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Abstract 

Background:  Dysregulation of thymic stromal lymphopoietin (TSLP) expressions is linked to asthma and allergic dis‑
ease. Exposure to phthalate esters, a widely used plasticizer, is associated with respiratory and allergic morbidity. Dibu‑
tyl phthalate (DBP) causes TSLP upregulation in the skin. In addition, phthalate exposure is associated with changes in 
environmentally induced DNA methylation, which might cause phenotypic heterogeneity. This study examined the 
DNA methylation of the TSLP gene to determine the potential mechanism between phthalate exposure and allergic 
diseases.

Results:  Among all evaluated, only benzyl butyl phthalate (BBzP) in the settled dusts were negatively correlated with 
the methylation levels of TSLP and positively associated with children’s respiratory symptoms. The results revealed that 
every unit increase in BBzP concentration in the settled dust was associated with a 1.75% decrease in the methyla‑
tion level on upstream 775 bp from the transcription start site (TSS) of TSLP (β =  − 1.75, p = 0.015) after adjustment 
for child’s sex, age, BMI, parents’ smoking status, allergic history, and education levels, PM2.5, formaldehyde, tempera‑
ture; and relative humidity. Moreover, every percentage increase in the methylation level was associated with a 20% 
decrease in the risk of morning respiratory symptoms in the children (OR 0.80, 95% CI 0.65–0.99).

Conclusions:  Exposure to BBzP in settled dust might increase children’s respiratory symptoms in the morning 
through decreasing TSLP methylation. Therefore, the exposure to BBzP should be reduced especially for the children 
already having allergic diseases.
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Background
An allergy is a complex and multifactorial condition 
characterized by the hypersensitivity of the immune sys-
tem to any substance in the environment, such as dust 
mites, pollen, and fungal spores. The potential mecha-
nisms of allergies are not yet completely understood, but 
genetics and biological pollutants are major risk factors 
for the development and exacerbation of allergic diseases 

[1–4]. In addition, exposure to chemicals in indoor envi-
ronments is associated with allergic sensitization of the 
respiratory tract, manifesting in conditions such as rhi-
nitis and asthma [5–9]. The overall increase in the variety 
and use of chemical pollutants since the industrial era, 
especially phthalates that are released from soft polyvinyl 
chloride materials, is a critical risk factor for the preva-
lence of allergic diseases in modern society [10–13].

Phthalates are widely used as stabilizers and plasticizers 
in common consumer products [14], such as raincoats, 
footwear, food packaging, personal care products, medi-
cal equipment, toys, insecticides, and building materi-
als [15]. The annual global production of phthalates is 
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estimated to be 8.4 million tons [16, 17]. Phthalates are 
ubiquitous in indoor air, dust, water, and food owing to 
their weak intermolecular forces [18]; therefore, peo-
ple are commonly exposed to phthalates through diet, 
inhalation, and dermal contact [12, 13, 19, 20]. Xu et al. 
(2009) built a model to predict di-2-ethylhexyl phthalate 
(DEHP) emissions and potential exposures and demon-
strated that phthalate exposure in childhood was higher 
than that in adults from not only food ingestion but also 
inhalation and dermal contact [21]. In effect, a study used 
the children sampled for the German Environmental Sur-
vey on children (GerES IV) (n = 254) and a non-occupa-
tionally exposed German population for adults (n = 85) 
[22, 23]. The studies of Koch (2006) [24] evaluated 
the urinary phthalate concentrations of children aged 
3–14  years, German population aged 7–63  years and 
compared the exposure level with reference dose (RfD). 
They detected the phthalate metabolites in the urine and 
observed that DEHP intake was higher in children than 
in adults. The median of DEHP daily intake is 7.7 μg/kg 
body weight/day for children and 5.6 μg/kg body weight/
day for adults. Among those 254 children analyzed, there 
was 10% (26/254  *  100%) of children assessed exceeded 
the RfD of the US EPA, and the DEHP exposure in some 
children was even up to 20 times higher than RfD [24]. 
An exposure assessment also resulted in higher inter-
nal exposure values via human biomonitoring data than 
ambient concentration, especially in children [25]. More-
over, phthalate exposure may adversely affect childhood 
development [26–34]. Indoor phthalate exposure has 
been shown to influence the pathogenesis of allergic dis-
eases [10–13]. Additionally, a dose–response relation-
ship was observed between phthalates in settled dust 
and wheezing in preschool children [10, 35, 36]. Instead 
of acting as allergens, phthalates promote and aggravate 
allergic diseases by functioning as an adjuvant to disrupt 
the immune system [37–42]. Studies have reported that 
exposure to phthalates can influence gene expression and 
cell function. A Taiwanese study reported that the higher 
mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) 
concentration found in superoxide dismutase 2 TT geno-
types was more correlated to asthma than was CC types 
and it suggested that genetic variants might modify the 
association between phthalate exposure and asthma [43].

