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INTRODUCTION

The prevalence of asthma has increased markedly worldwide 
during the second half of the 20th century.1 This increase has 
resulted in extensive investigation of risk factors responsible for 
asthma development. Based on the hygiene hypothesis, infec-
tions and exposure to microorganisms early in life protect 
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against the development of allergic diseases later.2 Recently, 
this hypothesis was revisited and microbial hypothesis address-
es the importance of gut microbiota, because a normal com-
mensal gut microbiota promotes intestinal cell homeostasis 
and the appropriate development of the immune system.3

Antibiotic exposure has been known to alter gut microbiota 
and metabolism,4,5 and several studies have demonstrated that 
antibiotic use in infancy is associated with the subsequent de-
velopment of asthma.5-10 The combination of the hygiene hy-
pothesis and the microbial hypothesis may, at least in part, ex-
plain the impaired barrier function of the intestine and the Th1 
immune response often associated with the development of 
asthma.11-13 However, the underlying mechanism has not been 
fully elucidated.

A history of respiratory tract infection during early life is an-
other risk factor involved in the development of asthma.14 One 
study has shown that infants hospitalized for respiratory syncy-
tial virus (RSV) bronchiolitis have an increased risk (2- to 3-fold) 
of developing asthma later in life.15 Further, another study has 
demonstrated that rhinovirus- induced wheezing during the 
first 3 years of life were associated with a nearly 10-fold increase 
in asthma development by 6 years of age.16

Furthermore, the development of asthma is influenced by 
polymorphisms in innate immune-related genes.17 For instance, 
genes involved in the pathophysiology of asthma such as allergic 
inflammation and regulation of immunoglobulin E (IgE) are in-
fluenced by genetic polymorphisms of Toll like receptor 4 (TLR4) 
that encode pattern recognition receptors and extracellular re-
ceptors.18-20 Moreover, polymorphisms in TLR4 have been asso-
ciated with atopic sensitization, atopy severity,21 and atopic asth-
ma.20,22 These associations reflect the important role of innate 
immunity genes in the development of allergic diseases, includ-
ing asthma, via the interactions between host and microbe.23

In the present study, we have investigated the risk factors in-
volved in the development of asthma during early life and their 
interactions. Specifically, we investigated whether antibiotic ex-
posure in the first year of life and a history of physician-diag-
nosed bronchiolitis in the first 2 years of life were associated 
with an increased risk of childhood asthma. In addition, we 
evaluated whether a polymorphism in TLR4 (rs1927911) mod-
ulates the impact of these environmental factors based on the 
fact that these polymorphisms were shown to be associated 
with asthma in previous studies.21,22

MATERIALS AND METHODS 

Study populations
For this study, middle school students from 8 schools in 5 ar-

eas of Seoul (downtown, northeastern, northwestern, south-
eastern, and southwestern), Korea, were randomly recruited in 
2008 (n=4,094) and 2011 (n=3,295). Since these two groups did 
not differ significantly in terms of baseline characteristics, each 

data was merged to maximize the power of the analysis. Thus, 
total 7,389 students participated in the present study.

Modified ISAAC questionnaire
A modified version of the International Study of Asthma and 

Allergy in Childhood (ISAAC) questionnaire24 was completed 
by all study participants. The questionnaire consisted of 3 sec-
tions with questions asking about (1) general characteristics in-
cluding sex, date of birth, height, and weight; (2) the history of 
asthma- and wheezing-related symptoms; and (3) environmen-
tal factors that are associated with allergic diseases. This study 
was approved by the Institutional Review Board of Asan Medi-
cal Center, Ulsan University, Seoul, Korea, and written informed 
consent was obtained from the parents or guardians of all par-
ticipants.

The prevalence of asthma was determined by the responses 
to the following questions: (1) “Have you ever had wheezing or 
whistling in the chest?” (wheeze, ever), (2) “Have you had 
wheezing or whistling in the chest in the last 12 months?” 
(wheeze in the last 12 months), (3) “Have you ever been diag-
nosed with asthma?” (asthma diagnosis, ever), and (4) “Have 
you been treated for asthma in the last 12 months?” (asthma 
treatment in the last 12 months). The asthma diagnosis was de-
termined by the question “Have you ever been diagnosed with 
asthma?”.

