4). The results showed that a 1 SD increase in
EOS count was significantly associated with higher FeNO levels (>25
bbp) (OR 1.55 [1.48, 1.62], 1.53 [1.46, 1.60], 1.35 [1.29, 1.43] and 1.43
[1.15, 1.59] in the unadjusted model, model 1, model 2 and model 3,
respectively).

Multivariate linear regression model 1 included covariates of EOS,
age, sex, BMI, race and cotinine level. Multivariate linear regression
model 2 included covariates of use of oral or inhaled steroids
within 2 days, development of respiratory symptoms within 7 days,
consumption of NO-rich food within 3 h, engaging in strenuous
exercise within 1 h prior to testing, asthma, chronic bronchitis and
covariates in model 1.

Mediation Analyses

As shown in Table 5, significantly mediated effects by EOS were
observed on the association of cotinine levels with FeNO levels.
Increased EOS count significantly mediated 13% of the cotinine-
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associated reduction in FeNO levels. Mediation analyses were
conducted using the R programming language.

Discussion

This study revealed that participants with the highest quintile
of cotinine levels (=105 ng/ml) exhibited decreased FeNO levels
compared with those with the lowest quintile of cotinine levels (0.11
ng/ml, indicating no tobacco exposure). Compared with participants
with the lowest quantile of cotinine levels, no significant difference
was observed in FeNO levels in those with Q2, Q3 and Q4 cotinine
levels (P > 0.05). Sensitivity analyses conducted among participants
with asthma, recent respiratory symptoms and chronic bronchitis
revealed consistent findings. Similar results were obtained across the
US population after the data were weighted. A positive association
between high tobacco exposure and EOS count was observed. EOS
mediated the cotinine-associated decrease in FeNO levels. Chronic
airway inflammation and acute airway inflammation are associated
with increased FeNO levels [14-17]. Additionally, exercise [18-20] and
consumption of NO-rich foods [21-22] can cause changes in FeNO
levels. Therefore, in this study, we included variables such as engaging
in strenuous exercise within 1 h, consumption of NO-rich foods
within 3 h, asthma, chronic bronchitis and with respiratory symptoms
within 7 days as covariates in the model.

Some studies have indicated that smoking can lead to a decrease
in FeNO levels [23,24] and alter airway inflammation types. These
studies confirm our research findings. However, another study showed
no remarkable difference in FeNO levels between smokers and non-
smokers [8]. Previous studies have categorised participants into
smokers, former smokers and non-smokers but failed to assess the
extent of tobacco exposure. Consequently, various studies may yield
conflicting conclusions. Furthermore, previous studies employed small
samples that lacked representativeness. In our research, we utilised a
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nationally representative large sample of the adult population in the
US to explore the association of tobacco exposure with FeNO levels.
We employed serum cotinine level as a reliable measure to evaluate
the extent of exposure to environmental tobacco smoke. Participants
were categorised into quintiles based on cotinine levels: Q1 (0.011-
0.0185), Q2 (0.0185-0.075), Q3 (0.075-125), Q4 (125-309) and Q5
(2309). This approach allows us to understand the distribution of
tobacco exposure levels among participants across different quintiles.
We can effectively understand the trend in the effect of cotinine levels
on FeNO levels by investigating the regression relationship across
different quantiles. Our study demonstrated that high exposure to
tobacco smoke is associated with lower FeNO levels. Ashley et al. [25]
used data from the NHANES 2007-2012 to investigate the association
of tobacco exposure with FeNO levels in non-smoking adolescents
and found that tobacco exposure was associated with lower FeNO
levels, consistent with the results of the current study. The research
population in their study was a specific cohort of non-smoking
adolescents. Our study further explored the effects of smoking on EOS
count and the mediating role of EOS, providing a reference for the
mechanism by which tobacco exposure leads to lower FeNO levels.