Gene function and expression are modulated by genetic 
and epigenetic factors. The term epigenetics describes 
the complex gene–environmental interactions that are 
associated with disease development and cell differentia-
tion [44–46]. DNA methylation is an epigenetic mecha-
nism in which methyl groups are added to the cytosine 
of cytosine–phosphate–guanine sites (CpG sites), which 
alter the activity of the DNA segment without chang-
ing the DNA sequence. Moreover, DNA methylation is 

a product of gene-environment interactions, which pro-
vides a stable and reversible reaction of gene silence [47, 
48]. Changes in DNA methylation levels mediate the 
associations of environmental exposures with asthma 
and allergy [49–52]. Some cross-sectional studies using 
the Isle of Wight birth cohort have concluded that lep-
tin (LEP) and interleukin-4 Receptor (IL4R) methylation 
are both negatively correlated with asthma and that the 
interaction between DNA methylation and single nucleo-
tide polymorphism (SNP) might influence lung function 
[53–56]. Numerous reports have indicated that early 
life phthalate exposure may modify DNA methylation, 
thereby mediating health outcomes [50, 51, 57–62]. The 
Childhood Environment and Allergic Diseases Study 
from Taiwan suggested that higher urine phthalate lev-
els were related to lower tumor necrosis factor-α (TNF-α) 
methylation levels, potentially exacerbating asthma [51].

The immune system plays a vital role in the worsening 
of pathologic allergic diseases. Depending on the innate 
immune response–activating capacity, dendritic cells and 
naïve T cells can differentiate into T-helper (TH1-, TH2-, 
TH9-, TH17-, or TH22-type) memory and effector cells 
[63–65]. During an allergic response, naïve T cell acti-
vation induces the expression of TH1 and TH2 subtypes, 
leading to the production of inflammatory cytokines. The 
shift in TH1/TH2 homeostasis toward the TH2 phenotype 
contributes to the inflammation of allergic diseases and 
related symptoms [66]. Thymic stromal lymphopoietin 
(TSLP) is crucial for the maturation of antigen-present-
ing cells (APCs) and for skewing the T-helper immune 
response toward the TH2 phenotype, which is typical of 
allergic inflammation; TSLP can be released on allergen 
stimulation [67, 68]. TSLP is an interleukin (IL)-7–like 
cytokine that enhances a TH2 cell-polarizing signal and 
OX40 ligand, which provide a microenvironment to trig-
ger dendritic cell–mediated TH2 inflammatory responses 
[67, 68]. Thus, TSLP is essential in inducing the differen-
tiation of naïve T cells into TH2 cells in the pathogenesis 
of allergic diseases. Furthermore, in an animal study, con-
tact hypersensitivity was inducted using hapten fluores-
cein isothiocyanate (FITC), demonstrating that exposure 
to FITC, in combination with dibutyl phthalate (DBP) 
compared with FTIC alone, can upregulate the TSLP 
protein, suggesting that the TSLP protein is an endog-
enous mediator of the adjuvant effect of DBP [69]. How-
ever, whether a phthalate exposure–induced imbalance of 
the TH1–TH2 pathway is associated with the regulation of 
DNA methylation is unclear. Thus, this study investigated 
the relationship of phthalates exposure, including phtha-
lates in the settled dusts and phthalate metabolites in the 
urine, with changes in methylation levels of TSS on TSLP 
promoter sites. Based on the results, the present study 
also attempted to clarify the underlying effects between 
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phthalate exposure and childhood allergic diseases with 
regard to epigenetics.

Results
The study participants were 7.05 ± 1.19  years old and 
had an average body mass index of 16.26 ± 2.08; 56 par-
ticipants were boys, and 34 participants were girls. The 
parents of most participants (87.8%) did not smoke. 
More than half of the participants were diagnosed as hav-
ing allergic diseases by pediatricians, and nearly 41% of 
them experienced respiratory symptoms on waking up 
(Table 1).

