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Introduction

The incidence and prevalence of childhood asthma and other allergic diseases has increased 

greatly over the past few decades [1]. A common biological pathway to asthma in children 

is often referred to as the “atopic march,” characterized by the development of early 

life atopic dermatitis (eczema) and allergic sensitization (atopy), which leads to allergic 

rhinitis and asthma in childhood. For example, children with early onset eczema (diagnosed 

prior to 2 years of age) have 3.71 times the odds of developing allergic rhinitis and 3.80 

times the odds of developing asthma by age 4 [2]. A variety of risk factors have been 

implicated in the development of allergic diseases, including environmental factors like 

increased exposure to endocrine disrupting chemicals (EDCs) and decreased microbial 

exposure during gestation and early life [1, 3–6]. During the prenatal and early childhood 

periods, the fetus and child may be particularly vulnerable to the effects of EDCs due to 

immature detoxification pathways and rapid growth and development [7–9]. For instance, 

the PON1 enzyme is critical to detoxification and mitigation of oxidative stress but is not 

fully developed until the age of 9 [10]. Further, alterations to typical hormonal function may 

lead to hyperactivity of immune responses, such as increased promotion of type 2 helper 

T cells (Th2), where Th2 responses have been reported in allergy-related outcomes [11]. 
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The burden of asthma and allergic diseases is not evenly distributed; a higher prevalence of 

asthma and eczema is observed among Black and Hispanic populations and in urban areas, 

particularly in poorer neighborhoods [12–14]. Specifically, the prevalence of asthma among 

non-Hispanic white children is 8.2% versus 21.2% for Puerto Rican children and 14.5% for 

non-Hispanic Black children [15]. One study found the incidence of asthma at age 4 years 

to be 0.25 times higher among Black children with no family history of asthma compared 

to white children [16]. The disparities observed in the disproportionate burden of asthma 

and allergic disease by race and socioeconomic status (SES) are in part due to selected 

indoor allergens [17], secondhand smoke, exposure to outdoor air pollution, and maternal 

prenatal stress [18]. However, it is believed that associations between race and exposure 

to indoor allergens may be explained by residual confounding due to characteristics of 

their housing [19]. Air quality is an important factor for respiratory diseases and increased 

exposure to PM2.5 has been associated with childhood asthma incidence [20]. This impact 

is not evenly distributed, and exposure to air pollution and PM2.5 varies by race [21]. Given 

the disproportionate burden of exposure, the negative health impacts of asthma and allergic 

disease are similarly disproportionate. Asthma and allergic conditions are chronic and can 

impact multiple aspects of a child’s life and daily functioning, including their ability to 

go to school. Children with asthma experience more school absenteeism compared to their 

non-asthmatic peers, which place an additional burden on these children [22]. Additionally, 

it is hypothesized that asthma-related school absences are attributable to disrupted and thus 

reduced sleep [23].

In previous work, we discussed two potential pathways that early life antimicrobial 

(including triclosan and paraben) exposure could adversely affect immune development, 

contributing to increased risk of immune-mediated diseases, such as asthma, in children 

[24••]. First, decreased exposure to microbes, due to antimicrobial use, during pregnancy 

and in early childhood can alter the priming of immune systems in infants, increasing the 

risk of allergic disease development. Second, direct exposure of antimicrobial compounds 

through oral and dermal routes can alter the microflora on the lung, gut, and/or skin, 

inducing a hypersensitive reactive state of immune system receptors in these organs, thus 

increasing the risk for hypersensitivity diseases such as eczema and asthma [24].

Given the novel methods of applying mixture approaches to evaluating the impacts of 

multiple chemical exposures on child health outcomes, limited evidence has considered 

the impacts of chemical mixtures of total and individual chemical classes on child 

asthma-related outcomes. Important questions remain as to the causative relationship of 

these chemicals, individually and collectively, with asthma development in children [24••, 

25•, 26•]. In this review, we aimed to evaluate the impact that additional environmental 

chemical exposures with EDC properties, individually and collectively, have on asthma 

and allergy-related health outcomes among children. Our main objective is to discuss 

findings from primary epidemiological literature measuring the associations between urinary 

biomarkers of phenols, phthalates, and polycyclic aromatic hydrocarbons and their mixtures 

with asthma-related health outcomes (e.g., asthma symptoms and allergic sensitization) in 

children.
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We identified toxicological and primary epidemiological studies of phenols, phthalates, 

polycyclic aromatic hydrocarbons, and their mixtures with asthma and allergic disease-

related outcomes in children. In an update to a prior review, we used Google Scholar and 

PubMed to identify manuscripts published since 2019 [24].