Assessment of risk factors
Information on antibiotic exposure in the first year of life was 

determined using a questionnaire. A history of bronchiolitis in 
the first 2 years of life was evaluated in the question “Has your 
child been diagnosed with bronchiolitis by a physician during 
the first 2 years of life?”. The parental asthma history was as-
sessed by the question “Have you ever been diagnosed with 
asthma by a doctor?” in the parent’s questionnaire.

 
Genotyping

For our genotyping analysis, we focused on the 1,395 middle-
school students from two schools (one in 2008 and the other in 
2011). They were genotyped for the TLR4 rs1927911 polymor-
phism from their blood by using TaqMan fluorogenic 5’-nucle-
ase assays (ABI, Foster City, CA, USA). All polymerase chain re-
actions were performed in 384-well plates using a 384-well Ver-
iti thermal cycler (ABI, Foster City, CA, USA). Endpoint fluores-
cence readings were recorded with an ABI PRISM 7900 HT Se-
quence Detection System (ABI, Foster City, CA, USA). The fre-
quency of the polymorphism in TLR4 (rs1927911) was in Har-
dy-Weinberg equilibrium (P>0.1). Duplicate samples and neg-
ative controls were included to ensure accuracy. 

Statistical analysis
Statistical analyses were performed using the SPSS statistical 

software, version 21.0 (SPSS Inc, Cary, NC, USA). Odds ratios 
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(ORs) and 95% confidence intervals (CI) were calculated to eval-
uate risk factors of the development of asthma by logistic regres-
sion analysis. In the multivariate analysis, adjustments were 
made on the basis of patient characteristics (age, sex, body mass 
index [BMI], school area, and household income), a genetic fac-
tor (parental history of allergic diseases), a socioeconomic fac-
tor (household income), and an environmental factor (environ-
mental tobacco smoke). A P value of less than 0.05 was consid-
ered statistically significant.

RESULTS

Characteristics of the study participants
The 7,389 middle school students (mean age±standard devi-

ation, 13.90±0.89 years) were enrolled in this study. Table 1 
displays the characteristics of the merged cohort from both 
2008 and 2011. The prevalence of parental asthma history was 
4.20%, while 63.26% had a history of passive smoking. There 
were no significant differences between children with and with-
out information on the asthma diagnosis except a parental his-
tory of allergic diseases, household income, school area, pas-
sive smoking, and use of antibiotics during infancy (E-Table 1).

Prevalence of asthma
In the merged cohort, the lifetime prevalence of “wheeze, 

ever” was 14.27%, and the 12-month prevalence of wheeze was 
7.52% (Table 2). The lifetime prevalence of asthma diagnosis 
was 7.77% and the prevalence of asthma treatment in the last 
12 months was 1.74%. 

Risk factors for asthma 
After adjusting for age, sex, BMI, a parental history of allergic 

diseases, school area, and household income, independent risk 
factors for developing asthma were a history of bronchiolitis in 
the first 2 years of life (adjusted odd ratios [aOR]: 3.27, 95% CI: 
2.32-4.60), antibiotic exposure for more than 3 days in the first 
year of life (aOR: 1.94, 95% CI: 1.49-2.53), and a parental history 
of asthma (aOR: 3.18, 95% CI 2.04-4.95; Table 3). The risk for 
developing asthma increased as the levels of antibiotic expo-
sure rose (E-Table 2). Females were protected against the devel-
opment of asthma in a consistent manner (aOR: 0.62, 95% CI: 
0.47-0.82), whereas a high BMI was a risk factor for asthma only 
after adjusting for confounding factors (aOR: 1.05, 95% CI: 1.01-
1.10). In addition, the presence of an older sibling was protec-
tive against asthma development (aOR: 0.75, 95% CI: 0.58-0.98). 