EOS and FeNO have been utilised as indicators of type 2 airway
inflammation as well as for identifying patients experiencing asthma
exacerbations [26,27], guiding corticosteroid therapy during the
exacerbation of COPD * and determining the suitability of ICS
therapy regimens [29-32]. Their importance in COPD treatment is
paramount [33,34]. Considering that smoking can influence airway
inflammation, there has been increasing interest in exploring the
association between blood EOS counts and smoking habits. Current
smoking is significantly associated with EOS counts >210 cells-ul™
(OR, 1.72). Colak et al. [35] reported that a history of smoking is
associated with a blood EOS count =300 cells-ul™; however, the
association between current cumulative tobacco exposure and EOS
count remains uncertain. Our study revealed that EOS counts were
elevated in participants with Q4 and Q5 serum cotinine levels. In a
study involving the Copenhagen general population, Pedersen et al.
[36] showed that high cumulative and daily tobacco consumption
in current smokers was associated with substantial increases in
EOS counts in a dose-dependent manner. However, their minimum
reference value was <10 g/day of tobacco consumption. The reference
for our study was the absence of tobacco exposure.

Although EOS and FeNO serve as markers for type 2 airway
inflammation, they represent different aspects of this condition [37-
40]. FeNO level reflects airway IL-13 activity, whereas blood EOS
count reflects systemic IL-5 activity [22]. FeNO level is correlated with
increased induced sputumlevels of airway type 2 cytokines, chemokines
and alarmins. In contrast, blood EOS counts are only correlated with
serum IL-5 levels in the sputum [41]. Tobacco exposure may cause
a decrease in FeNO levels and an increase in EOS count through
different signalling pathways. The exact mechanism underlying this
effect remains unclear. The mediated analysis in the current study
showed that EOS counts mediated the cotinine-associated reduction
in FeNO levels, But more research is needed to confirm this. First,
the effect of tobacco exposure on type 2 airway inflammation was
corroborated, and the range of tobacco exposure levels that influence
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changes in airway inflammation types was further analysed. Second,
the potential mechanism underlying the alterations in EOS counts and
FeNO levels induced by tobacco exposure was investigated, revealing
that EOS mediated the cotinine-associated reduction in FeNO levels.
This result provides valuable insights for further elucidation of related
mechanisms. Third, previous studies [23-24] have employed past and
current smoking as indicators for classifying tobacco exposure. Such
an approach is considered overly general and overlooks second-hand
smoke exposure. In contrast, our study substituted serum cotinine
levels to assess tobacco exposure levels, yielding results with increased
accuracy. Finally, relevant adjustments were made by incorporating
potential confounders.

Inevitably, this study had certain limitations. First, the effect of
long-term smoking accumulation and duration of quitting smoking
on EOS count was not considered (21). Environmental pollutants are
associated with FeNO levels [42-45]. Furthermore, allergic rhinitis,
eosinophilic esophagitis, atopic rhinitis and food allergy are associated
with elevated levels of FeNO [46-50]. However, the NHANES 2007~
2012 database lacks data on environmental pollution, allergic rhinitis,
eosinophilic esophagitis, atopic dermatitis and food allergies. Second,
smoking induces neutrophilic inflammation. The effect of smoking-
related neutrophil inflammatory factors on FeNO levels requires
further investigation. Third, disease history relies on self-reporting,
which is susceptible to individual subjectivity. Finally, the utilisation
of retrospective data may lead to data loss, measurement errors and
inaccuracies. In conclusion, this study demonstrated that tobacco
exposure can cause a decrease in FeNO levels and an increase in EOS
counts. The smoking status should be considered when evaluating type
2 airway inflammation using FeNO and EOS count. The reduction in
FeNO levels due to tobacco exposure is partially mediated by EOS.
High levels of tobacco exposure can lead to a distinct type of airway
inflammation characterised by elevated EOS count but decreased
FeNO levels. This airway inflammation type should be classified as a
subtype separate from typical airway eosinophilic inflammation. These
findings provide clinicians with a scientific basis for the diagnosis,
treatment and management of patients with airway inflammation.
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Supplementary Material
Table S1: Adjusted ORs and 95% Cls for cotinine levels and high FeNO level risk in asthma (n = 1,258).

