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ARTICLE INFO ABSTRACT

Handling Editor: Lesa Aylward Background: Few studies can be found on phthalate exposure in relation to childhood asthma and allergic
symptoms from Mainland China, where a persistent increase in prevalence of childhood asthma and allergic

I;z{::};ds disease has been observed.

Children Objectives: This study aimed to assess the exposure levels to phthalates and its relationship with asthmatic and
Phthalates allergic symptoms among children in Shanghai, which has the highest prevalence of childhood asthma in
Eczema Mainland China.

Allergic disease Methods: A follow-up study (2013-2014) of 434 children aged 5-10 years was conducted, based on the China,

Children, Homes, Health (CCHH) study (2011 —2012) in Shanghai, China. Information on asthmatic and allergic
symptoms (wheeze, rhinitis, and eczema) were collected using validated questionnaires. Ten phthalate meta-
bolites in morning urine samples were analyzed by high-performance liquid chromatography with triple
quadrupole tandem mass spectrometry (HPLC-MS/MS). Multivariable logistic regression was used to estimate
the associations between symptoms and urinary phthalate metabolites controlling for demographics, family
history of allergic diseases and other covariates.

Results: Nine out of 10 phthalate metabolites were detected in all subjects (average detection rate of 93.2%). By
multivariable logistic regression analyses, the 4th quartile of Mono-n-butyl phthalate (MnBP) (reference: 1st
quartile) had adjusted prevalence odds ratios (aPORs) and 95% confidence intervals (95%CIs) of
2.27(1.06-4.88), 2.14(1.02-4.46) and 2.98(1.19-7.50) for wheeze, rhinitis and eczema, respectively, while
those of Mono-isobutyl phthalate (MiBP) were 2.23(1.08-4.62) and 2.96(1.02-8.60) for rhinitis and eczema,
respectively. The highest quartile of mono-2-ethyl-5-hydroxyhexyl phthalate(MEHHP) and mono-2-ethyl-5-ox-
ohexyl phthalate(MEOHP) had aPORg and 95%CIs of 3.10(1.10-8.74) and 2.63(1.02-6.80) for eczema, re-
spectively. By summing up the 4 low molecular weight metabolites (24,LMWP) and all 9 metabolites (ZoTotal),
the highest quartiles of %,LMWP andXsTotal were significantly associated with all symptoms. In most of the
above associations, a significantly increasing trend from the 1st to the 4th quartile was observed. Subjects with 2
or 3 concomitant symptoms (reference: no symptoms) had significant positive associations with a higher level
(the 4th quartile) of phthalate metabolites.

Abbreviations: MMP, Mono-methyl phthalate; MEP, Mono-ethyl phthalate; MiBP, Mono-isobutyl phthalate; MnBP, Mono-n-butyl phthalate; MBzP, Mono-benzyl
phthalate; MCHP, Mono-cyclohexyl phthalate; MEHP, Mono-2-ethylhexyl phthalate; MECPP, Mono-2-ethyl-5-carboxypentyl phthalate; MEHHP,
Mono-2-ethyl-5-hydroxyhexyl phthalate; MEOHP, Mono-2-ethyl-5-oxohexyl phthalate; DMP, Dimethyl phthalate; DEP, Diethyl phthalate; DiBP, Di-isobutyl phtha-
late; DnBP, Di-n-butyl phthalate; BBzP, Butyl benzyl phthalate; DCHP, Dicyclohexyl phthalate; DEHP, Di-2-ethylhexyl phthalate; £,DEHP, Sum of MEHP, MEHHP,
MEOHP and MECPP; £,LMWP, Sum of low-molecular-weight phthalates (MMP, MEP, MiBP and MnBP); s HMWP, Sum of high-molecular weight phthalates (MEHP,
MEHHP, MEOHP, MECPP and MBzP); ¥gTotal, Sum of all 9 phthalate metabolites; PAEg, Phthalate esters; HPLC-MS/MS, High performance liquid chromatography
with triple quadrupole tandem mass spectrometry; LOD, Limit of detection; Cls, Confidence intervals

* Correspondence to: Z. Zhao, 130 Dong-An Road, Xuhui District, Shanghai, China.

** Correspondence to: C. Huang, 516 Jungong Road, Yangpu District, Shanghai, China.

E-mail addresses: huangc@usst.edu.cn (C. Huang), zhzhao@fudan.edu.cn (Z. Zhao).

https://doi.org/10.1016/j.envint.2018.08.043
Received 2 May 2018; Received in revised form 17 August 2018; Accepted 17 August 2018
0160-4120/ © 2018 Published by Elsevier Ltd.


http://www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2018.08.043
https://doi.org/10.1016/j.envint.2018.08.043
mailto:huangc@usst.edu.cn
mailto:zhzhao@fudan.edu.cn
https://doi.org/10.1016/j.envint.2018.08.043
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2018.08.043&domain=pdf

W. Shi et al.

Environment International 121 (2018) 276-286

Conclusions: Low MW metabolites such as MnBP and MiBP, high MW DEHP and the total amount of phthalate
metabolites might have adverse health effects on asthma and allergic symptoms in Chinese children.

