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INTRODUCTION

Ozone exposure has known an important role in the pathogen-
esis of chronic lung diseases such as asthma and chronic obstruc-
tive pulmonary disease (COPD).1-3 Ozone exposure causes irrita-
tion, airway hyperreactivity (AHR), inflammation of the airways, 
and destruction of alveoli, the gas exchange area of the lung in hu-
mans and mice.1-4 Ozone is highly reactive and oxidizes proteins 
and lipids in the fluid-lined compartments of the lung.5,6 This ini-
tiates inflammation and increases lung permeability through cy-
totoxic mediators, including proinflammatory cytokines and re-
active oxygen and nitrogen intermediates such as peroxynitrite.5,6 
A recent epidemiologic study revealed that short-term exposure to 
ozone increased the risk of asthma mortality.7 Chronic ozone ex-

posure leads to a progressive loss of the gas-exchanging alveoli as-
sociated with chronic inflammation, fibrosis, and terminal respi-
ratory failure, observed in patients with COPD and asthma.8 The 
airway epithelium as a physical barrier act in first mucosal immu-
nity line of defense against external environment.9,10 Tight junc-
tions (TJs) and adherens junctions (AJs), fluid, mucus, surfactant 
proteins, and motility of cilia are critical for barrier control and 
innate responses.11 Ozone impairs epithelial protein leading to air-
way inflammation.12

Claudins are 27 known structural proteins of TJs. The function 
of different claudins is responsible for solute exchanges and elec-
trolyte transmission in cell layers.13 The impact of claudin-4 has 
been reported in lung injury,14 cancer,15 and fibrosis.16 Claudin-5, 
while weakly expressed in the epithelium, is strongly expressed in 
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Purpose: Claudins are a type of tight junction proteins in human endothelia and epithelia. Ozone brings about oxidative stress and 
lung inflammation in humans and experimental models. However, the impact of ozone on claudins in subjects with asthma remains 
poorly understood. The aim of this study was to find variations in the tight junction proteins claudin-4 and claudin-5 in subjects with 
asthma in relation to ambient ozone concentration.
Methods: We previously recruited 50 patients with stable/exacerbated asthmatics and 25 controls. Furthermore, to examine the in-
fluence of ozone concentration, we reanalyzed 18 patients with stable or exacerbated asthma and 3 controls. The plasma claudin-4 
and claudin-5 levels in response to high concentrations of ozone were compared to stable/exacerbated asthma, and controls.
Results: The lung functions were significantly lower in subjects with asthma than those in controls. Blood eosinophil proportions 
were significantly higher in exacerbated asthmatics than in subjects with stable asthma. In high concentration period of ozone, 
plasma claudin-4 levels were significantly higher in subjects with exacerbated asthma (0.44± 0.30 ng/mL, P= 0.005) or stable asthma 
(0.38± 0.31 ng/mL, P= 0.009) compared to those in control subjects (0.16± 0.1 ng/mL). Plasma claudin-5 levels were lower in sub-
jects with stable asthma (2.97± 1.38 ng/mL, P= 0.011) than in control subjects (6.92± 3.9 ng/mL), and higher in subjects with exac-
erbated asthma (7.49± 4.23 ng/mL, P< 0.001) than those with stable asthma.
Conclusion: These results reveal that claudins be changed in patients with asthma following ozone exposure in subjects with 
asthma. (Allergy Asthma Respir Dis 2024;12:134-139)
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normal lung endothelium and is upregulated during interstitial 
pneumonia and asthma.17,18

Ozone exposure to mice has increased airway inflammation and 
bronchial hyperresponsiveness compared to control mice. The 
protein expression of claudin-3 and claudin-4 as well as reactive 
oxygen species (ROS), Nrf2, and Keap1 increased, and lung pro-
tein expression of claudin-14 decreased in mice exposed to ozone 
compared to control mice.19 This suggests that claudins are involved 
in airway inflammation following ozone exposure, suggesting 
that ozone affects TJ proteins through oxidative mechanisms.19

Therefore, in this study we hypothesized that ozone exposure 
would differentially affect claudins, including claudin-4 and clau-
din-5, in patients with asthma. The plasma claudin-4 and claudin-5 
levels in response to ozone concentration were compared among 
patients with stable and exacerbated asthma, and controls subjects.