Cotinine levels (ng/ml) Per SD increase in
Q1 (Lowest) (<0.011) | Q2 (0.012-0.027) | Q3(0.027-0.104) | Q4(0.104-105) | Q5 (Highest) (>105) | cotinine levels
No. of FeNO > 25 bbp (%) 434 (24.5%) 105 (31.8%) 74 (30.5%) 101 (29.4%) 36 (8.3%)
Unadjusted 1 0.94 (0.66, 1.34)" | 0.89 (0.64,1.24)° | 0.84(0.61, 1.14)* 0.19 (0.13, 0.29) 0.43 (0.35, 0.53)
Model 1 1 0.92 (0.63, 1.35)* 0.88 (0.62, 1.25)* 0.79 (0.56, 1.11)* 0.14 (0.09, 0.22) 0..37 (0.29, 0.46)
Model 2 1 0.93 (0.64, 1.37)* 0.91 (0.64,1.29)* 0.80 (0.57, 1.14)* 0.15(0.09, 0.23) 0.36 (0.29, 0.46)
#P > 0.05

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; CI: confidence interval; OR: odds ratio; SD: standard deviation.

Logistic regression model 1 included covariates of cotinine, age, sex, BMI, race and EOS count.
Logistic regression model 2 included covariates of use of oral or inhaled steroids within 2 days, development of respiratory symptoms within 7 days,

consumption of NO-rich food within 3 h, engaging in strenuous exercise within 1 h, asthma, chronic bronchitis and covariates in model 1.

Table S2: Adjusted ORs and 95% CIs for cotinine levels and high FeNO level risk in chronic bronchitis (n = 642)

Cotinine levels (ng/ml)
Per SD increase in cotinine level
Q1 (Lowest) (<0.011) | Q2 (0.012-0.027) | Q3 (0.027-0.104) | Q4 (0.104-105) | Q5 (Highest) (>105)

No. of FeNO > 25 bbp (%) 19 (22.1%) 11 (16.9%) 27 (21.8%) 27 (17.6%) 11 (5.1%)

Unadjusted 1 0.72 (0.32, 1.64)* | 0.98 (0.51, 1.91)* [0.76 (0.39, 1.46)* 0.19 (0.09, 0.42) 0.46 (0.32, 0.66)

Model 1 1 0.82 (0.35,1.95)* | 0.92 (0.45, 1.86)* [0.62 (0.30, 1.28)* 0.14 (0.06, 0.34) 0.41 (0.27, 0.62)

Model 2 1 0.89 (0.37,2.16)* | 0.99 (0.48, 2.04)* [0.59 (0.28, 1.24)* 0.13 (0.05, 0.31) 0.39 (0.26, 0.60)

#P > 0.05

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; CI: confidence interval; OR: odds ratio; SD: standard deviation.

Logistic regression model 1 included covariates of cotinine, age, sex, BMI, race and EOS count.
Logistic regression model 2 included covariates of use of oral or inhaled steroids within 2 days, development of respiratory symptoms within 7 days,

consumption of NO-rich food within 3 h, engaging in strenuous exercise within 1 h, asthma, chronic bronchitis and covariates in model 1.

Table S3: Adjusted ORs and 95% ClIs for cotinine levels and high FeNO level risk in participants with respiratory symptoms within 7 days (n = 2558)

Cotinine levels (ng/ml) Per SD increase in
Q1 (Lowest) (<0.011) Q2 (0.012-0.027) Q3 (0.027-0.104) Q4 (0.104-105) Q5 (Highest) (>105) cotinine level
No. of FeNO > 25 bbp (%) 116 (25.4%) 93 (26.1%) 127 (27.9%) 136 (23.8%) 57 (7.9%)
Unadjusted 1 1.04 (0.76, 1.43)* 1.14 (0.85, 1.53)* 0.92 (0.69, 1.22)" 0.25 (0.18, 0.36) 0.53 (0.46, 0.62)
Model 1 1 0.99 (0.72, 1.37)* 1.11 (0.83, 1.50) 0.90 (0.67, 1.21)* 0.25 (0.18, 0.36) 0.51 (0.43, 0.60)
Model 2 1 1.04 (0.75 1.44) 1.12(0.83,1.52)" 0.87 (0.64, 1.18)" 0.22 (0.15, 0.31) 0.47 (0.40, 0.56)
#P > 0.05

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; CI: confidence interval; OR: odds ratio; SD: standard deviation.