Table 2 presents the profiles of phthalate exposure and 
DNA methylation. Among the parental compounds of 
phthalates in settled dusts, DEHP had the highest con-
centration, followed by DBP and benzyl butyl phthalate 
(BBzP). Among urine metabolites, monobutyl phtha-
late (MBP) had the highest concentration, followed 
by MEHHP and mono-(2-ethyl-5-oxohexyl) phthalate 
(MEOHP). Regarding the median serum levels of the 

eight cytokines measured, the levels of inflammatory-
related cytokines (interleukin-6 (IL-6), interleukin-8 
(IL-8), and TNF-α) were the highest, followed by those 
of TH2 pathway-related cytokines (interleukin-4 (IL-4), 
interleukin-5 (IL-5), and interleukin-13 (IL-13)) and TH1 
pathway-related cytokines (interleukin-12 (IL-12) and 
Interferon-γ (IFN-γ)). The median TSLP methylation 
percentage was 17%.

The TSLP methylation level was associated with mes-
senger RNA (mRNA) levels (Additional file 1: Figure S1, 
r =  − 0.553, p = 0.01).

Figure  1 shows the correlation between phthalate 
exposure in settle dust and the methylation levels of the 
upstream 775 bp from the TSS on TSLP promoter sites 
in buffy coat. The DNA methylation level was signifi-
cantly and negatively correlated with BBzP concentra-
tion (Fig.  1a, r =  − 0.293, p = 0.03) but not significantly 
correlation with DEHP and DBP (Fig.  1b, c, p > 0.05 for 
both). The association of DNA methylation with diethyl 
phthalate (DEP) and dimethyl phthalate (DMP) was not 
analyzed because 84% and 70% samples of DEP and DMP, 
respectively, were unquantifiable (Table  2). The rela-
tionships between DNA methylation levels of phthalate 
metabolites in urine are illustrated revealed in Fig. 2. The 
TSLP methylation level was significantly associated with 
only monoethyl phthalate (MEP) concentration (Fig. 2b, 
r = 0.293, p = 0.005).

Generalized linear regression was used to evaluate the 
effect of BBzP and MEP on TSLP methylation levels with 
the adjustment of confounders. A significantly negative 
association was observed between BBzP in settled dust 
and TSLP methylation levels (Table 3).

An increase in BBzP concentration in settled dust 
by one unit led to a 1.75% decrease in TSLP methyla-
tion levels after adjustment for confounders (β =  − 1.75, 
p = 0.015). However, TSLP gene methylation was posi-
tively associated with urine MEP concentration (β = 0.97, 
p = 0.006). Furthermore, children with morning respira-
tory symptoms had significantly lower TSLP methylation 
levels than those without such symptoms (14% vs. 18%, 
p = 0.021) (Fig. 3). Logistic regression analyses indicated 
that a 1% increase in methylation levels was associated 
with a 20% decrease in the risk of morning respiratory 
symptoms (odds ratio (OR) = 0.80, 95% CI 0.65–0.99; 
Table 4).

Discussion
Our findings indicated that higher BBzP exposure is 
associated with lower TSLP methylation levels (Fig. 1 and 
Table 3). Epidemiological and experimental studies have 
demonstrated the significant associations between phtha-
late concentration in indoor dust and allergic diseases 
[10, 12, 13, 35, 36, 70, 71]. Our previous study revealed 

Table 1  Descriptive characteristics of subjects

N %

Age (Mean ± SD) 7.05 ± 1.19

BMI (Mean ± SD) 16.26 ± 2.08

Sex

Female 34 37.8

Male 56 62.2

With breastfeed 52 57.8

Parental smoking status

Yes 11 12.2

No 79 87.8

Parental education level higher than college

Mother 49 44.4

Father 52 57.8

Parental income higher than 40,000 NT dollars

Mother 17 18.9

Father 50 55.6

Family history of allergic disease

Mother 26 28.9

Father 29 32.2

Physician‐diagnosed allergic disease

Yes 52 57.8

No 38 42.2

Parents‐reported symptoms during the week of 
household investigation

Respiratory symptoms

During sleeping 16 17.8

While getting up 37 41.1

During daytime 25 27.8

Eye‐related symptoms 24 26.7
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that children with asthma had significantly higher lev-
els of BBzP than those without asthma [12]. Moreover, 
phthalate exposure was found to alter the balance of TH1/
TH2 cytokines to TH2 responses. An in  vivo study indi-
cated that phthalate in combination with FITC may trig-
ger TSLP production and that phthalate increased both 
NF-κB signaling pathway activation and TSLP expression 
[43]. In our study, we observed a correlation between 
TSLP methylation levels and BBzP but not monobenzyl 
phthalate (MBzP). An epidemiological study revealed 
that the correlation between BBzP and MBzP was not 
strong (r = 0.24 and 0.21) [12, 72] and that respiratory 
allergic diseases were more strongly correlated with BBzP 

