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Early-life exposure to air pollution associated with food allergy in 
children: Implications for ‘one allergy’ concept 
 
 
Abstract 
 
Background: The rapid increase of food allergy (FA) has become the “second wave” 
of allergy epidemic and is now a major global public health concern. Mounting 
evidence indicates that early life exposure to air pollution is associated with the “first 
wave” of allergy epidemic (including asthma, allergic rhinitis and eczema) in 
children, but little is known about its association with FA. 
Objectives: We hypothesize FA has triple exposure pathways, gut-skin-airway, and 
investigate the effects of airway exposure to outdoor and indoor air pollution on 
childhood FA. 
Methods: A cohort study of 2598 preschool children aged 3–6 years old was 
conducted in Changsha, China. The prevalence of FA was surveyed using a standard 
questionnaire by International Study of Asthma and Allergies in Childhood (ISAAC). 
Exposure to indoor air pollution was assessed by four indicators: new furniture, 
redecora tion, mold or dampness, and window condensation. Exposure to outdoor air 
pollution was evaluated by the concentrations of PM10, SO2 and NO2, which were 
obtained from the monitored stations. Both prenatal and postnatal exposure windows 
were considered. The association between exposure to outdoor/indoor air pollution 
and childhood FA was estimated by multiple logistic regression models using odds 
ratio (OR) and a 95% con f idence interval (CI). 
Results: A total of 14.9% children reported FA. The prevalence was significantly 
associated with exposure to indoor air pollution, OR (95% CI) = 1.93 (1.35–2.75) for 
prenatal exposure to mold/dampness and 1.49 (1.07–2.10) and 1.41 (1.04–1.89) 
respectively for postnatal exposure to new furniture and window condensation. The 
prevalence of FA was also associated with prenatal and postnatal exposure to outdoor 
air pollution, particularly the traffic-related air pollutant NO2, with adjusted ORs 
(95% Cls) respectively 1.24 (1.00–1.54) and 1.38 (1.03–1.85) per interquartile range 
(IQR) increase. Sensitivity analysis showed that the association between 
outdoor/indoor air pollution and childhood FA was significant only in young children 
aged 3–4 years. Conclusion: Early-life exposure to high levels of outdoor and indoor 
air pollution in China due to the rapid economic growth and fast urbanization in the 
past decades may contribute to the rapid increase of food allergy (FA) in children. 
Our study indicates that, in addition to gut and skin, airway may be a new route of 
food sensitization. Air pollution leads to the first and second waves of allergy 
epidemics, suggesting a concept of ‘one allergy’ disease. 
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1.Introduction 



 
Food allergy (FA), a specific immune response to particular foods (Sicherer and 
Sampson, 2018), has become a major public health issue in the world, affecting 10% 
of general population and more children (Loh and Tang, 2018). FA is also a common 
cause of potentially life-threatening hypersensitivity reaction, often called food 
anaphylaxis, which usually develops rapidly and may even lead to death (Conrado et 
al., 2021). FA contributes to increased medical expenditure, espe cially emergency 
treatment, which places a considerable economic burden on patients and society 
(Gupta et al., 2018). Meanwhile, FA significantly impairs the quality of patients’ 
lives, from limiting partic ipation in social activities to being treated differently by 
peers, as re ported that bullying, anxiety and depression are common in children 
living with FA (Khamsi, 2020). 
 