1. Introduction

The prevalence of asthma and allergic diseases has been rapidly
increasing among young children in China (Huang et al., 2015; Pearce
et al., 2007; Yangzong et al., 2012; Zhang et al., 2013). Among other
cities, Shanghai has been ranked in top place in the prevalence of
childhood asthma within the last three decades. In 1990, the prevalence
of diagnosed asthma was 1.50% among children aged 0-14 years (yrs)
in Shanghai. In 2000, it increased to 3.34%, and in 2010, it increased to
5.73% (Chen, 2004; Chen, 2013). Among others, preschool children
aged 3-6yrs had the highest prevalence of diagnosed asthma in
Shanghai.

Exposure to environmental risk factors is considered as a pre-
dominant contributor to the increase in childhood asthma prevalence
and morbidity (Burbank et al., 2017; Deng et al., 2016; Mendell, 2007).
Phthalate esters (PAEs), a family of synthetic chemicals widely used in
commercial products as plasticizers, have been implicated as one of the
potential chemicals affecting asthma and allergic disorders in children
(Jaakkola and Knight, 2008). Although exposure to PAEs can occur
through different pathways including ingestion, inhalation and skin
contact (Braun et al., 2013; Wittassek et al., 2011), measuring the ur-
inary levels of PAE metabolites was considered as a feasible and ob-
jective method in evaluating the total exposure levels to PAEs (Guo
et al., 2011).

Based on the measurements of urinary levels, positive reports on the
associations between PAE metabolites and childhood asthmatic and
allergic disorders or symptoms have been published in recent years, in
Norway (Bertelsen et al., 2013), Spain (Gascon et al., 2015), Belgium
(Franken et al., 2017), Taiwan (Hsu et al., 2012; Ku et al., 2015; Wang
et al., 2014) and America (Whyatt et al., 2014). On the other hand,
negative or non-significant results have also been reported on the as-
sociations between urinary metabolites of PAEs and childhood asthma
and allergic sensitization, including studies of children aged 3-5 yrs in
Denmark (Beko et al., 2015; Callesen et al., 2014a) and children aged
6-17 yrs in America (Hoppin et al., 2004).

To our knowledge, no data have been reported on the urinary
phthalate exposure in relation to childhood asthmatic and allergic
symptoms in Mainland China. On the other hand, some recent studies
reported certain phthalate metabolites, including Mono-n-butyl phtha-
late (MnBP) (95.7 pug/L vs.76.9 ug/L) and Mono-2-ethylhexyl phthalate
(MEHP) (12.3pg/L vs.2.7pug/L) (Wu et al, 2017), Mono-methyl
phthalate (MMP) (7.9 ug/L vs. 4.9 ug/L) (Wang et al., 2015) was at
higher urinary levels in Chinese children (aged 5-7 yrs and 8-11 yrs)
than those in Sweden (aged 6-11 yrs) (Larsson et al., 2014) and Ger-
many (aged 5-9yrs) (Kasper-Sonnenberg et al., 2012). Furthermore,
compared with children living in rural areas, urban children had higher
levels (Wu et al., 2017).

The objectives of the current study were first to quantify and assess
the urine phthalate exposure levels in children who lived in Shanghai.
The second aim was to analyze the associations between asthma and
allergic symptoms and phthalate metabolite exposure levels. This study
will contribute by filling the knowledge gap regarding phthalate ex-
posure and health effects on asthma and allergic diseases in Chinese
children.

2. Material and methods
2.1. Study design and participants

This cross-sectional study collected health information via a
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questionnaire survey and analyzed PAE metabolite levels in morning
urine samples. The questionnaire survey was a 2-year follow-up survey
(2013-2014) based on the baseline questionnaire used in Shanghai
(N = 16,948) in 2011-2012 as part of the China, Children, Homes,
Health (CCHH) project in China (Hu et al., 2014; Huang et al., 2016). In
the follow-up survey, those who never moved to another home and
neither had their homes decorated nor renovated (neither the home
interior surface including wall/floor material was renovated/repainted
nor new large furniture was added) since the baseline survey were in-
vited to participate. After obtaining written informed consent from
parents, a questionnaire on asthma and allergic diseases or symptoms
was administered to parents and children's morning urine samples were
collected. A total of 454 children were invited and 434 children
(95.6%) finally participated in the questionnaire survey or contributed
urine samples. As in the baseline survey, the children in the follow-up
study were from 6 administrative districts in Shanghai — 4 urban dis-
tricts (Yang-Pu district, Hong-kou district, Jing-An district, and Zha-Bei
district) and 2 suburban ones (Feng-Xian district and Bao-Shan district)
(Hu et al., 2014; Huang et al., 2016). There was a smaller population
and less traffic in suburban areas than in urban areas, but no differences
in nationality or life habits. The average annual gross domestic product
of these two suburban areas (77 billion RMB) was lower than that in the
urban areas (85 billion RMB) in 2013. The study was approved by the
Ethical Committee of the School of Public Health, Fudan University
(International Registered Number: IRB00002408 & FWA 00002399).

2.2. Questionnaire

The questions on children's health were essentially the same as in
the baseline survey and were from the core questionnaire of the
International Study of Asthma and Allergies in Childhood (ISAAC).
Three symptoms were mainly assessed, “Have you ever had wheezing
during the past 12 months?”, “Have you ever had sneezing, runny or
stuffy nose without cold during the past 12 months?” and “Have you
ever had eczema during the past 12 months?” They were termed as
‘current wheezing,” ‘current rhinitis’ and ‘current eczema’ in this study.
In addition to each individual symptom of interest, the number of
concomitant symptoms were calculated (none, 1 symptom only, and
=2 symptoms) and applied to classify children into groups with dif-
ferent number of concomitant symptoms.