in dust than MBzP in urine [10, 12, 71]. Our results are 
consistent with these findings. Our findings supported 
that BBzP in settled dust is indicative of the phtha-
lates that are inhaled and irritate the immune system to 
induce an allergic response. This study also found a posi-
tive correlation between TSLP methylation and MEP in 
urine, which was inconsistent with our assumptions that 
phthalate exposure may result in the hypomethylation of 
TSLP and thereby induces allergic diseases. The negative 
relationship between expression of TSLP and respira-
tory symptoms/allergic diseases has been established in 
our and previous studies [73–76]. However, the impact 
of MEP on allergic diseases have not been confirmed. 

Table 2  Concentration of PAEs, DNA methylation, and RNA levels

*  Samples with levels within the concentration range of calibration curve
Δ  The number of samples with quantifiable concentrations (i.e., within the calibration range)
#  The parental compounds of phthalates were analysis from settle dust samples
¥  The metabolism of phthalates were analysis from urine samples
†  Cytokine were analysis from serum samples
¶  Percent of reference/housekeeping genes (Actin Beta (ACTB))

N (total) Positive detection*

NΔ Median (range)

Parental compounds of phthalates (μg/g dust)#

DMP 87 11 2.43 (1.98–18.87)

DEP 87 16 3.08 (2.12–8.93)

DBP 78 78 18.61 (5.26–159.75)

BBzP 84 55 6.11 (1.94–48.53)

DEHP 85 85 909.03 (78.98–2769.2)

Metabolism of phthalates (μg/g Cr)¥

MMP 90 90 6.64 (1.11–188.64)

MEP 90 90 15.60 (2.29–540.08)

MBP 90 90 52.76 (17.28–445.56)

MBzP 90 90 5.31 (0.97–217.16)

MEHP 90 90 10.11 (1.79–361.44)

MEHHP 90 90 45.12 (10.17–2276.0)

MEOHP 90 90 42.62 (10.21–1769.9)

Cytokine (pg/ml)†

IL-4 90 11 1.77 (1.14–12.44)

IL-5 90 47 1.51 (1.03–3.88)

IL-6 90 20 1.78 (1.15–9.78)

IL-8 90 81 2.12 (1.10–7.90)

IL-12 90 12 1.51 (1.11–8.52)

IL-13 90 16 1.92 (1.16–11.09)

IFN-r 90 44 1.56 (1.02–24.99)

TNF-α 90 39 1.72 (1.12–4.01)

DNA methylation percentage of TSLP promoter (%)

Position − 775 90 90 17 (7–27)

mRNA expression level¶

TSLP 90 18 9.71 (0.08–1931.49)
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A longitudinal study also found a negative correlation 
between urinary MEP and allergic rhinitis and posi-
tive correlation between urinary MEP and asthma [77]. 
In addition, our and the study of Callesen  [78] showed 
no significant relationship between MEP and respiratory 
symptoms/allergic diseases. Therefore, we inferred that 
the exposure of MEP could not induce allergic symptoms 
through the changes in the methylation levels of TSLP. 
The positive correlation between MEP and TSLP meth-
ylation levels might be because another factors that asso-
ciated with both of MEP and TSLP rather than the direct 
effect of MEP on TSLP. Further researches are needed to 
address the correlation between MEP and allergic disease 
and the potential mechanism between MEP and TSLP 
methylation.