Logistic regression model 1 included covariates of cotinine, age, sex, BMI, race and EOS count.
Logistic regression model 2 included covariates of use of oral or inhaled steroids within 2 days, development of respiratory symptoms within 7 days,

consumption of NO-rich food within 3 h, engaging in strenuous exercise within 1 h, asthma, chronic bronchitis and covariates in model 1.
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Table S4: Characteristics and laboratory data of the participants according to cotinine levels after weighting the sample.

href="#LBXCOT" Cotinine levels (ng/ml)

- Total 1 (Lowest) (=0.011 High,
Characteristics Q1 (Lowest) (001D | ) (0.011-0.027) | Q3 (0.027-0.104) | Qa(0.104-100) | ¥ ((>1‘§4)“t)
n 12766 2791 2022 2564 2807 2582
Age (years) 45(32,57) 48 (37,61) 48 (36, 59) 45 (32,57) 38 (27,52) 43 (31,53)
Sex

17,653,235
Male §7,983,432 (50%) 12,503,329 (46%) | 17,151,285 (50%) 19525821 (56%) | 21,149,762 (60%) | () o
0

26,421,059
Female 87,869,157 (50%) 14,961,310 (54%) | 16,842,024 (50%) 15,632,688 (44%) | 14012076 (do%) | 0
0

BMI (kg/m?) 28 (24,32) 27 (24,31) 27 (24,32) 28 (25,33) 28 (25,33) 27(23,31)

Race/Hispanic origin_(%)

Mexican American

14,273,070 (8.1%)

3,826,688 (8.7%)

2,501,103 (9.1%)

3,167,445 (9.3%)

3,624,960 (10%)

1,152,875 (3.3%)

Other Hispanic 9,564,457 (5.4%) 2,570,105 (5.8%) 1,645,002 (6.0%) 1,936,766 (5.7%) 2,247,617 (6.4%) |1,164,966 (3.3%)
. . . 26,514,363
Non-Hispanic White 122,082,238 (69%) 33,016,913 (75%) 18,731,936 (68%) 22,179,595 (65%) 21,639,430 (62%) (75%)
0

Non-Hispanic Black

18,387,153 (10%)

2,218,386 (5.0%)

2,285,383 (8.3%)

3,708,550 (11%)

5,634,984 (16%)

4,539,849 (13%)

Other Race

11,545,671 (6.6%)

2,442,200 (5.5%)

2,301,214 (8.4%)

3,000,953 (8.8%)

2,011,518 (5.7%)

1,789,785 (5.1%)

Cough, cold, respiratory illness within 7 days
(%)

31,599,164 (18%)

6,336,051 (14%)

4,336,301 (16%)

5,542,424 (16%)

6,513,457 (19%)

8,870,931 (25%)

Strenuous exercise within 1 h (%)

1,266,969 (0.7%)

303,228 (0.7%)

157,022 (0.6%)

318,681 (0.9%)

264,712 (0.8%)

223,326 (0.6%)

Ate NO-rich vegetables within 3 h (%)

8,385,544 (4.8%)

2,679,171 (6.1%)

1,468,609 (5.3%)

1,826,680 (5.4%)

1,311,875 (3.7%)

1,099,209 (3.1%)

Ate NO-rich meat within 3 h (%)

6,457,170 (3.7%)

1,579,300 (3.6%)

803,267 (2.9%)

1,317,644 (3.9%)

1,393,446 (4.0%)

1,363,514 (3.9%)

Used oral or inhaled steroids within 2days
(%)

8,132,540 (4.6%)

1,735,960 (3.9%)

897,004 (3.3%)

1,231,271 (3.6%)

2,101,589 (6.0%)

2,166,716 (6.2%)

Asthma (%) 24,802,978 (14%) 5,372,204 (12%) 3,707,649 (13%) 4,748,314 (14%) 5,251,369 (15%) | 5,723,443 (16%)
Chronic bronchitis (%) 9,028,480 (5.1%) 1,382,881 (3.1%) 980,324 (3.6%) 1,803,098 (5.3%) 2,017,046 (5.7%) |2,845,130 (8.1%)
Laboratory findings

FeNO (bbp) 13 (9, 20) 15 (11,22) 15 (10, 22) 15 (11, 22) 13 (9, 20) 8 (5,12)
Eosinophils (1000 cells/ul) 0.20 (0.10, 0.30) 0.10 (0.10, 0.20) 0.20 (0.10, 0.20) 0.20 (0.10, 0.20) 0.20 (0.10,0.30) | 0.20 (0.10, 0.30)
Ctinine (ng/ml) 0.053 (0.017, 24.125) 0.11 (0.11,0.11) 0.02 (0.017, 0.023) 0.046 (0.035, 0.065) 0'96177 (20(541) 261 (183,355)
FeNO level >25 bbp 27,878,806 (16%) 8,203,864 (19%) 5,071,968 (18%) 6,791,960 (20%) 5,946,110 (17%) | 1,864,904 (5.3%)

EOS count 0.3 x 10°/pl)

43,618,147 (25%)

653 (21.2%)

598 (23.5%)

626 (22.8%)

703 (25.2%)

914 (32.8%)

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils;
The sample weights (full sample 2-year interview weight) obtained from the NHANS 2007-2012 demographics file were used to weight the sample.