Demographic and socio-demographic information was collected
including gender, age, body mass index (BMI), family history of asthma
and allergic diseases, area of residence (urban or suburban district),
maternal education, breastfeeding time and annual household income.
To the above questions, the answer ‘yes’ was considered to be positive
and the answer ‘no’ was considered negative. The answer ‘I don't know’
was considered as missing data.

Information on children's home environment was collected both in
the questionnaire and by on-site inspection. The questions were de-
veloped based on the previous questionnaire used in the “Dampness in
Buildings and Health” study conducted in Sweden (Bornehag et al.,
2004) and the ALLHOME study conducted in Bulgaria (Naydenov et al.,
2008), and was adapted to the local Chinese setting (Zhang et al.,
2013). Information on building characteristics, indoor environment and
lifestyles was collected, as well as tobacco smoking at home (yes/no),
furry pets inside the home (yes/no), floor materials in children's bed-
rooms (wood/parquet or others), wall materials in children's bedrooms
(paint/wallpaper or tiles/lime), and visible moisture in the house (yes/
no).
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2.3. Urine sample collection and analyses

A total of 434 morning urine samples (each around 50 mL) were
successfully collected with the help of parents. First, they were col-
lected into clean glass containers and then stored at 4°C in a re-
frigerator until transferred into an amber glass bottle within 6 h. All the
glass containers were prewashed with acetonitrile and methanol.
Internal standards were added and samples were treated with glucur-
onidase before being transferred and frozen at —40°C in 2mL poly-
propylene tubes until analysis.

Ten phthalate metabolites including MMP, Mono-ethyl phthalate
(MEP), Mono-isobutyl phthalate (MiBP), MnBP, Mono-benzyl phthalate
(MBzP), Mono-cyclohexyl phthalate (MCHP), MEHP,
Mono-2-ethyl-5-carboxypentyl phthalate (MECPP), Mono-2-ethyl-
5-hydroxyhexyl phthalate (MEHHP) and Mono-2-ethyl-5-oxohexyl
phthalate (MEOHP) were analyzed in this study. The full list of 10
metabolites and their parent phthalates are shown in Table SI1.
Creatinine concentrations were analyzed to correct for urine dilution
(Wang et al., 2015). Creatinine was determined using a Roche Cobas
C501 biochemical analyzer (Roche Diagnostics, Basel, Switzerland).
Ten metabolites and corresponding isotopically labelled internal stan-
dards (*®c,MmP, !'*C,MEP, '3c,MiBP, !3C,MnBP, 3C,MBzP,
3c,MCHP, '*C,MEHP, '*C,MECPP, '*C,MEHHP, and '*C,MEOHP)
were purchased from Cambridge Isotope Laboratories (Andover, MA,
USA).

2.3.1. Sample glucuronidase pretreatment

A previously published method (Liu et al., 2012) was used as a re-
ference method to analyze the concentrations of urinary phthalate
metabolites. An aliquot (1.0 mL) of urine was spiked with 20 pL of stock
solution containing 500 pg/L of 10 mixed internal standard and then
acidified with 1 mL sodium acetic acid (pH 6.5). The mixture was in-
cubated with Escherichia coli B-glucuronidase (Sigma-Aldrich, St. Louis,
MO, USA) enzymes at 37 °C overnight on a shaking water bath for de-
conjugation. After enzymatic deconjugation, solid-phase extraction
(SPE) was applied to separate the phthalate metabolites from other
urinary components. The separation was performed by loading the
samples into Oasis HLB column (Waters, USA) which had been pre-
viously activated with 2 mL acetonitrile and 3 mL of aqueous sodium
phosphate (pH 2.0). After neutral or basic compounds were washed
with 2 mL methanoic acid (0.1 mol/L) and 1 mL pure water (high-per-
formance liquid chromatography [HPLC] level, CNW, Germany), the
SPE material was vacuumed for 30 min. The target phthalate metabo-
lites were eluted with 2 mL acetonitrile and 2 mL ethyl acetate. The
eluate was concentrated to dryness with weak nitrogen in a 37 °C water
bath and then dissolved to 200 pL with aqueous 50% (v/v) acetonitrile.

2.3.2. Instrumental analysis

HPLC coupled with triple quadrupole tandem mass spectrometry
(HPLC-MS/MS, Waters Corp., USA) was applied to measure the target
compounds. Five microliters of pretreated samples were injected onto a
Hypersil Gold Phenyl C18 column (1.9 pm, 100 mm X 2.1 mm; Thermo
Fisher, USA). The following solvents were used for liquid chromato-
graphic separation: 0.1% acetic acid in water (A) and 0.1% acetic acid in
acetonitrile (B). Solvent programming involved 0-7.8 min, 20-50% B;
7.8-9.0 min, 50-100% B; 10.5-10.51 min, 100-20% B. The total pro-
gramming time was 12 min. The column temperature was set to 30 °C.

Target compounds were analyzed under negative ion mode.
Nitrogen was used as the desolvation gas. The spray voltage was set to
2.2kV, and the capillary temperature was set to 350 °C. Multiple re-
action monitoring (MRM) mode was used. More specific settings of the
instrumental analyses are listed in Table S2.

Laboratory blank samples were prepared by mixing urine samples
obtained from eight anonymous healthy donors (total volume 1L).
After adding the activated carbon powder in a ratio of 1% to the mixed
urine, the mixture was stirred at 4 °C overnight, and then filtered to
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remove the activated carbon to obtain the blank samples.