In this study, lower TSLP methylation levels were found 
in children with morning respiratory symptoms (Fig.  3 
and Table 4). Our results also revealed a negative corre-
lation between TSLP methylation level and TSLP gene 
expression (Additional file  1: Figure S1), indicating that 
a decline in TSLP methylation level upregulates TSLP 
gene expression, thereby increasing the risk of morn-
ing respiratory symptoms. The results of previous stud-
ies agree with our findings [49, 79–83]. Increased TSLP 
expression, caused by decreased TSLP methylation level, 
has been linked to the occurrence and exacerbation of 
atopic diseases such as atopic dermatitis, asthma, and 
allergic rhinoconjunctivitis [49, 79–83]. Allergic diseases 
occur due to a complex process of allergen-specific TH2 
cell activation by APCs followed by cytokine production 
[84–87]. For example, a study using an animal model of 

Fig. 1  The correlation between parental compounds of phthalate in the settle dust and TSLP DNA methylation level in buffy coat. *p < 0.05, by 
Spearman correlation coefficient
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atopic dermatitis revealed that increased TSLP expres-
sion directly stimulated Group 2 Innate Lymphoid Cells 
(ILC2s), which are key regulators and effectors in type 
2 immunity, and enhanced the production of interleu-
kin-33 (IL-33) and interleukin-25 (IL-25) [68, 88, 89]. 
Moreover, increased TSLP expression may mediate 
immunopathology by enhancing OX-40 and TH2 sign-
aling and causing them to produce TH2 subtype and 
inflammatory cytokines [90–93]. This mechanism is 
supported by our finding that TSLP methylation lev-
els were negatively correlated not only with the TSLP 
expression and the occurrence of respiratory symptoms 
in the morning but also the production of TNF-α that is 

Fig. 2  The correlation between phthalate metabolites in the urine and TSLP methylation levels in buffy coat. *p < 0.05, by Spearman correlation 
coefficient

Table 3  The association of Phthalate exposure and TSLP 
methylation level

a  Generalized linear model, *p < 0.05
b  The model was adjusted for gender, age, BMI, PM2.5, formaldehyde, 
temperature and relative humidity, parents smoking status, allergic history, and 
education levels

N β (SE)a 95% CI

Crude model

BBzP in settled dust§ 55  − 1.49 (0.76)  − 2.989, − 0.004

MEP in urine§ 90 0.98 (0.31)* 0.376, 1.59

Final model b

BBzP in settled dust§ 55  − 1.75 (0.72)*  − 3.162, − 0.337

MEP in urine§ 81 0.97 (0.35)* 0.274, 1.657
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inflammatory-related cytokine (Additional file  1: Figure 
S3a). Moreover, a slightly positive correlation between 
TSLP mRNA expression and TNF-α concentration was 
observed (Additional file 1: Figure S3b).

Overall, this study demonstrated that the exposure to 
the higher BBzP levels in settled dusts was related to the 
decline in TSLP methylation, which could increase TSLP 
expression levels and thereby increases the risk of the 
presence of respiratory symptoms in the morning. Both 
epidemiological and experimental studies have shown 
the significant associations between the exposure to 
phthalate in indoor dusts and allergic diseases [10, 12, 35, 
36, 70, 71]. However, as our best knowledge, this is the 
first study to indicate the underlying mechanism between 
phthalate exposure and childhood allergy in term of DNA 
methylation of TSLP gene, which plays an important role 
in the mechanism of allergic disease.

Up to now, no study focus on the functionality of this 
specific methylation site in the control of TSLP gene 
expression. We observed a significant and negative cor-
relation between TSLP methylation levels and TSLP gene 
expression levels (Additional file  1: Figure S1) as well 
as between TSLP methylation levels and TSLP protein 

amounts (Additional file  1: Figure S2a), implying that 
the upstream 775 bp from the TSS of TSLP methylation 
might regulate TSLP expression and the occurrence of 
allergic symptoms (Additional file  1: Figure S2b). How-
ever, the mRNA levels were detected in only 18 samples 
in our study (Table 1). Tolerance for freeze–thaw events 
is also tissue-type dependent. Tissue storage at − 80  °C 
can preserve DNA and protein for many years, but RNA 
starts degrading at 5 years [94]. Thus, we used the Chi-
square test and Mann–Whitney U test to assess dif-
ferences in TSLP methylation levels and participant 
characteristics between 90 and 18 samples, and no sig-
nificant difference was noted.

This is the first study to indicate a potential mechanism 
between phthalate exposure and childhood allergy in 
terms of TSLP methylation. We observed upstream gene 
modification between phthalate exposure and allergic 
symptoms, which may be used to reduce the severity of 
allergic symptoms by altering TSLP methylation. In addi-
tion, we adjusted the effects of other air pollution levels 
on the changes of DNA methylation in the final model.