MATERIALS AND METHODS

1. Study population

We previously recruited 50 patients with stable or exacerbated 
asthma and 25 controls.17

All subjects had a clinical diagnosis of asthma that was support-
ed by one or more of the following criteria: variability in the maxi-
mum diurnal peak expiratory flow greater than 20% over the course 
of 14 days; an increase in the forced expiratory volume in 1 second 
(FEV1) greater than 12% after inhalation of 200–400 µg albuterol; 
or a positive PC20 response, defined as a 20% reduction in FEV1 in 
response to an inhalation of methacholine. Asthma exacerbation 

is defined by the Global Initiative for Asthma20 guidelines as epi-
sodes of progressive increases in shortness of breath, coughing, 
wheezing, or chest tightness, or some combination of these symp-
toms, accompanied by decreases in expiratory airflow and use of 
systemic corticosteroids (tablets, suspension, or injection) or an 
increase from a stable maintenance dose, for at least 3 days, and a 
hospitalization or emergency department visit requiring systemic 
corticosteroids because of asthma. These healthy control subjects 
were included based on the following criteria: negative responses 
on a screening questionnaire for respiratory symptoms and other 
allergic diseases, FEV1 values greater than 80% of predicted values, 
PC20 methacholine values >16 mg/mL, and normal findings in 
simple chest radiographs. The exclusion criteria included respira-
tory infection during sputum induction, COPD, vocal cord dys-
function, obstructive sleep apnea, Churg–Strauss syndrome, car-
diac dysfunction, allergic bronchopulmonary aspergillosis, or poor 
compliance with treatment.

Furthermore, to examine the influence of ozone high concen-
tration, we reanalyzed 18 patients with stable or exacerbated asth-
ma and 3 controls. The biospecimens and data used for this study 
were provided by the biobank of Soonchunhyang University Bu-
cheon Hospital, a member of the Korea Biobank Network. This 
study was approved by the Institutional Review Board of Soonc-
hunhyang University (SCHBC-2014-10-011).

2. Ozone concentration

The average ground-level ozone concentrations in Gyeonggi-do, 
South Korea, were obtained for the period 2006–2014 from the 

Fig. 1. Average yearly ozone levels in Gyeonggi-do, South Korea. Average ground-level ozone concentrations in Gyeonggi-do, South Korea, during 2006–2014.
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Korea Environment Corporation (https://airkorea.or.kr) (Fig. 1). 
Ozone concentration levels were high in May, June, July, and Au-
gust compared with other months.21 We reanalyzed claudin-4 and 
claudin-5 in patients with asthma and control subjects in high con-
centration of ozone group based on the sample collected date.

3. Spirometry

Spirometry was performed in accordance with the standards of 
the American Thoracic Society/European Respiratory Society using 
established reference values with modifications.22 Spirometry was 
performed before and after bronchodilator use. Baseline forced vital 
capacity (FVC) and FEV1 measurements were obtained in the ab-
sence of bronchodilator use (within 8 hours). Basal and post-broncho-
dilator FEV1 and FVC values were measured using the Vmax Series 
2130 Autobox Spirometer (Sensor Medics, Yorba Linda, CA, USA).

4. Allergy skin tests

Common inhalant allergens, including dust mites (Dermatopha-
goides farinae and Dermatophagoides pteronyssinus), cat fur, dog 
fur, cockroach, grass, tree pollen (mixed), ragweed, mugwort, and 
Alternaria and Aspergillus spp. (Bencard Co., Brentford, UK) were 
used for the skin prick test. Atopy was defined as having an aller-
gen-induced wheal reaction equal to or greater than that caused by 
histamine (1 mg/mL) or equal to or greater than 3 mm in diame-
ter. The total IgE level was measured using the UniCAP system 
(Pharmacia Diagnostics, Uppsala, Sweden).