FA, as a type of allergic diseases, plays a key role in the progression of allergic 
diseases or atopic march (Fig. 1), but it is usually considered to be different from 
other allergic diseases due to: 
● Time lag. Until the beginning of the 21st century, FA has been rising globally, 
especially the substantial increases in the number of hos pital admissions due to food 
anaphylaxis. Compared with the “first wave” allergy epidemic (including asthma, 
allergic rhinitis and eczema) which has increased markedly since 1980s, FA is called 
the “second wave” allergy epidemic with a time lag of about 30 years (Prescott and 
Allen, 2011). 
● Exposure routes. FA is generally considered to be caused by oral exposure through 
the gut, whereas eczema is caused by cutaneous exposure through skin contact and 
asthma or rhinitis is caused by airway exposure through inhalation (Nowak-Wegrzyn 
et al., 2017). Recently, mounting evidence indicates that food sensitization can also 
occur through transcutaneous exposure to food allergens, i.e. “gut-skin” dual exposure 
hypothesis (Brough et al., 2020; Walker et al., 2018). 
● Risk factors. There is widespread agreement that exposure to air pollution increased 
risk of the “first wave” allergy epidemic (Egui luz-Gracia et al., 2020; Paciencia et al., 
2022), but its risk on the “second wave” allergy epidemic has been rarely reported. 
 
Genetics and environmental factors have a big impact on how allergic diseases 
develop. However, the quick increase of FA prevalence should be attributed to 
environmental determinants (Moran, 2020). Whether being exposed to air pollution 
leads to the rapid increase in FA in China is the objective of the present work (Fig. 
1c). 
 
Recent studies indicate that early-life exposure to air pollution is associated with the 
increase in the risk of the “first wave” of allergy epidemics, including eczema, rhinitis 
and asthma in children (Baek et al., 2021; Deng et al. 2015, 2016a, 2016b; Lu et al., 
2022), but there are very few studies on its association with food sensitization and 
there is a high degree of heterogeneity between these rare studies (Ashley et al., 2015; 
Bowatte et al., 2015). A birth cohort study in the Netherlands found that long-term 
postnatal exposure to traffic-related air pollutants, including particulate matter less 
than 2.5 μm (PM2.5) and nitrogen dioxide (NO2), significantly increased the 
sensitization to food allergens in children at age 4 (Brauer et al., 2007). However, the 
association was not observed in cohort studies in Sweden (Gruzieva et al., 2012). 
Recently, a study in US found that prenatal exposure to PM2.5 increased the risk of 
food sensitization in adolescence at median age of 12.9 years (Sordillo et al., 2019). 



The limited knowledge has prompted an urgent need to systematically examine the 
impact of air pollution exposure on FA. 
 
We hypothesize that airway, in addition to gut and skin, may be a new pathway of 
food sensitization, i.e. triple (gut-skin-airway) exposure hypothesis (Fig. 1b), and then 
investigate the association of airway exposure to outdoor and indoor air pollution with 
FA in children. If this hypothesis is true, it is believed that air pollution has led to the 
first and second waves of allergy epidemics, which indicates a concept of ‘one 
allergy’ disease. 
 
<Fig. 1> 
 
2. Materials and methods 
 
2.1 Study protocol & questionnaire 
 
From September 2011 to January 2012, we conducted a cohort research in Changsha 
as a part of national “China-Child-Family-Health (CCHH)" research (Zhang et al., 
2013a). The Central South University Ethics Committee approved the study’s 
protocol. We used a standard questionnaire of the International Study of Asthma and 
Allergies in Childhood (ISAAC) to obtain the information about food allergy in 
children (Asher et al., 2006), and another questionnaire on buildings to investigate the 
lifestyle and indoor environment of children and their families (Bornehag et al., 
2004). All children in 36 kindergartens were randomly selected for questionnaire 
survey. We asked the parents to fill in the questionnaire and send them back to the 
kindergarten within a week. A total 2598 children aged 3–6 years old were included 
in this work. 
 
2.2 Definition of food allergy (FA) 
 
The health outcome was lifetime prevalence of doctor-diagnosed food allergies (FA), 
which was estimated based on positive responses to the question: “Has your child 
ever had allergic symptoms such as eczema, hives, diarrhea, swollen lips or eyes 
caused by foods?” 
 