2.3.3. Quality assurance

For each batch of 24 samples, 3 procedural blank samples and 6
matrix spiked samples at two different concentrations (10 ng/mL and
50 ng/mL) were processed. Substitution of certain materials that might
contain phthalates were made to eliminate phthalate contamination
from the laboratory environment. If a blank had > 5ng/mL of any
phthalate metabolite, all the analytical results for that day were re-
jected until the source of contamination was identified and eliminated.
The laboratory provided values for the phthalate congeners measured
in three blank cartridges analyzed along with morning urine samples.
MiBP, MnBP, MECPP, MEHP, and MBzP were detected in procedural
blanks, and the average blank values for these metabolites were 1.51,
1.22,2.03, 1.03, and 0.19 ng/mL, respectively. The final concentrations
of these compounds in samples were determined as their measured
levels minus the average blank values. The limit of detection (LOD) was
determined at the point when the measured levels were at least 3 times
higher than the average signal levels of all blank samples (Wang et al.,
2015). The SPE recoveries and relative standard deviations of target
phthalate metabolites ranged from 72.7% to 122.5% and from 1.5% to
9.1% at 10 ng/mL, and from 72.7% to 102.1% and from 2.2% to 16.0%
at 50 ng/mL, respectively. The mixture of isotopically-labelled internal
standards (**c,MMP, *C,MEP, '*C,MiBP, '*C,MnBP, '3C,MECPP,
13Cc,MEHHP, '°C,MEOHP, '°C,MBzP, '°C,MEHP, and '*C,MCHP;
Cambridge Isotope Laboratories) were added to each sample. The LOD
of phthalate metabolites ranged from 0.03 to 0.3 ng/mL. A new stan-
dard curve was made by 10 levels of standard samples varying from 0.2
to 500 ng/mL for each batch of measured samples. The R? value of the
linear regression for each calibration curve was above 0.990. Other
information regarding the quality control during the instrumental
analyses are presented in Table S3.

2.4. Statistical analyses

Among the 10 metabolites analyzed, 9 metabolites (MMP, MEP,
MiBP, MnBP, MBzP, MEHP, MEOHP, MECPP, and MEHHP) had average
high detection rates of 93.2% except for MBzP and MCHP with 51.2%
and 8.8%, respectively. MCHP was removed from the analyses due to
lack of enough representative samples. Among the 9 metabolites,
samples below the LOD were allocated half of the LOD value for sub-
sequent calculations (Beko et al., 2015; Liu et al., 2012). We used a
previously published method to create four groups of phthalate meta-
bolites (Liao et al., 2018; Wang et al., 2013): 1) £,DEHP (sum of MEHP,
MEHHP, MEOHP, and MECPP, all metabolites of DEHP), 2) %,LMWP
(sum of MMP, MEP, MiBP, and MnBP, all with molecular weight
[MW] < 250Da), 3) £5 HMWP (sum of MEHP, MEHHP, MEOHP,
MECPP, and MBzP, all with MW = 250 Da), and 4) X¢Total (sum of all 9
individual phthalate metabolites). The group concentrations were cal-
culated by converting the concentration (ug/L) of each member meta-
bolite to molar concentrations, then multiplied by the MW of a certain
representative metabolite and summing them. The MWs of re-
presentative metabolites were 278 Da, 222 Da, 278 Da, and 278 Da for
the 4 groups, respectively (Liao et al., 2018; Wang et al., 2013). The
levels of phthalate metabolites were presented with and without the
creatinine correction. The creatinine corrected levels of phthalate me-
tabolites were calculated as Pc = P/Cr, where Pc is the creatinine-cor-
rected phthalate metabolite concentration (ug/g Cr), P is the measured
phthalate metabolite concentration, and Cr is the creatinine con-
centration of the individual urine sample (Meeker et al., 2009).

Using the Kolmogorov-Smirnov test, the concentrations of phthalate
metabolites were found to follow a normal distribution after natural
logarithmic (In) transformation. First, the measurements of 9 phthalate
metabolites were described and summarized for all subjects as the
geometric mean (GM), Min-Max, and percentiles.

Second, the levels of phthalate metabolites were compared among
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subjects with or without each of the symptoms (by students' t-test) and
between groups with different numbers of concomitant symptoms (by
one-way analysis of variance). Dunnett's test was further used to com-
pare any two groups when statistical difference was found in the one-
way analysis of variance. Similarly, the levels of phthalate metabolites
were compared between different demographic and home environ-
mental factors. Spearman's rank correlation coefficients were applied to
analyze the correlations between any two metabolites out of the total 9
phthalate metabolites.