This study has some limitations. First, although this 
study identified the association of TSLP methylation with 
phthalate exposure and allergic symptoms, the cross-
sectional design precluded the determination of a causal 
relationship, which should be elucidated in future stud-
ies. Second, DNA was isolated from the buffy coat, a 
heterogeneous cell population that includes white blood 
cells and platelets. However, cells may be lysed during 
storage, which made us unable to consider the cell-type 
heterogeneity. Cell-type heterogeneity, which was cor-
related with age, was shown to affect DNA methylation 
[95]. Nevertheless, in our study, DNA methylation lev-
els of samples collected from children aged 3–12  years 
were similar. Additionally, the age effect was adjusted in 
the final model, removing concern for cellular hetero-
geneity. The third limitation is DNA degradation due to 
long-term storage. However, because the storage period 
for all samples was similar, we assumed that the amount 
of DNA degradation in all samples was similar. Moreover, 
the TSLP methylation levels of all samples were quanti-
fiable. Therefore, the correlation between TSLP meth-
ylation levels, phthalate exposure, and allergic symptoms 
would not be biased even if TSLP methylation levels were 
decreased.

Conclusions
Our results suggested that the higher BBzP exposure 
could decrease TSLP methylation levels, thereby increas-
ing the risk of morning respiratory symptoms. Our 
findings further the understanding of the etiology of 
phthalate-related early biologic effects and may guide 

Fig. 3  The difference between TSLP methylation level and presences 
of symptoms. *p < 0.05, by Mann–Whitney U test

Table 4  Effects of TSLP methylation level on respiratory 
symptoms

a  Logistic regression, *p < 0.05
b  The model was adjusted for gender, age, BMI, PM2.5, formaldehyde, 
temperature and relative humidity, parents smoking status, allergic history and 
education levels

N ORa (95% CI) p-value

Crude model 54 0.83 (0.71–0.97) 0.021*

Final modelb 52 0.80 (0.65–0.99) 0.036*
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new strategies for early prevention or treatment of child-
hood phthalate exposure.

Methods
Participants
The recruited participants were children (3–12  years 
old) of our follow-up study, the Dampness in Buildings 
and Health (DBH) study. All participants lived in Tainan 
City, Taiwan. The DBH study investigated the correlation 
between indoor environment and allergies in Southern 
Taiwan [12]. Briefly, for analysis, we randomly selected 
201 kindergartens and 259 daycare centers from 2005 
to 2006. The questionnaires for assessing the children’s 
allergy symptoms and diseases were sent to participants 
by 335 successfully contacted schools. We further invited 
the parents of the participants to collect the environmen-
tal data related to their homes in 2007–2008. Detailed 
information on participant recruitment can be found in 
the study of [12]. Clinical diagnosis by pediatricians and 
environmental investigation of homes was conducted in 
90 children. We used the equation below to calculate the 
power of our study.

where n is sample size; difference is difference from 
case and control; α2 is standard deviation; β is power; α

2
 

is 0.025. In our study, sample size is 90. The difference 
and standard deviation are referred to the study of Wang 
[49] that explored the association among environmental 
exposure, TSLP methylation and allergic disease. The dif-
ference of methylation level between allergic and non-
allergic disease was 5.31, and the standard deviation was 
8.77. Based on such information, the power of our study 
was 82%, which is greater than the standard of power 
(80%) for adequacy in most researches. This convention 
represents that the probability of the type II error and the 
type I error was 20% and 5%, respectively. The Institu-
tional Review Board of National Cheng Kung University 
Hospital approved this study (IRB NO: A-ER-105-375).

Phthalate measurement in settled dust and urine
Dust samples were collected from beds in the major and 
secondary activity rooms of children using hand-held 
vacuum cleaners (SC-608H, SANYO Electric, Taipei, 
Taiwan, or VC-SP550GN, Toshiba Electronics, Taipei, 
Taiwan). We used a special aluminum nozzle to pre-
vent contact with phthalate esters and collected dust in 
28 × 100-mm cellulose filters (Thimble Filters Grade 84; 
ADVANTEC, Tokyo Roshi Kaisha, Tokyo, Japan). Dust 
samples were sieved using a sterile 300-μm mesh screen 

n =

2α2

(

Zβ + Z α
2

)2

(difference)
2

to remove large particles and hairs. DMP, DEP, DBP, 
BBzP, and DEHP levels in settled dusts were measured 
using GC/MS with column HP 1C (25 m × 0.2 mm, Agi-
lent, Folsom, CA, USA). The method was modified from 
previous research [10]. Briefly, Fifty microgram dust sam-
ples were extracted with dichloromethane and shook 
ultrasonically for 30 min and the extracts were dried with 
nitrogen gas and reconstitution with dichloromethane. 
The detection limits of DMP, DEP, DBP, BBzP, and DEHP 
were 0.24, 0.16, 0.24, 0.15, and 0.26 mg/kg, respectively.