2.3 Exposure to outdoor air pollution 
 
Ambient air pollution was represented by three types of air pollut ants, sulfur dioxide 
(SO2), nitrogen dioxide (NO2), and particulate matter with diameter ≤10 μm (PM10), 
which were used as indicators of industry-related air pollution (IRAP), traffic-related 
air pollution (TRAP), and mixed air pollution respectively (Deng et al., 2015; Sram, 
2020). The daily average concentration of air pollutants was obtained from seven 
monitoring stations of Changsha, which was used to estimate each child’s daily 
exposure by an inverse distance weighted (IDW) method (Deng et al., 2015). 
 
2.4 Exposure to indoor air pollution 
 
We selected four indicators of the indoor air pollution: new furniture, redecoration, 
mold/damp stains, and window condensation. New furniture and redecoration are 
main sources for indoor air pollution, especially for the new buildings. Mold/damp 



stains and window condensation are main indicators for ventilation of buildings, 
which is a key factor affecting the level of indoor air pollution. The exposure to above 
four indicators of indoor air pollution was obtained by ques tionnaire (the detailed 
information shown in Table S1). The answers “A little”, “A lot”, and “Yes” were 
defined as “with exposure”, while the answer “No” was defined as “without 
exposure”, and the answer “Don’t know” was considered to be missing data in the 
statistical analysis. 
 
<Table 1> 
 
2.5 Exposure windows 
 
We considered both pre- and post-natal exposure windows for each child. Prenatal 
window is defined as the period from the first to the last month of pregnancy, and 
further divided into three gestational periods: 1st-3rd month (the first trimester), 4th-
6th month (the second trimester), and 7th-last month (the third trimester), 
respectively. The postnatal window is from the first month of birth to the last month 
before the survey. 
 
2.6 Confounding covariates 
 
Potential confounding variables include personal and indoor envi ronmental factors. 
Personal factors included the child’s sex, age, birth season, breastfeeding, time to 
kindergarten, parental atopy and socio economic status (SES) indicated by housing 
size. Covariates related to the indoor environment included environmental tobacco 
smoke (ETS), household pets (keeping dogs) and cleaning habits. In our previous 
studies, these confounding factors were associated with childhood allergic diseases 
and thus may affect outcome estimates (Deng et al., 2015). 
 
2.7 Statistical analysis 
 
We used a multiple logistic regression model to evaluate the asso ciation between 
outdoor/indoor air pollution and childhood FA during different exposure windows by 
adjusting for covariates. All statistical analyses were performed using SPSS software 
(version 16.0, SPSS Inc, Chicago, USA). Results were interpreted by odds ratios (OR) 
with 95% confidence intervals (95% CI), where p-value less than or equal to 0.05 was 
considered statistically significant. Outdoor air pollutants were entered into the 
logistic regression model as continuous variables and their risks were estimated by per 
interquartile range (IQR) increase in their exposure levels. Indoor air pollution was 
entered into the logistic regression model as categorical variables, and their 
associations with health outcomes were estimated by setting no exposure cases as the 
reference (OR =1). 
 
3.Rsults 
 
Of 2598 children, 388 children (14.9%) had a history of FA. Table 1 displays the 
prevalence of FA stratified by covariates. We found that the prevalence in male 
children (16.7%), children aged 3–4 years (16.1%), children with atopic parents 
(31.8%) and children living in seldom cleaning houses (18.9%) were significantly 



higher than female children (12.8%), children aged 5–6 years (13.1%), children with 
no atopic parents (12.4%) and children living in clean houses (13.9%). 
 
Children’s exposure to indoor air pollution and the corresponding prevalence of food 
allergies during prenatal and postnatal periods are shown in Table 2. As expected, we 
found that families who redecorated their houses less frequently during maternal 
pregnancy (prenatal period) than after birth (postnatal period), as indicated by the 
presence of less number of pieces of new furniture in comparison (338 vs 980) and 
house decoration (139 vs 499), but kept their houses less ventilated as indicated by 
more window condensation during winter (1222 vs 869) and mold/dampness (435 vs 
308). The FA prevalence was higher in children exposed to higher level of indoor air 
pollution with new furniture, house decoration, window condensation and 
mold/dampness. 
 