5. Enzyme-linked immunosorbent assay

Protein levels of claudin-4 or claudin-5 in human plasma were 
measured by enzyme-linked immunosorbent assay (USCN, R&D 
System, Minneapolis, MN, USA). To compare results from differ-
ent plates, test sample optical density (OD) were adjusted relative to 
the positive and negative control samples supplied in each kit. The 
mean OD of duplicate wells was calculated. The index value of 
each tested serum was defined by the following formula: index=  
(OD of tested serum–OD of negative control)/(OD of positive con-
trol–OD of negative control)×100. A low detection limits were set 
at 0.066 ng/mL or 0.156–10 ng/mL for claudin-4 or claudin-5, re-
spectively on the basis of the manufacturer’s recommendation.

6. Statistical analysis

The data were double-entered into IBM SPSS Statistics ver. 22.0 
(IBM Co., Armonk, NY, USA). Data are expressed as mean±stan-

dard deviation (SD) or standard error of the mean. Group differ-
ences were compared using a 2-sample t-test or Mann-Whitney 
U-test. Statistical significance was determined at P<0.05.

RESULTS

1.  Patients with asthma characteristics in high 

 concentration of ozone

Clinical data of 50 asthma patients and 25 control subjects are 
presented, as previously described.17,23 The clinical characteristics 
of high concentration of ozone group of 18 stable asthma patients 
(mean age±SD, 53.8±15.2 years), 18 patients with exacerbated 
asthma (mean age±SD, 57.6±13.0 years), and 3 control subjects 
(mean age±SD, 68.9±5.3 years) are summarized in Table 1. Ini-
tial FEV1% predicted, FVC% predicted, and FEV1/FVC values in 
patients with asthma were significantly lower than those in con-
trol subjects. Blood white blood cell proportions in patients of ex-
acerbated asthma were significantly higher than in those in con-
trol subjects. Body mass index (BMI) did not vary between asth-
matic patients and control subjects. The duration of asthma was 
5.12±3.22 years in asthmatic patients, and the exacerbation rate 
per year during follow-up was 6.96%±3.96%. FEV1% predicted, 
FVC% predicted, and FEV1/FVC were lower in exacerbated asth-
ma than in stable asthma.

2.  Alterations of claudin-4 levels in patients with asthma 

 during high concentration of ozone

In our previously study,23 the mean plasma claudin-4 levels were 
significantly higher in patients with stable (0.314±0.044 ng/mL) 
and exacerbated (0.451±0.061 ng/mL) asthma than in control sub-
jects (0.166±0.030 ng/mL). When ozone concentration was high, 
the mean plasma claudin-4 level was 0.44±0.30 ng/mL in patients 
with exacerbated asthma and 0.38±0.31 ng/mL in those with sta-
ble asthma, and that of healthy controls was 0.16±0.1 ng/mL  
(Fig. 2A). Thus, in high concentration period of ozone, the plasma 
claudin-4 level were significantly higher in patients with stable and 
exacerbated asthma relative to those control subjects.

3.  Alterations of claudin-5 levels in patients with asthma 

 in high concentration of ozone

Our previous analysis of the plasma claudin-5 levels decreased 
in patients with stable asthma compared with those in control sub-
jects, during exacerbation, claudin-5 levels were similar to those in 

https://airkorea.or.kr
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control subjects.17 When ozone concentration was high, the mean 
plasma claudin-5 level was 7.49±4.23 ng/mL in patients with ex-
acerbated asthma and 2.97±1.38 ng/mL in those with stable asth-
ma (Fig. 2B) (P<0.05), and that of healthy controls was 6.92±  
3.9 ng/mL (Fig. 2B). Thus, the plasma claudin-5 level were lower in 
subjects with stable asthma than in control subjects and higher in 

subjects with exacerbated asthma than those with stable asthma.