Combined effect of risk factors on the development of asthma
Since two factors (a history of physician-diagnosed bronchi-

olitis in the first 2 years of life and antibiotic exposure for more 
than 3 days in the first year of life) were found to be indepen-
dent risk factors for asthma, we assessed the combined effect of 
these 2 factors on the development of asthma (Table 4). The 
aOR was lower for participants who only had a history of antibi-

Table 1. Baseline characteristics of the subjects

Characteristic Value

Subject No. 7,389
Age (year), Mean±SD 13.90±0.89

BMI (kg/m2), Mean±SD 19.75±2.95

Sex (male/female), n 3,213/4,073 

Parental history of asthma, n (%) 163/3,881 (4.20)

Parental history of AR, n (%) 1,552/4,737 (32.76)

Parental history of AD, n (%) 302/3,975 (7.60)

Parental history of allergic disease, n (%) 2,322/5,336 (43.52)

Household income (USD, $), n (%)

   ≤2,999 1,492/6,260 (23.83)

   3,000-4,999 2,796/6,260 (44.66)

   ≥5,000 1,972/6,260 (31.50)

Location of school, n (%)

   Downtown 485/7,389 (6.56)

   Northeastern 2,138/7,389 (28.93)

   Northwestern 1,687/7,389 (22.83)

   Southeastern 2,408/7,389 (32.59)

   Southwestern 671/7,389 (9.08)

Parental smoking, n (%)

   Non-smoker 1,601/6,434 (24.88)

   Past smoker 1,808/6,434 (28.10)

   Current smoker 3,025/6,434 (47.02)

Maternal smoking

   Non-smoker 6,432/6,511 (98.79)

   Past smoker 33/6,511 (0.51)

   Current smoker 46/6,511 (0.71)

Maternal smoking during pregnancy, n (%) 18/6,518 (0.28)

Passive smoking, n (%) 4,415/6,979 (63.26)

History of bronchiolitis during the first 2 years of life 530/6,153 (8.6)

Use of antibiotics during the first year of life (≥3 days) 1,865/6,161 (30.3)

Polymorphism of TLR4 (rs1927911)

   CC 501/1,395 (35.9)
   CT+TT 894/1,395 (64.1)

The BMI was calculated by dividing the body weight (in kilograms) of the sub-
jects by their height (in meters) squared.
AD, atopic dermatitis; AR, allergic rhinitis; BMI, body mass index; n, number; 
NA, not available; SD, standard deviation; USD, United States dollars.

Table 2. Prevalence of asthma in middle school students from Seoul

Variables n/N Prevalence 95% CI

Wheeze, ever 908/6,361 14.27 13.42-15.13
Wheeze, last 12 months 528/7,018 7.52 6.91-8.14
Asthma diagnosis, ever 545/7,010 7.77 7.15-8.40
Asthma treatment, last 12 months 115/6,609 1.74 1.25-2.09

CI, confidence interval.
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otic exposure (aOR: 1.56, 95% CI: 1.16-2.11) or a history of phy-
sician-diagnosed bronchiolitis (aOR: 2.16, 95% CI: 1.11-4.22). 
The combination of the 2 risk factors was found to be associat-
ed with an increased risk for developing asthma (aOR: 4.64, 
95% CI: 3.09-6.97, P value for interaction=0.02). 

On its own, the CC genotype of TLR4 rs1927911 was associat-

ed with an increased risk for the development of asthma (aOR: 
2.21, 95% CI: 1.19-4.09; Table 3). This risk was further increased 
in infants with this TLR4 (rs1927911) polymorphism when they 
had a history of antibiotic exposure during the first year of life 
or a history of bronchiolitis during the first 2 years of life, com-
pared to infants with CT+TT genotype and no history of antibi-

Table 3. Risk factors of asthma diagnosis among middle school students from Seoul