<Table 2> 
 
Table 3 shows that prenatal exposure to mold/dampness signifi cantly increases the 
risk of FA with adjusted OR (95% CI) =1.93 (1.35–2.75), but exposure to new 
furniture and window condensation was significant during postnatal period with 
adjusted ORs (95% CIs) = 1.49 (1.07–2.10) and 1.41 (1.04–1.89), respectively. 
 
<Table 3> 
 
Children are exposed to high levels of outdoor air pollutants, including PM10, SO2 
and NO2, as shown in Table S2. We found that exposure to outdoor air pollution is 
significantly associated with child hood FA (Table 4). Traffic-related air pollutant 
(TRAP), NO2, signifi cantly increased the risk during both pre- and post-natal periods 
with the adjusted ORs (95% Cls) respectively 1.24 (1.00–1.54) and 1.38 (1.03–1.85) 
for IQR increase in exposure level. PM10 and SO2 signifi cantly increased the risk of 
childhood FA only during postnatal period with adjusted ORs (95% CIs) respectively 
1.42 (1.08–1.86) and 1.34 (1.07–1.70). The detailed exposure-response relationships 
shown in Fig. 2 also highlighted that the high level of exposure to PM10, SO2, and 
NO2 significantly increased the risk of FA during both prenatal and postnatal periods. 
However, the “U” shaped exposure-response curve also indicated the risk of low level 
of exposure, especially NO2 during both prenatal and postnatal periods and PM10 
during prenatal period. 
 
<Table 4> 
 
Sensitivity analysis indicates that the association between outdoor/ indoor air 
pollution and childhood FA was significant in young children aged 3–4 years only. 
 
<Fig. 2> 
 
4.Discussion 
 
We added the evidence that exposure to indoor and outdoor air pollution significantly 
increased the risk of food allergy (FA) in children, especially prenatal exposure. Our 
study indicates that airway is a new pathway of FA and verifies the “gut-skin-airway” 
triple exposure hy pothesis. Air pollution leads to the first and second waves of 



allergy epidemics, suggesting a concept of ‘one allergy’ disease, which provides new 
implications for the control and prevention of the rapidly increasing of FA in children 
worldwide. 
 
Our study indicates that the rapid increase of childhood FA in China is linked with the 
development during the past decades (Cai et al., 2020; Hu et al., 2010). With the rapid 
economic growth in the past few de cades, China has witnessed a high level of 
ambient air pollution; meanwhile the fast urbanization has resulted in many citizens 
moving to new buildings where the new furniture and redecoration are contrib uting 
causes to serious indoor air pollution (Gao et al., 2014; Zhang et al., 2013b). Our 
study indicated that high level of outdoor and indoor air pollution due to rapid 
economic growth and fast urbanization may lead to a high risk of FA in China, as 
reported that FA prevalence in infants aged 0–24 months in Chongqing had increased 
substantially from 3.5% in 1999 to 7.7% in 2009 (Hu et al., 2010). This finding was 
also supported by the increasing FA prevalence reported in highly urbanized and 
developed countries including the US (from 3.3% in 1997 to 3.9% in 2007) (Branum 
and Lukacs, 2009), Canada (from 1.5% in 2000 to 1.62% in 2005 for peanut allergy) 
(Ben-Shoshan et al., 2009), UK (from 0.24% in 2001 to 0.51% in 2005 for peanut 
allergy) (Kotz et al., 2011), and Australia (food anaphylaxis increased 5.5-fold in 
children aged 0–4 years between 1994-1995 and 2004–2005) (Poulos et al., 2007). It 
can be expected that FA will further increase in the near future, particularly in low- 
and middle-income countries where eco nomic growth and urbanization are the main 
manifestations of national development (Loh and Tang, 2018). 
 