Importance of Investigating Environmental Mixtures in Epidemiological Studies

The importance of examining chemical mixtures, in addition to individual compounds, to 

identify environmental determinants of diseases is increasingly recognized in environmental 

epidemiology studies [27]. The main limitation to evaluating chemical mixtures is the high 

correlation patterns seen between different compounds which may amplify measurement 

error and bias in traditional regression analyses [28, 29••]. One such analytical tool to 

address these limitations is weighted quantile sum (WQS) regression [28, 30••, 31••], an 

approach that is particularly well suited to identify individual components of a mixture that 

are driving the association in the presence of multiple co-exposures [32•]. Across classes of 

exposure to EDCs, metals, and air pollutants, there is evidence that individual chemicals, 

as well as their mixtures, have been associated with adverse childhood health including 

asthma and neurodevelopmental outcomes [33, 34]. As methods to evaluate complex and 

highly correlated chemicals evolve, utilizing mixtures approaches can adequately capture 

the multidimensional nature of these exposures, and thus shed light on how co-exposure 

to multiple chemicals contributes to child health outcomes. This is an improvement on 

traditional statistical approaches that historically have utilized a single chemical at a time 

approach.

In a pilot study [not yet published], we found high correlations between different EDCs 

measured from urine samples of school-aged children, predominantly of children with 

minority race and ethnicity [35]. Similar patterns of results were observed among other 

environmental exposure studies of chemical mixtures [29, 36–39,]. We utilized the WQS 

regression method to evaluate associations between phenols, parabens, PAHs (polycyclic 

aromatic hydrocarbons), and phthalates measured from stored urine samples in pregnancy 

and early childhood collected in 2016 to evaluate associations between chemical mixtures 

and asthma related outcomes. In short, WQS regression was used to test for a mixture effect 

of chemicals on the outcome while accommodating for a complex correlation pattern among 

the chemical components. When the WQS index is statistically significant it identifies 

important chemicals in a mixture of correlated environmental chemicals [32•]. Additional 

methods for assessing exposure to chemical mixtures are rapidly developing and include 

Bayesian kernel machine regression (BKMR), quantile-based G-computation (QGComp), 

principal component analysis (PCA) among others [29, 30••, 31••].

Results of Recent Studies

Triclosan and Paraben Exposures and Asthma-Related Health Outcomes

Triclosan is an artificial antimicrobial chemical and prior to its phase out in 2017, it was 

added to personal care products including toothpaste and hand soap [40, 41]. Thus, the 

primary exposure routes for humans are dermal and oral [42]. Triclosan is non-persistent 

and is typically excreted from the body in less than 24 h, though individuals that have 
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been exposed daily due to the episodic nature of exposure related behaviors (i.e., daily 

teeth brushing) may have low levels of constant exposure [43]. Exposure to triclosan is 

wide-spread with as much as 75% of the US population, including pregnant individuals, has 

detectable levels of triclosan in urine [44, 45].

We previously summarized epidemiologic findings of triclosan and paraben exposures and 

asthma/eczema risks in children from studies conducted between 2015 and 2019 [24••]. We 

observed associations with childhood levels of triclosan with asthma- and allergy-related 

outcomes in children but not prenatal levels, consistent with conclusions drawn from a more 

recent meta-analysis [46]. From the time of our last review, more recent work has reported 

that childhood levels of TCS were associated with elevated serum IgE levels in childhood, 

as well as subsequent diagnosis of asthma and atopic dermatitis [47]. In studies evaluating 

the impact of triclosan on asthma outcomes in children, urinary triclosan concentrations 

were associated with increased odds of asthma [48–50] and sex-specific effects in boys only 