The first spot urine of the child on the morning of the 
date of the home investigation was collected by parents 
and stored in the freezer before our visit. Our urine 
containers were brown-glass and Teflon-lid bottles and 
were washed with methanol, hexane, and acetone. Urine 
samples were stored in ice and transported to the labo-
ratory. We then separated the supernatant into different 
containers to analyze creatinine and phthalate metabo-
lites. The urinary samples were extracted with acidic 
buffer by solid-phase extraction (SPE). Before extrac-
tion, the urinary sample were incubated with ammonium 
acetate and β -glucuronidase for 90  min. The levels of 
monomethyl phthalate (MMP), MEP, MBP, MBzP, and 
mono-2-ethylhexyl phthalate (MEHP), MEHHP, and 
MEOHP were measured by HPLC/MS/MS with column 
Mightysil RP-18 GP (L) (100 mm × 2.0 mm, 5 μm parti-
cle, Kanto Chemical Industries) and Mightysil RP-18 GP 
(5 mm × 2.0 mm, 5 μm particle, Kanto Chemical Indus-
tries) [96, 97].

The settled dust and urine samples were stored 
at − 20 °C until analysis. Detailed information on sample 
collection and analysis can be found in the study [12].

Clinical and blood sample collection
The children were brought by their parents to our medi-
cal center for clinical examinations to confirm their par-
ents’ reported health status. Pediatricians performed a 
physical examination. The standardized questionnaire 
was administered by pediatricians to examine, in detail, 
the severity of health outcomes, which were scored 
according to the reported frequency, type, areas, and size 
of observed symptoms. In addition, parents of partici-
pants documented the daily severity of respiratory symp-
toms over the past 7 days.

Blood samples were collected in vacutainers with 
spray-dried K2EDTA (purpletop) by the hospital staff at 
the time of clinical examination. Whole blood was sepa-
rated into serum and buffy coat through centrifugation 
and stored at − 80 °C until analysis. Serum samples were 
used to examine the total IgE level and TSLP protein 
levels. Details on sample collection and analysis can be 
found in the study of [12].
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Cytokine analysis
Eight TH1-, TH2-, and inflammatory-related cytokines, 
including IL-4, IL-5, IL-6, IL-8, IL-12, IL-13, IFN-r, and 
TNF-α, were measured using flow cytometry. We used 
the BD Cytometric Bead Array Human Soluble Protein 
Master Buffer Kit (Biosciences, San Diego, CA, USA), 
which offered a broad dynamic range of fluorescence 
detection to quantify multiple proteins simultaneously. 
The detection limits of IL-4, IL-5, IL-6, IL-8, IL-12, IL-13, 
IFN-r, and TNF-α were 1.4, 1.1, 1.6, 1.2, 0.6, 0.6, 1.8, and 
0.7  pg/mL, respectively. If concentrations of cytokines 
were lower than the detection limit, then half values of 
the lower detection limit were used. The samples were 
analyzed as per the instructions in the Human Soluble 
Protein Master Buffer Kit Instruction Manual.

DNA and RNA extraction
DNA was isolated and purified from the buffy coats with 
the Quick-DNA Universal Kit (Zymo Research, Irvine, 
CA, USA; Cat #D4069) according to the manufacturer’s 
protocols. In short, 100 μL of biofluid and cell buffer and 
10 μL of proteinase K were added to 100 μL of the sam-
ple. We then followed the steps mentioned in the Quick-
DNA Universal Kit Manual. Finally, the DNA elution 
buffer was added, and the sample was centrifuged for 
1 min at top speed to elute DNA.

Total RNA was extracted using NucleoZOL (Mach-
erey‐Nagel, Düren, Germany), which was modified from 
the traditional method. The protocol was performed 
according to the NucleoZOL RNA Isolation User Man-
ual. Briefly, we added 400 μL of NucleoZOL and 160 μL 
of sterile water mix to 100 μL of the sample. We then 
followed the steps specified in the NucleoZOL RNA Iso-
lation User Manual. Finally, 10 μL of sterile water was 
added to dissolve the pellets. The value was calculate to 
the percent of reference/housekeeping genes (Actin Beta 
(ACTB)) by 2−Δct.