We found that early-life exposure to outdoor air pollution, especially TRAP (NO2), 
had a significant effect on FA in children. This finding was demonstrated in a mouse 
model that airway exposure to TRAP and other air pollutants lead to peanut allergy 
sensitization (Moran et al., 2021). Several birth cohort studies also supported our 
findings. A Swedish birth cohort study observed that an excess risk of food 
sensitization at 8 years was related to NOx exposure in the first year of life (OR 
=2.30, 95% CI:1.10–4.82) (Gruzieva et al., 2012). A multicenter study in Canada 
found that the NO2 concentration was associated with peanut sensiti zation (OR 
=1.07, 95% CI:1.03–1.11) in children at one year of age (Sbihi et al., 2015). A meta-
analysis concluded that exposure to NO2 significantly increased the risk of 
sensitization to food allergens in early childhood at the age of 4 years and exposure to 
PM2.5 during early childhood increased the risk at 4 and 8 years of life (Bowatte et 
al., 2015). Recently, prenatal exposure to black carbon (OR =1.4, 95% CI:1.1–1.7) 
and PM2.5 (OR =1.3, 95% CI:1.1–1.7) was found to in crease the risk of sensitization 
to food in a US birth cohort of 996 mother-child pairs (Sordillo et al., 2019). 
 
The risk of exposure to indoor air pollution to health is of great concern because 
children spend most of their time in indoor environ ment (Gabriel et al., 2021), but the 
effects of indoor air pollution on childhood FA are very limited. The prevalence of 
allergy were found to be associated with indoor environmental factors, mainly due to 
the exposure to indoor allergens, such as house dust mites, pets, insects, moulds and 
chemical agents (Carrer et al., 2001). Exposure to low levels of indoor allergens in 
early childhood was found to be associated with incidence of sensitization (Munir et 
al., 1997). Our study found that prenatal exposure to mold or postnatal exposure to 
new furnitur e/window condensation was significantly associated with childhood FA. 
New furniture and decorative materials continuously release gaseous pollutants 



including volatile organic compounds (VOCs). It was reported that children exposed 
to VOCs had 5 to 11 times higher risk of sensiti zation to either egg or milk compared 
to unexposed children (Lehmann et al., 2001). A case-control study of 400 Swedish 
pre-school children found that exposure to propylene glycol and glycol ethers (PGEs, 
a class of VOCs) in bedroom increased the risk of IgE sensitization (OR =1.8, 95% 
CI: 1.1–2.8) (Choi et al., 2010). Several studies also observed that early-life exposure 
to environmental tobacco smoke (ETS) was a risk factor for food allergen 
sensitization, for example, the BAMSE cohort of 3316 children found that ETS 
exposure during infancy increased the risk of food allergen sensitization at 4 years of 
age (OR 1.47, 95% CI 1.1–2.0) and persistent sensitization at 16 years of age (OR 2.2, 
95% CI 1.3–3.6) (Thacher et al., 2016). 
 
Our findings provide the evidence to support “gut-skin-lung” triple exposure 
hypothesis for FA. The dual exposure hypothesis has been widely accepted, i.e., both 
oral and cutaneous exposure to allergens can lead to the development of FA (Brough 
et al., 2020; Du Toit et al., 2016; Walker et al., 2018). Our research suggested that the 
airway or lungs may be the third exposure route, which is consistent with the recent 
mouse models and human cell–based studies (Kulis et al., 2021; Peters et al., 2022). 
This finding indicates that FA is actually an allergic disease similar to other allergic 
diseases and indicates a common mechanism underlying eczema, asthma, allergic 
rhinitis, and FA (Olbrich et al., 2020). Recently, mounting evidence has highlighted 
that damage to the epithelium of the lungs, gut, and skin by an altered microbiome, air 
pollution or food allergens leads to various manifestations of allergic diseases (Dalton 
et al., 2022; Kemter and Nagler, 2019; Krempski et al., 2020; Olbrich et al., 2020). 
Recently, similarities and interactions be tween allergic diseases have been widely 
observed; people with one disease are more likely to suffer from other allergic 
diseases (Ching-Wei et al., 2022; Chiu et al., 2020; Miyaji et al., 2020; Ziyab, 2019). 
 