[51], though these results were not consistently found in all studies [25, 52, 53,]. A review 

of the toxicology of triclosan highlighted antibiotic resistance, skin irritations, hormone 

homeostasis disruption, and increasing rates of allergic disease conditions as potential health 

risks associated with triclosan exposure [40]. Conversely, another review, including studies 

prior to 2009, of the health effects of triclosan exposure found no conclusive evidence of 

adverse health effects of triclosan exposure in children or adults [42]. However, in response 

to epidemiologic and toxicological reports, the Food and Drug Administration (FDA) of 

the USA issued a final ruling in 2016 that triclosan could no longer be used in over-the-

counter consumer antiseptic products as of September 2017 [54]. Triclosan has since been 

replaced with benzalkonium chloride (BAC), benzethonium chloride (BEC) or chloroxylenol 

(CX), in antibacterial products [31]. These compounds were originally developed for use 

in medications and had been deemed safe at product-specific levels, though the safety of 

these chemicals at elevated doses, as they exist in personal care products, has not yet been 

studied in humans, though animal models suggest they may be as toxic, if not more so than 

triclosan [55]. However, during the COVID-19 pandemic, exposure to triclosan increased 

due to the emphasis on hygiene and prevention of disease spread [56]. Although many of 

these studies were published after the FDA ruling, the urine samples analyzed for triclosan 

in these studies were collected prior to 2016 [57, 58•, 59•, 60]. According to NHANES 

data from 2005 to 2016, the average urinary triclosan levels were steadily decreasing before 

this ruling [61]. We were unable to identify any additional epidemiological studies in US 

populations conducted with urine samples collected after the 2016 government ruling.

Parabens are primarily used in pharmaceuticals, foods, cosmetics, and personal care 

products for their antimicrobial properties, with exposure generally occurring through 

dermal or oral absorption [62–64]. While parabens have short half-lives (~ 2–3 h), exposure 

is ubiquitous among adults and children in the USA [44]. However, biomonitoring studies 

reported differential urinary concentrations of parabens, such that median concentrations 

tend to be higher among women and those who identify as non-Hispanic Black [64, 

65]. In fact, one cohort study found a dose-response relationship between increasing 

urinary concentrations of parabens with frequency of personal care product use and 

subsequent biomarkers of exposure to be higher in women relative to men [66]. Prior 

observational studies have identified inconsistent associations between childhood paraben 
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exposure and allergic outcomes. For example, cross-sectional analyses identified a positive 

association between urinary methyl and propyl paraben concentrations with increased odds 

of aeroallergen sensitization and asthma in children [48], while other cohort studies report 

no associations between parabens with asthma, allergen sensitization, or other inflammatory 

biomarkers [51–53, 67•, 68]. However, these inconsistencies may be explained by child sex, 

where boys may be more susceptible compared to girls [26, 51, 53].

Additional Phenol Exposures and Asthma-Related Health Outcomes

Phenols are used in a variety of consumer products ranging from sunscreen 

(benzophenone-3, BP3) [69], deodorizers (2,5-dichlorophenol [2,5-DCP]) [70], preservatives 

(2.4-dichlorophenol [2,4-DCP]) [71], food packaging (Bisphenol A) [72], and as an 

antimicrobial in personal care products (triclosan, parabens) [44, 69, 73].

While these chemicals are considered to be non-persistent, exposure tends to be continual 

due to habitual use of phenol-containing products, and emerging evidence suggests they may 

deposit in human adipose tissue [74]. It is also important to mention that many phenols, 

such as BPA are being replaced with chemicals such as bisphenol S (BPS) and bisphenol F 

(BPF), and ongoing toxicology information is needed [75]. Cross-sectional analyses using 

NHANES data found urinary concentrations of BPF and BPS, replacement chemicals of 

BPA, are associated with asthma in participants aged 12 years and greater [76]. Previous 

reports suggest phenols may confer allergy and asthma-related risks in children as well as 

adults [24••]. Specifically, positive associations were observed between BPS and asthma 

among women, but not men [66]. Prior work suggests an inverse association between 

prenatal urinary concentrations of 2,5-DCP with eczema and allergy outcomes in boys only 

[25], while others report prenatal BPA to be associated with risk of childhood wheeze 

and asthma outcomes [77]. In particular, childhood BPA exposure in low-income, minority 

cohort, was associated with asthma morbidity in children where boys were at an increased 

odds of asthma symptom days and health care utilization due to asthma-related concerns 

compared to girls [78].