DISCUSSION

Ozone exposure causes bronchoconstriction in humans and 
AHR in rodents and humans.24,25 Mice and humans exposed to 

Table 1. Clinical characteristics of control subjects and patients with stable and exacerbated asthma when it is in high ozone concentrations

Characteristic Control subjects
Asthma patients

Stable Exacerbation

No. of subjects 3 18 18
Sex, male:female 0:3 6:12 8:10
Age of asthma onset (yr) - 47 (20–73) 47 (23–74)
Asthma duration (yr) - 5.12± 3.22 6.63± 3.61
Smoking, NS:ES:CS 3:0:0 13:3:2 9:6:3
Smoke amount, pack years - 7.30± 14.38 10.73± 15.70
Body mass index (kg/m2) 24.92 (23.24–27.39) 24.46 (20.89–30.36) 24.98 (20.31–30.36)
Lung function

FEV1 (% predicted) 125 (116–151) 79 (59–140)* 62 (22–83)*
FVC (% predicted) 106 (91–123) 82 (51–148)* 62 (26–81)*,†

FEV1/FVC ratio 89 (81–92) 76 (62–87)* 68 (39–80)*
PC20 (mg/mL) - 9.28± 10.47 11.86± 10.66
Total IgE (kU/L) 42.80± 89.12 385.92± 651.99 432.02± 702.41
Atopy 0 (0) 6 (33.3) 8 (44.4)
Asthma attack frequency (yr) - 3.44± 3.25 3.90± 3.24
Duration of exacerbation during follow-up (yr) - 5.12± 3.22 6.96± 3.96
Blood WBC/μL 6,200 (5,820–7,000) 7,300 (3,600–13,200) 11,920 (4,700–14,460)*,†

Blood eosinophils (%) 2.20± 1.30 4.29± 5.00* 5.00± 5.52*
Blood neutrophils (%) 64.1 (63.8–68.9) 51.9 (38.9–83.2) 65.4 (10.2–93.4)

Values are presented median (range), mean± standard deviation, or number (%).
NS, nonsmoker; CS, current smoker; ES, ex-smoker; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; PC20, provocative concentration of methacholine caus-
ing a 20% fall in FEV1; IgE, immunoglobulin E; WBC, white blood cell.
*P< 0.01 compared with control subjects. †P< 0.05 compared with patients with stable asthma.

Fig. 2. Plasma claudin-4 (A) and claudin-5 (B) levels in control subjects (n= 3), stable asthma patients (n= 18), and exacerbated asthma patients (n= 18) in high concen-
tration of ozone. Values are presented as mean± standard deviation. *P< 0.01 compared with control subjects. †P< 0.01 compared with stable versus exacerbated 
asthma.
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ozone exhibit a dose-dependent increase in airway resistance to 
methacholine aerosol, as measured by invasive plethysmograph.25 
Chronic ozone exposure causes chronic lung inflammation, em-
physema, and interstitial fibrosis, with progressive loss of lung 
function in humans and rodents.26 Furthermore, ozone enhances 
the development of chronic lung diseases such as allergic and non-
allergic asthma, COPD, and emphysema.26 Our previous studies 
showed that ozone could induce airway obstruction in a concen-
tration‐dependent manner27,28 and alveolar epithelial proliferation 
and nitric oxide synthase may be involved in airway obstruction 
in mice exposed to ozone.27,28 Long‐term ozone exposure increases 
the ratio of interleukin‐4 to interferon‐gamma in goblet cells, myo-
fibroblasts, and smooth muscle cells, suggesting that prolonged 
ozone exposure leads to airway remodeling.27-29