Third, we used a published method (covariate-adjusted standardi-
zation) to adjust for creatinine when investigating the associations
between urinary phthalate metabolites and asthmatic and allergic
symptoms (O'Brien et al., 2016). The covariate-adjusted standardization
was calculated as Crio = P/(Cr/ Cr), where C,, was the creatinine-
corrected phthalate metabolite concentration (ug/L), P was the mea-
sured phthalate metabolite concentration, and Cr and Cr denoted the
observed and fitted creatinine concentrations, respectively. The fitted
creatinine concentration was calculated as Cr = In(Cr) (O'Brien et al.,
2016). The associations were estimated by the prevalence odds ratios
(PORs) and 95% confidence intervals (CIs) and presented as both the
crude and adjusted prevalence ORs in multivariable logistic regression
models. By comparing with the prevalence of symptoms in the lowest
quartile of creatinine-corrected phthalate metabolites (by covariate-
adjusted standardization), the PORs were calculated in each of the
other 3 higher quartiles of phthalate metabolites. Potential confounders
were selected from those known or suspected of being associated with
asthma and allergic symptoms and phthalates (Bertelsen et al., 2013;
Callesen et al., 2014b; Whyatt et al., 2014). Variables were retained in
the models if they were significantly associated with the outcome
(symptoms) and/or their removal changed the coefficient of the ex-
posure (PAE metabolites) to the outcome relationship by > 10%
(Whyatt et al., 2014). The adjusted model covariates included age
(5~ < 7.5 vs. = 7.5-10yrs), gender (boys vs. girls), BMI (< 16.1
vs. = 16.1kg/m?), maternal education (< high school vs. = high
school), breastfeeding time (< 6 vs. =6 months), family smoking ex-
posure (yes vs. no), history of parental asthma (yes vs. no), residential
area (urban vs. suburban), annual household income (=< 200,000 RMB
vs. > 200,000 RMB), wall materials in children's bedrooms (paint/
wallpaper vs. tiles/lime) and floor materials in children's bedrooms
(wood/parquet vs. others). The trend test of PORs was also performed
by adding the ordinal quartiles of phthalate metabolites as continuous
variables in the multivariable logistic regression models controlling for
the same covariates. The interaction effects of sex strata and phthalate
metabolites on the association between urinary PAE metabolites and
asthmatic and allergic symptoms were also analyzed.

In all analyses, two-sided p-values equal to or < 0.05 were con-
sidered to be statistically significant. All statistical analyses were per-
formed using SPSS version 20.0 (IBM Corp., Chicago, USA).

3. Results
3.1. Participant characteristics

In total, 419 out of the 434 participating children completed both
the questionnaire and measurements of 9 urinary metabolites. Among
them, 215 were boys (51.3%) and 204 were girls (48.7%) (Table 1).
Most children (73%) were aged 5.0 to 7.5 yrs (min-max: 5-10 yrs). The
prevalences of wheeze, rhinitis, and eczema within the preceding
12 months were 35.1%, 54.2% and 19.1%, respectively. Compared with
the data obtained from the same subjects 2 years prior (the baseline
survey), the prevalence of rhinitis and eczema symptoms increased
while the prevalence of wheeze decreased slightly. In the baseline
survey, the 419 children had a relatively higher prevalence of wheeze
(P < 0.001), rhinitis (P < 0.001) and eczema (P < 0.001), compared
with all subjects of the same age (n = 15,026; 88.7% of the total 16,948
subjects).
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Table 1

Prevalence of wheeze, rhinitis and eczema symptoms in the preceding
12 months in the follow-up study and baseline survey as well as the distribution
of the different characteristics (N = 419).

Total n(%) Number and prevalence of symptoms [1(%)]

in the preceding 12 months

Wheeze Rhinitis Eczema
Subjects in this study 419 147(35.1) 227(54.2) 80(19.1)
(2013-2014)
Number of same subjects 419 161(38.4) 58(13.8) 61(14.6)
in the baseline
survey (2011-2012)
Subjects in the baseline 15,026 3229(21.5) 1803(12.0) 1923(12.8)
survey at the same
age level
(2011-2012)
Gender
Male 215(51.3)  79(36.7) 120(55.8) 40(18.6)
Female 204(48.7)  68(33.3) 107(52.5) 40(19.6)
Age (years)
5~ < 75 306(73.0) 117(38.2) 168(54.9) 63(20.6)
=7.5-10 113(27.0) 30(26.5) 59(52.2) 17(15.0)
BMI (kg/m?)
< mean (16.1) 247(58.9) 73(29.6) 117(47.4) 44(17.8)
=mean (16.1) 172(41.1) 59(34.3) 91(52.9) 31(18.0)
Breastfeeding time
> 6 months 176(42.0) 57(32.3) 92(52.3) 31(17.6)
<6 months 243(58.0) 90(37.0) 135(55.6) 49(20.2)
Maternal education
< High school 88(21.0) 28(31.8) 40(45.5) 7(8.0)
=High school 331(79.0) 111(33.5) 175(52.9) 68(20.5)
Residence area
Urban 242(57.8) 85(35.1) 138(57.0) 54(22.3)
Suburban 177(42.2) 62(35.0) 89(50.3) 26(14.7)
Annual household
income
<200,000 RMB 261(52.3) 80(30.7) 120(46.0) 42(16.1)
> 200,000 RMB 158(37.7) 54(34.2) 82(51.9) 31(19.6)
Family smoking
exposure
Yes 225(53.7) 81(36.0) 119(52.9) 49(21.8)
No 194(46.3) 54(27.8) 82(42.3) 23(11.9)
History of parental
asthma
Yes 37(8.8) 19(51.4) 26(70.3) 17(45.9)
No 382(91.2) 125(32.7) 198(51.8) 62(16.2)
Wall materials in
children's bedrooms
Paint/wallpaper 376(89.7) 127(33.8) 204(54.3) 73(19.4)
Tiles/lime 43(10.3) 12(27.9) 13(30.2) 5(11.6)
Floor materials in
children's bedrooms
Wood/parquet 353(84.2) 118(33.4) 184(52.1) 70(19.8)
Others 66(15.8) 24(36.4) 33(50.0) 8(12.1)

* P < 0.05 refers to the statistically significant differences in prevalence in
paired subgroups by demographic or personal characteristics.