Polycyclic Aromatic Hydrocarbon and Phthalate Exposures and Asthma-Related Health 
Outcomes

Polycyclic aromatic hydrocarbons (PAHs) are the result of incomplete combustion of 

organic materials included fossil fuels (i.e., coal), wood, and tobacco, exposing individuals 

primarily through inhalation [79, 80]. Several studies reported that increased exposure to 

PAHs was associated with asthma outcomes in children [81–85], while others report null 

fundings [79, 80, 86]. Unlike the other chemicals evaluated here, women may be more 

susceptible to the adverse effects of PAHs than men, due to sex-specific differences in the 

metabolism of PAHs and resulting oxidative stress, though this has not been evaluated in 

children [87, 88].

Phthalates are plasticizers commonly used in medical supplies, food packaging, and personal 

care products [89, 90]. Individual phthalates have been previously identified with wheeze 

and asthma in children [9, 67, 91], though results are inconsistent across studies [9, 25•, 

67•, 91–93], with some reporting sex-specific effects where boys are more affected than 
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girls [25]. Phthalates are EDCs, and sex-specific immune responses to hormone disruption 

may explain the observed sex-specific differential effects, underlying pathways in asthma 

development in boys versus girls [94, 95]. Some studies did consider the combined effects 

of phthalates by considering the impact of phthalate specific chemical class mixtures on 

child respiratory outcomes [37, 96]. One study evaluated the impact of gestational phthalate 

mixtures with childhood asthma and wheeze outcomes and found that the adverse effects of 

phthalate mixtures on respiratory outcomes were only present in boys, but not within girls or 

within the entire study sample [37], and another found that childhood mixtures of phthalate 

metabolites was associated with wheeze and eczema in children aged 7 years [96].

Synthesis of Existing Evidence (Table 1)

Research Gaps and Future Directions—Given the influx and development of higher 

dimensional statistical techniques, there are increasing efforts to quantify simultaneous 

co-exposures to chemical mixtures. However, few efforts have been made to compare 

the composition of chemical mixtures across demographic characteristics including race/

ethnicity, socioeconomic position, and biological sex. It is standard in the literature to 

assess chemical concentrations by these factors; however, it has yet to catch on for the 

individual components of mixture analyses. Future work should include stratified analyses 

by child sex and race/ethnicity (as a proxy for racism). For instance, boys have been found 

to be at increased susceptibility to EDC exposure relative to girls due to anti-androgenic 

and estrogenic effects [97]. Stratification by race in future studies is necessary as current 

work suggests that Black children, specifically boys, are at increased risk of asthma and 

other allergy-related outcomes relative to EDC exposure [98]. Given that race is a social 

construct and not a biological variable, we speculate these differences can be attributed to 

structural racism leading to lack of access to healthy housing, segregation, and increased 

use of personal care products marketed to promote Eurocentric beauty standards [99]. 

For example, an intervention study found that children and their families who moved to 

neighborhoods with lower rates of poverty showed reduced childhood asthma morbidity, 

suggesting that housing discrimination can exacerbate asthma symptoms [100]. As such, it is 

crucial for researchers to assess chemical mixture compositions across demographic factors 

as they identify strategies to minimize and mitigate exposure to EDCs, particularly among 

populations vulnerable to exposure.

Conclusions

We reviewed existing evidence for the association of chemical mixtures or individual urinary 

metabolites of phenol, paraben, polycyclic aromatic hydrocarbons, and phthalate analytes 

with asthma- and allergy-related health outcomes in children. Among studies that pool all 

children, there is inconsistent evidence in support of associations between chemical mixtures 

with asthma and allergy outcomes; however, in studies that included stratified analyses, 

results suggest that age and biological sex may modify associations between these chemical 

mixtures and asthma and allergy outcomes. Although Black and Hispanic children are at a 

higher risk for asthma morbidity, many studies lack the power to detect differences by race 

and/or ethnicity given the small number of minorities included in their studies. Future work 

should evaluate the ongoing impact of chemical mixtures on asthma- and allergy-related 
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health outcomes in minority children, and the impact of environmental interventions on 

reducing asthma-related outcomes in children over time.
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