Table S5: Adjusted ORs and 95% Cls for cotinine levels and high FeNO level risk after weighting the sample.

Cotinine levels (ng/ml)

Per SD increase in
cotinine levels

Q1 (Lowest) (=0.011)

Q2 (0.011-0.027)

Q3 (0.027-0.104)

Q4 (0.104-104)

Q5 (Highest) (=104)

No. of FeNO > 25 bbp (%)

8,203,864 (19%)

5,071,968 (18%)

6,791,960 (20%)

5,946,110 (17%)

1,864,904 (5.3%)

Unadjusted 1 0.99 (0.82, 1.19)* 1.09 (0.91, 1.32)* 0.89 (0.73, 1.08)" 0.24 (0.19, 0.31) 0.51 (0.47, 0.56)
Model 1 1 0.94 (0.77, 1.15)* 1.01 (0.82, 1.24)* 0.81 (0.66, 0.99) 0.19 (0.14, 0.25) 0.51 (0.46, 0.55)
Model 2 1 0.94 (0.77, 1.14)* 1.01 (0.82, 1.24)* 0.80 (0.64, 0.99) 0.18 (0.13, 0.24) 0.47 (0.42, 0.51)
#P > 0.05

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; CI: confidence interval; OR: odds ratio; SD: standard deviation.
The sample weights (full sample 2-year interview weight) obtained from the NHANS 2007-2012 demographics file were used to weight the sample.

Logistic regression model 1 included covariates of cotinine, age, sex, BMI, race and EOS count.
Logistic regression model 2 included covariates of use of oral or inhaled steroids within 2 days, development of respiratory symptoms within 7 days,
consumption of NO-rich food within 3 h, engaging in strenuous exercise within 1 h, asthma, chronic bronchitis and covariates in model 1.
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Table S6: Adjusted ORs and 95% Cls for cotinine and EOS levels after weighting the sample.

Cotinine levels (ng/mL)

Q1 (Lowest) (=0.011)

Q2 (0.011-0.027)

Q3 (0.027-0.104)

Q4 (0.104-104)

Q5 (Highest) (2104)

Per SD increase in
cotinine levels

EOS levels (=0.3 x 10° cells/uL)

43,618,147 (25%)

6,281,058 (23%)

7,771,744 (23%)

9,007,219 (26%)

11,584,135 (33%)

Unadjusted

1

1.16 (0.99, 1.35)"

1.16(0.98, 1.38)"

1.35 (1.16, 1.56)

1.92 (1.64, 2.25)

1.14 (1.10, 1.18)

Model 1

1

1.14 (0.96, 1.34)"

1.12 (0.93, 1.34)*

1.33 (1.14, 1.55)

1.95 (1.64, 2.31)

1.14 (1.10, 1.19)

Model 2

1

1.15(0.97, 1.37)*

1.10 (0.91, 1.32)*

1.34 (1.15,1.57)

2.49 (2.06, 3.00)

1.24 (1.19, 1.29)

#P > 0.05

Abbreviations: FeNO: fractional exhaled nitric oxide; EOS: eosinophils; ICS: inhaled corticosteroids; CI: confidence interval; OR: odds ratio.

The sample weights (full sample 2-year interview weight) obtained from the NHANS 2007-2012 demographics file were used to weight the sample.
Logistic regression model 1 included covariates of cotinine, age, sex, BMI, race and FeNO level.
Logistic regression model 2 included covariates of use of oral or inhaled steroids within 2 days, development of respiratory symptoms within 7 days,
consumption of NO-rich food within 3 h, engaging in strenuous exercise within 1 h prior to testing, asthma, chronic bronchitis and covariates in

model 1.
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