** P < 0.001 refers to the statistically significant differences in prevalence
between baseline and follow-up studies.

In the present study, boys had a higher prevalence of wheeze (36.7%
vs. 33.3%, P = 0.465) and allergic rhinitis symptoms in the preceding
12 months (55.8% vs. 52.5%, P = 0.49) than girls. Children with maternal
education =high school (for eczema, P < 0.05), living in urban areas (for
rhinitis and eczema, P < 0.05), with family smoking exposure (for rhi-
nitis and eczema, P < 0.05) and history of parental asthma showed sig-
nificantly higher prevalence of allergic symptoms (P < 0.05). However,
we did not observe statistical significance between BMI, breastfeeding
time, annual household income, wall materials in children's bedrooms,
floor materials in children's bedrooms and prevalence of wheeze, rhinitis
and eczema (P > 0.05). More detailed information on the prevalence
distribution is presented in Table 1.
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Table 2
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Summary of the urinary levels of phthalate metabolites in children (with and without creatinine adjustment).

GM Min Percentile Max LOD (ng/mL) Detectable sample No. (%)
Pas Pso Pys Pos

PAEs metabolites (ng/mL)/(ug/g)”
MMP 6.9 < LOD 6.8 11.4 17.8 51.9 265.2 0.03 391(90.1)
Cr-adjusted 11.2 < LOD 10.7 18.1 30.9 83.8 733.2
MEP 11.2 < LOD 5.6 10.1 23.5 98.1 679.7 0.10 425(97.9)
Cr-adjusted 18.3 < 1LOD 9.2 17.7 34.1 158.2 708.0
MiBP 47.8 2.3 25.9 46.2 89.2 282.1 1166.4 0.05 434(100.0)
Cr-adjusted 77.9 3.7 39.8 79.5 144.0 411.9 3256.0
MnBP 65.4 3.0 32.7 58.1 133.1 447.8 1907.8 0.30 434(100.0)
Cr-adjusted 106.5 7.2 49.3 101.4 205.7 701.3 5487.0
MECPP 39.9 3.2 22.6 39.0 69.0 168.3 1955.2 0.03 434(100.0)
Cr-adjusted 64.9 11.1 40.3 60.3 96.4 259.3 2227.0
MEHHP 26.3 1.4 14.4 24.7 47.5 120.5 1715.3 0.10 434(100.0)
Cr-adjusted 42.8 3.9 24.7 41.1 69.5 175.5 1421.0
MEOHP 14.9 0.2 8.2 14.5 26.8 69.8 794.1 0.04 434(100.0)
Cr-adjusted 24.3 0.1 14.9 22.8 38.4 109.9 792.0
MEHP 4.7 0.2 2.7 4.5 8.1 22.0 372.9 0.05 434(100.0)
Cr-adjusted 7.7 0.8 4.2 7.1 12.4 42.8 894.0
MBzP 0.3 < LOD < LOD 0.2 0.8 4.4 72.9 0.20 222(51.2)
Cr-adjusted 0.5 < LOD < LOD 0.4 1.3 7.8 61.0
Four groups of phthalate metabolites
¥,DEHP 81.7 5.7 47.8 78.7 137.7 331.9 4515.7 - -
Cr-adjusted 132.3 20.5 79.1 124.5 195.9 563.1 5001.8 - -
,LMWP 160.6 11.1 84.8 147.9 283.0 879.4 2424.4 - -
Cr-adjusted 260.5 37.7 130.7 241.8 491.0 1254.4 8209.6 - -
XsHMWP 82.6 5.8 48.0 79.6 139.6 341.3 4517.0 - -
Cr-adjusted 133.8 20.6 79.7 127.4 196.3 565.8 5068.0 - -
YgTotal 301.2 19.7 170.3 279.5 484.6 1411.9 5111.1 - -
Cr-adjusted 488.8 71.5 273.6 456.3 802.6 2170.0 15,348.5 - -

LOD: limit of detection; Cr: creatinine.

2 The unit of ng/mL is for the concentration levels without creatinine adjustment while pug/g was for the concentration levels with creatinine adjustment.

3.2. Urinary phthalate metabolites

Of the 9 metabolites, 8 compounds (except MBzP detected in
51.2%) were detected in > 90% of samples (Table 2). Among them,
MnBP, MiBP, MEHHP, MECPP, MEOHP, and MEHP were detected in
100% of samples. The generally high detection rate indicated the po-
tentially wide exposure of children to these compounds.

Among the 9 phthalate metabolites, MnBP had the highest average
level (GM 106.5ng/g) followed by MiBP (GM 77.9 ug/g) and 3 sec-
ondary metabolites of DEHP — MECPP (64.9 ug/g), MEHHP (42.8 11g/g)
and MEOHP (24.3 ug/g). MEP (18.3ug/g), MMP (11.3 ug/g), MEHP
(7.7 ug/g), and MBzP (0.5ug/g) were at relatively lower levels. The
total levels of phthalate metabolites (9 compounds) were on average
722.5ug/g. Spearman's rank correlation analyses revealed a high cor-
relation between MnBP and MiBP (correlation coefficient 0.79,
P < 0.001) and the four metabolites of DEHP among each other
(MEHP, MECPP, MEOHP, and MEHHP, correlation coefficient > 0.75,
P < 0.001). Detailed information on the correlation analyses is shown
in Table S4 (Supplementary material).