Variables OR 95% CI aOR* 95% CI

Sex (female) 0.68 0.57-0.81 0.62 0.47-0.82
Age (categorical, years) 0.88 0.79-0.97 0.87 0.75-1.00
BMI (continuous) 1.03 1.00-1.07 1.05 1.01-1.10
Household income (USD)
   ≤2,990 1.00 1.00
   30,000-4,990 1.39 1.08-1.80 1.32 0.92-1.89
   ≥5,000 1.39 1.06-1.83 1.13 0.76-1.67
Location of school
   Southeastern 1.00 1.00
   Northeastern 1.11 0.89-1.38 0.92 0.65-1.30
   Northwestern 1.07 0.84-1.35 0.81 0.57-1.17
   Southwestern 0.63 0.43-0.93 0.65 0.37-1.14
   Downtown 0.82 0.55-1.22 0.81 0.43-1.54
Personal history
   Bronchiolitis in the first 2 years of life (Yes) 2.83 2.21-3.63 3.27 2.32-4.60
   History of breast milk feeding (Yes) 1.05 0.87-1.27 1.12 0.86-1.45
   Use of antibiotics in the first year of life (≥3 days) (Yes) 1.72 1.42-2.08 1.94 1.49-2.53
Delivery mode
   Normal delivery 1.00 1.00
   Cesarean section 0.96 0.79-1.16 0.91 0.70-1.19
Genetic factors
   Parental history of asthma (Yes) 2.98 1.96-4.53 3.18 2.04-4.95
   Parental history of any allergic diseases (Yes) 1.48 1.20-1.82 1.10 0.77-1.55
   CT+TT genotype of TLR4 (rs1927911) 0.45 0.25-0.84 0.20 0.27-0.94
   CC genotype of TLR4 (rs1927911) 1.81 1.18-2.78 2.21 1.19-4.09
Environmental factors
   Paternal smoking
      Non-smoker 1.00 1.00
      Past smoker 1.13 0.87-1.46 1.02 0.72-1.44
      Current smoker 1.02 0.80-1.29 0.99 0.71-1.37
   Passive smoking (Yes) 0.85 0.71-1.02 0.86 0.66-1.11
   Presence of older siblings (Yes) 0.85 0.71-1.01 0.75 0.58-0.98
   Presence of younger siblings (Yes) 0.88 0.74-1.05 0.86 0.60-1.12
   Day care attendance (Yes) 0.93 0.73-1.20 0.83 0.60-1.16
   Pet ownership during pregnancy or infancy (Yes) 1.13 0.68-1.87 0.94 0.47-1.90
   History of moving to a new house, ever (Yes) 1.18 0.97-1.44 1.26 0.96-1.66
   Living in a new house before 1 year of age (Yes) 1.09 0.85-1.41 1.01 0.68-1.49
   Visible mold in infancy of 1 year of age (Yes) 1.34 1.01-1.79 1.24 0.84-1.81
   Visible mold within recent 12 months (Yes) 1.24 0.97-1.59 1.03 0.73-1.46

*Adjusted by age, gender, body mass index, a parental history of any allergic diseases, exposure to tobacco smoking, and household income.
aOR, adjusted odds ratio; CI, confidence interval; NA, sot available; OR, odds ratio; USD, United States dollars.
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otics exposure or bronchiolitis history during early life (aOR: 
3.46, 95% CI: 1.71-7.03, P value for interaction=0.14; aOR: 5.25, 
95% CI: 2.02-13.67, P value for interaction=0.15, respectively; 
Table 4).

Combined effect of the TLR4 (rs1927911) polymorphism, 
antibiotic exposure in the first year of life, and bronchiolitis in 
the first 2 years of life

When we stratified the risk of asthma development according 
to the number of risk factors including antibiotic usage and 
bronchiolitis history during early infancy, and the CC genotype 
of TLR4 (rs1927911), we found that the risk of developing asth-
ma increased with an increase in the number of the risk factors 
(Table 5). Compared to infants with no risk factors, the risk of 
developing asthma was increased in infants with three risk fac-
tors (aOR: 9.42, 95% CI: 3.08-28.82).

In addition, we stratified the risk of asthma according to anti-
biotic usage and bronchiolitis during infancy in each genotype 
of TLR4 (rs1927911). Subjects with the CC genotype of TLR4 
were at a significantly increased risk of developing asthma with 
an aOR of 5.72, when they had both antibiotic usage and bron-
chiolitis during infancy (95% CI: 1.74-18.87; Figure). 

DISCUSSION

In this study, we have shown that a history of physician-diag-
nosed bronchiolitis in the first 2 years of life, antibiotic exposure 
for more than 3 days in the first year of life, and a parental histo-
ry of asthma are independent risk factors for the development 
of asthma in middle school students. The simultaneous pres-
ence of 2 of these three independent risk factors appeared to 
have an accumulative effect, whereby each additional risk fac-
tor increased the risk of developing asthma. This study has also 
provided evidence that the development of asthma is affected 
by a complex interplay between genetic and environmental 
factors: individuals with the CC genotype of TLR4 (rs1927911) 
were more likely to develop asthma when this genetic factor 
was combined with antibiotic exposure in the first year of life 
and/or a history of physician-diagnosed bronchiolitis in the 
first 2 years of life. To our knowledge, this is the first study on 
the combined effects of bronchiolitis at a young age, antibiotic 
exposure during infancy, and genetic variants in asthma-relat-
ed genes such as TLR4 on the development of asthma. 