Air pollution leads to the first and second waves of allergy epidemics, suggesting a 
concept of ‘one allergy’ disease. The concept of ’’One Airway, One Disease’’ for 
asthma and allergic rhinitis has been widely accepted due to their link (Zou et al., 
2022). It has been indicated that a high proportion of new patients have upper and 
lower airway diseases that coexist (Giovannini-Chami et al., 2018). Our studies 
suggest that both the first wave of allergy epidemic (including eczema, asthma and 
allergic rhinitis) and the second wave of allergy epidemic are sensitive to the same 
environmental exposures, especially air pollutants (Table S3 in the Supplemental 
Materials). 
 
The ‘one allergy’ means that successful control measures for asthma, such as reducing 
exposure to air pollution, will provide a good reference for prevention of FA. At 
present, the main measure to prevent FA is to avoid food allergens or to increase the 
food tolerance (Gonzalez-Visiedo et al., 2022; Liu et al., 2022; Yang et al., 2022). For 
example, the American Academy of Pediatrics (AAP) advises parents to avoid giving 
their children peanuts to prevent them from having allergic reactions, and even 
advises expectant mothers not to eat peanuts during pregnancy to reduce the chance of 
infant allergy (Brzozowska et al., 2022). Recently, the dual exposure hypothesis 
indicates that the skin is also a key target to prevent and treat childhood food allergies 
(Martin et al., 2015). Our work suggests novel prevention or intervention strategies 
for FA, i.e. to reduce exposure to air pollution. 
 



We acknowledge that our study has several limitations. Firstly, the results based on 
the questionnaire/parental report may have had some recall bias. Our study may 
underestimate FA prevalence, because many individuals with food allergy may 
naturally overcome it over time. In longitudinal studies, most food allergies that 
develop early in life, such as allergies to eggs and cow’s milk, usually resolve with 
time (Sicherer et al., 2020). Secondly, our retrospective cohort study used question 
naire to ask the lifetime prevalence of food allergy of the children without exact 
diagnosis date, and thus the analysis on the association of postnatal air pollution 
exposure with risk of food allergy may lead to a possibility of ‘reverse causation’ (i.e. 
food allergy occurred before the exposure). Therefore, a prospective cohort study is 
needed in the future to confirm the observed evidence in our study. Thirdly, we have 
only investigated several types of outdoor and indoor air pollution. Addi tional 
research will be conducted to learn explore the impacts of addi tional types of air 
pollutants. 
 
5.Conclusions 
 
Our study added the evidence that exposure to outdoor as well as indoor air pollution 
is significantly linked with the prevalence of food allergy (FA) in children, suggesting 
that airway may be a new food sensitization pathway in addition to gut and skin. Air 
pollution leads to the first and second waves of allergy epidemics, suggesting a concept 
of ‘one allergy’ disease. This means that successful control measures for asthma, such 
as reducing exposure to air pollution, will provide a good reference for prevention of 
FA, thereby reversing the rapid increase of FA. 
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Fig.1. (a) Allergic march or progression of allergic diseases; (b) Exposure routes of 
allergic diseases; (c) The effects of exposure to air pollution on the first and second 
waves of allergy epidemics. 

 
  



Fig. 2. Concentration-response curves (smoothing restricted cubic spline function) 
between pre- and post-natal exposure to air pollutants (PM10, SO2, NO2) and the risk 
of food allergy in children. 

 
  



Table 1 Demographic information and prevalence of food allergy among children (n = 
2598). 

 
  



Table 2 Descriptive statistics of the indicators for exposure to indoor air pollution and 
the prevalence of food allergy in children during prenatal and postnatal periods (n = 
2598). 

 
  



Table 3 Odds ratio (95%CI) of childhood food allergy due to exposure to indoor air 
pollution during prenatal and postnatal periods (n =2598). 

 
  



Table 4 Odds ratio (95%CI) of childhood food allergy due to exposure to outdoor air 
pollution during prenatal and postnatal periods (n =2598). 

 