Certain demographic and home environmental factors were uni-
variately associated with phthalate metabolite concentrations (Table
S5). Children with < 6 months of breastfeeding had significantly higher
levels of MiBP, MEHHP, MEOHP, MBzP, %,DEHP, and £sHMWP than
those breastfed for 6 months or more. Higher levels of MiBP and MBzP
were found in children living in urban areas and with maternal edu-
cation equal to or higher than high school level. We did not find sta-
tistical significance in other metabolites among different subgroups
(Table S5).

3.3. Associations between phthalate metabolites and symptoms

By univariate comparisons (Table 3), the urinary levels of phthalate
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metabolites (GM) including MiBP, MnBP, MBzP, ¥,LMWP and XgTotal
were statistically higher in children with positive reports of symptoms
of wheeze, rhinitis or eczema within the preceding 12 months. The 4
metabolites of DEHP were statistically higher in children with wheeze
or eczema, but not in those with rhinitis. Compared with children with
no symptoms or one symptom only, children with two or more symp-
toms had generally higher levels of phthalate metabolites for all com-
pounds (P < 0.05).

By multivariate logistic regression analyses (Table 4), compared
with the 1st quartile, the 4th quartile of MnBP, ¥,LMWP and XgTotal
were associated with wheezing with aPORg (95% ClIs) of 2.27
(1.06-4.88), 2.15 (1.01-4.62), and 2.25 (1.05-4.81), respectively. The
highest quartiles of MiBP, MnBP, MBzP, X,LMWP, and XgTotal were
associated with rhinitis symptoms with aPORg(95% CIs) of 2.23
(1.08-4.62), 2.14 (1.02-4.46), 2.46 (1.17-5.14), 2.28 (1.09-4.76), and
3.19 (1.49-6.82), respectively. The highest interquartile range (IQR) of
MiBP, MnBP, MEHHP, MEOHP, »,LMWP, and X¢Total was associated
with eczema with aPORg (95% CIs) of 2.96 (1.02-8.60), 2.98
(1.19-7.50), 3.10 (1.10-8.74), 2.63 (1.02-6.80), 4.30(1.42-13.01), and
4.66 (1.52-14.30), respectively.

The trend analyses showed that each increase in IQR of MiBP and
MnBP was associated with an increased prevalence of current rhinitis
(Pirena = 0.03, 0.04) and eczema (Pyeng = 0.01, 0.01), respectively. We
also observed a significant trend in the associations between MEHHP,
MEOHP and eczema among children (Pycnq = 0.02 and 0.04), respec-
tively. The trend for associations between ZgTotal and current rhinitis
and eczema was significant (both Pyeng < 0.01) (Table 4). There was no
statistical significance regarding the modification by sex for all phtha-
late metabolites on any symptom in children (all Piyeraction > 0.05)
(Table 4).

By grouping the subjects into 0, 1 and equal to 2 or > 2 concomitant
symptoms, significant positive associations were found between the 4th
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Table 3

The average levels (GM, creatinine-adjusted) of the urinary phthalate metabolites in subgroups with and without each symptom or with none, one and two/three

symptoms.
Metabolites Wheeze Rhinitis Eczema Any symptoms

Yes No Yes No Yes No None One Two/three

MMP 13.6 10.0 11.5 10.7 13.7 10.6 11.1 9.3 13.6
MEP 20.7 16.6 17.9 18.0 19.9 17.6 17.8 16.0 20.5
MiBP 89.6 72.6 87.6 68.5 99.5 74.1 72.2 69.4 97.6
MnBP 120.8 99.9 115.3 97.7 145.5 99.7 100.2 94.4 131.6
MEHHP 48.0 40.0 44.9 40.1 50.3 41.1 39.9 39.8 49.5
MECPP 72.5 60.8 67.7 61.3 71.9 63.2 60.5 61.8 73.3
MEOHP 28.1 22.3 25.9 22.3 28.8 23.2 21.9 22.7 28.8
MEHP 8.40 7.20 8.10 7.10 8.8 7.3 7.1 7.1 8.7
MBzP 0.60 0.50 0.60 0.40 0.8 0.5 0.5 0.4 0.8
%,4DEHP 159.6 133.6 149.6 134.1 162.9 138 133.1 134.5 163.1
24,LMWP 287.7 233.0 273.3 227.2 320.1 237.6 235 220.5 311.7
~sHMWP 161.1 134.9 150.9 135.6 165.1 139.2 134.6 135.4 164.9
YoTotal 481.5 392.9 455.6 386.2 518.8 403 389.8 387 508.1

GM: geometric mean;

The numbers with * represent the significant differences with or without the symptoms (t-test), or between the subgroup with one symptom, two or three con-

comitant symptoms (Dunnett's test).
* P < 0.5.
= P < 0.01.
= po< 0.001.

quartile of PAE metabolites (compared with the 1st quartile) and 2
or > 2 concomitant symptoms (Fig. 1) for MiBP, MnBP, MEHHP,
MEOHP, MBzP, 3,LMWP and XgTotal.