Notably, the prevalence of asthma diagnosis in middle school 
students from Seoul, Korea was 7.8%. This was similar to the 
prevalence that was previously reported by a nationwide cross-
sectional questionnaire study in school-aged (8-11 years old) 
children.25 Since the prevalence of asthma appears to be sta-
ble,26 we combined the data from both the 2008 and 2011 sur-
veys to improve the power of our analyses examining the gene-
environment interactions in the development of asthma. This 
merging of data was possible as both surveys were conducted Ta
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in similar age groups (13-15 years old) in the same city using 
the same study methods by the same researchers. Moreover, 
the results of the present study were consistent with those of 
previous studies with respect to the risk factors for asthma.27 As 
a result of the merging of the data, the sample size was relative-
ly sufficient to assess how antibiotic exposure in the first year of 
life and history of physician-diagnosed bronchiolitis in the first 
2 years of life affect the subsequent development of asthma in 
genetically predisposed school-aged children. 

Further, the polymorphism of TLR4 (rs1927911) was selected 
as a candidate gene because several studies, including our own, 
have shown that polymorphisms of this gene are associated 
with innate immune and immunoregulatory mechanisms that 
participate in the development of asthma.5,22,28 A study on the as-
sociation between TLR4 polymorphisms and asthma in Swed-
ish children showed that the TLR4 Asp299Gly polymorphism is 
associated with a higher prevalence of asthma in school-aged 

Table 5. Risk of asthma diagnosis according to number of risk factors including antibiotic usage, a history of bronchiolitis during infancy, and the CC genotype of 
TLR4 rs1927911 

Number of risk factors* Asthma diagnosis,
No, N (%)

Asthma diagnosis, 
Yes, N (%) aOR (95% CI)† P  value

0 525 (45.06) 25 (30.49) 1
1 471 (40.43) 31 (37.80) 1.71 (0.91-3.22) 0.0969
2 151 (12.96) 18 (21.95) 2.54 (1.20-5.36) 0.0146
3 18 (1.55) 8 (9.76) 9.42 (3.08-28.82) <0.0001
Total 1,165 (100.0) 82 (100.0)
Trend P <0.001

*Risk factors include a history of antibiotics usage during the first year of life, a history of bronchiolitis during the first two years of life, and CC genotype of TLR4 
(rs1927911); †Adjusted by age, gender, body mass index, a parental history of any allergic diseases, exposure to tobacco smoking, and household income.
aOR, adjusted odds ratio; CI, confidence interval.

Figure. Combined effect of TLR4 (rs1927911) 
genotypes with antibiotics exposure before 1 
year of life and bronchiolitis in the first 2 years 
of life in middle school students for asthma di-
agnosis. Data were analyzed by using logistic 
regression and adjusted for age, gender, body 
mass index, a parental history of any allergic 
diseases, exposure to tobacco smoking, and 
household income. *P value <0.05.
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15/23 1/11 10/84 6/19

Number (%) of subjects with asthma
   diagnosis and CT+TT genotype

17/429 3/17 8/139 3/34

children (aOR: 4.5, 95% CI: 1.1-17.4).20 In another study, the 
TLR4 Asp299Gly and Thr399Ile polymorphisms were associated 
with hyporesponsiveness to inhaled lipopolysaccharide.29 How-
ever, in the present study, significant associations between the 
TLR4 (rs1927911) polymorphism, serum eosinophil counts, to-
tal serum IgE levels, and pulmonary function were not observed 
(data not shown).

In this study, CC genotype of TLR4 (rs1927911) was associated 
with an increased risk for childhood asthma. However, children 
with CT+TT genotype showed a significantly increased risk for 
asthma when they had a history of bronchiolitis and no history 
of antibiotic exposure. This discrepancy may be associated with 
the small sample size who met the criteria in the analysis of this 
combination or adjustment factors used in the analysis.