NanoDrop 2000 was used to measure DNA and RNA 
quality to ensure that it is adequate for reverse transcrip-
tion. Reverse transcription was conducted using the 
GScript First-Strand Synthesis Kit (GeneDirex,, USA; 
Cat #MB 305-0050) and analyzed with a standard SYBR 
Green PCR protocol (StepOne™ Real-Time PCR System, 
Applied Biosystems, Carlsbad, CA, USA) to determine 
the gene expression level.

Sodium bisulfite conversion and pyrosequencing assay
To quantify cytosine methylation in individual CpG sites 
of the candidate methylation probes identified using the 
methylation array, the bisulfite conversion of DNA was 
treated with the EpiTect Fast DNA Bisulfite Kit (QIA-
GEN, Germany, Cat # 59824). This treatment converts 
cytosine residues, but not 5-methylcytosine residues, 

to uracil. The uracil was transferred to thymidine dur-
ing the subsequent PCR step. The sequence of TSLP 
was gained from UCSC Genome Browser on Human 
Dec. 2013 (GRCh38/hg38). According to the previous 
study, 8 CpG islands and 11 CpG sites on TSLP promoter 
in the upstream 2000  bp from the transcription start 
site of TSLP [81, 98] were chosen to design our prim-
ers using PyroMark Assay Design 2.0 (QIAGEN, Valen-
cia, CA, USA). However, to consider the SNP effect, 33 
CpG sites (25 on the CpG islands) that were published 
SNP sites in the promoter region were not used for our 
primer design. After performing PCR amplification using 
such primers and gel electrophoresis, only 1 CpG island 
and 1 CpG site (775 bp upstream from the transcription 
start site of TSLP) were amplified successfully. Briefly, 
bisulfite-treated DNA was amplified using the forward 
primer 5′- GTT TTT GGG AAG TTT TTA GGA GT-3′, 
biotinylated reverse primer 5′-biotin-ACT CTA ACT 
CCA ATT TAT CCC CTA CT-3′, and pyrosequenc-
ing sequencing primer 5′-GTG TGA GTT TTA GTA 
AAT GTT ATA-3′. Hot-start PCR was performed using 
the PyroMark PCR Kit (QIAGEN; Cat #978703). The 
PCR products were examined through gel electrophore-
sis. The biotin binding primers were combined with the 
streptavidin-coated beads to separate the PCR products 
into single strands. PyroMark Gold Q24 Reagents (QIA-
GEN, Cat #970802), which contained Enzyme Mixture, 
Substrate Mixture, dATPαS, dGTP, dCTP, and dTTP, 
were added into the QIAGEN cartridge. The target CpG 
sites were evaluated by converting the resulting programs 
to numerical values for peak heights. The percentage of 
methylation levels were analyzed with the PyroMark Q24 
instrument (QIAGEN).

Statistical analysis
Before statistical analyses, the concentration of phthalate 
parent compounds and metabolites were natural log-
transformed and we also excluded the sample that their 
phthalate concentrations are below the detection limit to 
reduce the confounding effects of ND data. Besides, only 
the phthalates having > 50% of positive detection rate 
were further analyzed for the relationship between TSLP 
methylation levels and the phthalate exposure. Spear-
man’s correlation coefficients were calculated to assess 
the correlation between phthalate concentration and the 
percentage of DNA methylation. The phthalates in set-
tled dust and urine that were significantly correlated with 
DNA methylation levels were analyzed using a general-
ized linear regression model with adjustments for child’s 
sex, age and BMI; parents’ smoking status, allergic his-
tory, and education levels; concentrations of PM2.5 and 
formaldehyde; temperature; and relative humidity. To 
understand the influence of DNA methylation levels on 
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allergic symptoms, the Mann–Whitney U test was first 
performed to assess the DNA methylation percentage 
between the symptom and no-symptom groups. Logistic 
regression analyses were then used to estimate the odds 
ratios and 95% confidence intervals of DNA methylation 
levels with respiratory symptoms after adjusting for the 
aforementioned confounders. All tests were two-sided 
with a 0.05 level of significance. All statistical analyses 
were performed using SPSS v17 (IBM, Armonk, NY, 
USA).
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