In our study,19 ROS, Nrf2, and Keap1 were increased in ozone‐
exposed mice and epithelial cells, suggesting that ozone can acti-
vate antioxidant mechanisms to alleviate ozone‐induced toxic re-
actions in the lungs. Claudins might be involved in airway inflam-
mation following ozone exposure, suggesting that ozone affects 
tight junction proteins, various claudins, proinflammatory cyto-
kines, and ROS, which may result in tight junction barrier perme-
ability, leading to AHR. The effects of ozone on bronchoconstric-
tion and AHR raise the possibility that ozone may be involved in a 
specific type of asthma, namely the neutrophilic inflammatory 
phenotype.30 However, the evidence linking neutrophilic asthma 
to ozone exposure as a constituent of pollution is unclear, although 
exacerbation of asthma following a peak increase in levels of envi-
ronmental ozone has been reported.31 In our study, patients with 
exacerbated asthma had higher levels of leukocytes than those with 
stable state asthma, suggesting that neutrophils may be involved 
in airway inflammation following ozone exposure.

The integrity of the epithelial barrier depends on TJs and AJs, 
which insure apicobasal cell polarity, but also on mucus, fluid, and 
function of the cilia.11,32 Tight junction proteins such as the claudin 
family, occludin, and tricellulin and several scaffolding proteins, 
such as zonula occludens (ZO)-1, ZO-2, ZO-3, and multi-PDZ 
(PSD95/DLG1/ZO-1) domain protein 1 have been identified in the 
TJs.33,34 E-cadherin, as well as TJs, were reduced in patients with 
asthma.35 The epithelial barrier disintegrates not only in the lower 
airways of patients with asthma11 but also in the nasal mucosa in 
allergic rhinitis due to house dust mites,35 leading to reduced oc-
cludin and ZO-1 levels. Ozone exposure disrupts TJ proteins and 
the functioning of the respiratory barrier.19,36

The mean plasma claudin-5 level was higher in exacerbated 
COPD patients than in patients with stable COPD.37 The plasma 
claudin-5 levels of COPD subjects were correlated with the amount 
of smoking and forced expiratory volume in one second (FEV1%, 
predicted).37 The average ground-level ozone concentration in 
Gyeonggi-do, South Korea, was obtained for 2006–2014 from the 
Gyeonggi-do Meteorological Agency. Ozone concentration was 
higher in June, July, and August than in other months. The authors 
recruited control subjects and asthmatics during same period.

In our study, plasma claudin-4 levels were significantly higher 
in exacerbated asthma patients compared to stable asthmatic pa-
tients and control subjects. Plasma claudin-5 levels were decreased 
in patients with stable asthma compared to controls and were in-
creased in those with exacerbated asthma compared to stable asth-
ma patients. We reported that plasma claudin-5 levels decreased in 
patients with stable asthma compared with those in control sub-
jects, suggesting that asthma therapy can decrease plasma clau-
din-5 levels.17 In this study we have analyzed claudin-4 and clau-
din-5 level relating to ozone concentration can be a factor affecting 
exacerbation of asthma. Although, the authors did not ozone con-
centration with serial monitoring for patients with asthma during 
daily life, therefore this result suggests indirect reflection for ozone 
effect on circulating claudins in patients with asthma. Growing 
evidence indicates that exposure to air pollution contributes to 
obesity and cardiometabolic disease risk in adults. Higher expo-
sure to regional air pollutants was associated with higher fasting 
serum lipid measures. These associations were more pronounced 
in obese participants, suggesting that obesity may exacerbate the 
effects of air pollution exposure on lipid levels in young adults.38 
Diesel exhaust particle (DEP)-exposed obese mice group had in-
creased airway responses and inflammation compared to the DEP-
exposed nonobese group, indicating that diesel particulates and 
obesity may be cocontributors to asthma.39 In our study, although 
BMI did not differ between asthmatic patients and control subjects, 
Further studies would be needed to clarify association of BMI and 
ozone level in many patients with asthma.

In conclusion, ozone is one of the pollutants contributing to 
asthma exacerbation, and claudins may be involved in airway in-
flammation following ozone exposure in patients with asthma.
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