The present study revealed a strong positive association be-
tween antibiotic exposure in early life and the subsequent de-
velopment of asthma. A recent review summarized the associa-
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tions between antibiotic exposure in newborns and altered in-
fant microbiota profiles, including a long-term reduction in mi-
crobiota diversity.30 Antibiotic-induced alterations in commen-
sal microflora are believed to interfere with the postnatal matu-
ration of the immune system.31 A supporting study performed 
using an experimental animal model has shown that treating 
mice with antibiotics disturbs their intestinal microflora and 
prevents postnatal Th1 cell maturation, thereby resulting in Th2-
polarized immune deviation.32 These deviations in immune sys-
tem development have been associated with the development 
of asthma, suggesting a link between early antibiotic exposure, 
immune function, and asthma.

Respiratory viral infections during critical developmental pe-
riods can interfere with normal lung growth, which has been 
shown to increase the risk of asthma.14 Further, the innate im-
mune response to a fusion protein from RSV, one of the most 
common respiratory infectious pathogens in early life, is medi-
ated by TLR4 and CD14.14,33 Furthermore, RSV infection sensi-
tizes the airway epithelia to other pathogenic environmental 
factors, which can further induce signaling via TLR4 in a CD14-
dependent fashion.34 Although the role of other viral pathogens 
in the development of asthma has not been fully explored, the 
conserved nature of the TLRs and their roles in innate immuni-
ty suggest that other infectious pathogens may also activate the 
innate immune response via the Toll signaling pathway. 

The association between antibiotic exposure and bronchiolitis 
during infancy on the increased risk for developing asthma 
might be partially due to antibiotic use during bronchiolitis and 
early damage to the airway as a consequence of viral infection, 
including bronchiolitis during infancy.35 Airway damage in-
creases vulnerability to respiratory viral infections and has been 
linked to exposure to harmful environmental factors that are as-
sociated with the increased risk of asthma. In addition, viral in-
fection can enhance allergic sensitization and further increase 
the risk of asthma development in later life.36

Microbial exposure during early life is a major trigger of im-
mune response changes during the development of immune 
system. The present epidemiological study showed associations 
between history of physician-diagnosed bronchiolitis in the first 
2 years of life, antibiotic exposure in the first year of life, and ge-
netic susceptibility to asthma. These associations may be ex-
plained by the fact that viral respiratory infections such as bron-
chiolitis sensitize the airway epithelia to the subsequent patho-
genic environmental exposure via TLR4 signaling, while antibi-
otic exposure in the first year of life associates with changes in 
the composition of the gut microbiota and the development of 
TLR4-mediated innate antiviral immunity. These complex in-
teractions may work together to modulate the risk of asthma.

The present study had several limitations. First, as it was a 
cross-sectional study, a cause-effect relationship cannot be 
confirmed. However, previous prospective cohort studies that 
adequately adjusted for these confounding factors indicated 

that they only play a small role in the relationship between anti-
biotic exposure during infancy and the subsequent develop-
ment of asthma.7,10 In order to fully understand the link be-
tween the independent risk factors examined here and asthma 
development, additional large-scale prospective studies are 
needed. Second, although data from two recruitment periods 
were merged, the relatively low prevalence of asthma and small 
sample size are not sufficient to prove the complex interplay 
between genetic and environmental factors. Third, since anti-
biotics use and a history of physician–diagnosed bronchiolitis 
was assessed by using a questionnaire, recall bias may exist. 
Fourth, since asthma diagnosis was assessed using a question-
naire, there might be some possible discrepancies with the ac-
tual asthma diagnosis. Fifth, as this study is an epidemiologic 
study using a questionnaire, there was a large proportion of 
missing data especially in important variables such as a paren-
tal history of allergic diseases. Finally, although many genes 
have been found to be associated with the increased suscepti-
bility to asthma, the present study only examined a single poly-
morphism in TLR4 (rs1927911) that we have previously shown 
to be associated with allergic diseases.22 Additional studies that 
elucidate the interactions between other polymorphisms in 
candidate genes and the development of asthma are required

CONCLUSIONS

Genetic variants of TLR4 (rs1927911) appears to modify the 
combined effects of infant antibiotic exposure in the first year of 
life and a history of physician-diagnosed bronchiolitis in the first 
2 years of life on the development of asthma. We suspect that re-
ducing antibiotic exposure and preventing bronchiolitis during 
infancy may prevent the development of asthma, especially in 
genetically susceptible children. To confirm the results of this 
study and to determine the underlying mechanisms, larger-
scale longitudinal studies are required.
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