4. Discussion

In this study, low-MW phthalate metabolites such as MnBP and
MiBP found at higher levels in children's urine samples and were more
pronouncedly associated with an increased risk of asthmatic and al-
lergic symptoms, compared with other metabolites. High MW phthalate
metabolites such as MEHHP and MEOHP (metabolites of DEHP) were
associated with an increased risk of allergic rhinitis and eczema. The
sum of low-MW metabolites (2,LMWP) and the total level of 9 meta-
bolites (ZoTotal) showed significant associations with all symptoms in
children.

Research has been conducted on phthalate exposure and childhood
asthma and allergy in different countries, but the conclusions have not
been consistent (Callesen et al., 2014a; Franken et al., 2017; Wang
et al.,, 2014). Among children aged 3-8 years in Sweden, house dust
concentrations of DEHP were associated with physician-confirmed
asthma (Bornehag et al., 2004). Similar results about positive associa-
tions between house dust DEHP concentrations and childhood asthma
were reported in Bulgaria (Kolarik et al., 2008) and Japan (Ait et al.,
2014). In addition, a cross-sectional study conducted in Norway showed
that higher concentrations of urinary mono(carboxyoctyl) phthalate
(MCOP) and mono(carboxynonyl) phthalate (MCNP) were associated
with current asthma in 10-year-old children (Bertelsen et al., 2013).
Hsu et al. (2012) found that higher urinary MBzP levels were associated
with an increased risk of diagnosed asthma, and MEHP was associated
with allergic rhinitis. On the other hand, two birth cohort studies from
Spain (Gascon et al., 2015) and Taiwan (Wang et al., 2014) reported
that maternal exposure to DEHP was not associated with childhood
eczema. Callesen et al. (2014a) found no positive associations between
the urinary concentration of any phthalate metabolite and either
asthma or rhinitis; only a weak positive association was found between
a metabolite of DEP and atopic dermatitis in young children.

The present study was conducted in Shanghai which has the highest
prevalence of childhood asthma in Mainland China (Chen, 2013). The
urinary levels of phthalate metabolites were similar to the reported
levels in previous studies among children, in Shanghai and areas close

to Shanghai (Wang et al., 2015; Wang et al., 2013). Together with
another study in the Chinese general population (Guo et al., 2011), all
these studies showed that there were higher urinary levels of MiBP and
MnBP (Wang et al., 2015; Wang et al., 2013) in the Chinese population.
Other studies also showed that MnBP and MiBP were the dominant
phthalate metabolites in Chinese and German -children (Kasper-
Sonnenberg et al., 2012; Koch et al., 2011; Wang et al., 2015; Wang
et al., 2013), which were consistent with our findings. This exposure
pattern was consistent with the situation that China is one of the largest
producers and consumers of Di-n-butyl phthalate(DBP) and Di-isobutyl
phthalate(DiBP) in the world (Guo et al., 2011). Some other factors
related with the higher exposure levels of MiBP in our study included
shorter time of breastfeeding among children (e.g. less than six
months), children with maternal education over high school and living
in urban districts, compared to suburban/rural areas (Table S5).

In the present study, urinary MnBP and MiBP, representative of low-
MW phthalates, were significantly related to asthmatic and allergic
symptoms, according to parents' reports in the questionnaire. Another
low-MW metabolite, MEP, was significantly higher in the subgroup
having two or three allergic symptoms than that with none or one
symptom in this study. Low-MW phthalates function as plasticizers,
fixatives or solvents in personal care products, but may also be used in
plastic containers in small quantities (Overgaard et al., 2017). Liao
et al. (2018) found a significant association between higher urinary
level of MiBP and window frame plastic material compared to wood or
aluminum material in children's bedrooms. Evidence has shown that
use or exposure to personal care products can significantly increase the
level of DEP (Koch et al., 2013). Since DEP is added to cosmetic pro-
ducts, the frequent use of these cosmetics will lead to a higher internal
burden due to absorption through the skin. On the other hand, in-
halation may also be an important exposure pathway to low-MW me-
tabolites. According to Adibi et al. (2003), significant correlation was
found between personal levels of airborne DEP, DBP and concentrations
of corresponding urinary metabolites.

In addition to the low-MW metabolites, high-MW metabolites, such
as DEHP, were also reported to be associated with asthma and allergic
disease in previously published studies (Jaakkola and Knight, 2008;
Kimber and Dearman, 2010). In our study, the average level of the sum
of the four metabolites (£4,DEHP) was 132.3 ug/g, which was consistent
with the reported value (137 pug/g) in a previous study (Wang et al.,
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Table 4
The crude and adjusted prevalence ORs of asthma and allergic symptoms per interquartile range (IQR) of urinary phthalate metabolites (creatinine-adjusted) as well
as the trend analyses of associations .

Metabolites IQR levels Wheeze Rhinitis Eczema
<POR aPOR <POR aPOR POR aPOR
(95%CI) (95%CI) (95%CI) (95%CI) (95%CI) (95%CI)
MMP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 0.92 0.88 1.52 2.11 1.31 1.24
(0.51, 1.66) (0.43, 1.87) (0.86, 2.68) (1.02, 4.37) (0.65, 2.64) (0.50, 3.03)
3rd 1.04 1.07 1.06 1.75 1.19 0.99
(0.58, 1.87) (0.52, 2.22) (0.61, 1.87) (0.85, 3.62) (0.59, 2.44) (0.39, 2.54)
4th 0.83 1.01 0.87 1.31 0.90 1.03
(0.44, 1.54) (0.50, 2.06) (0.48, 1.58) (0.65, 2.63) (0.41, 1.95) (0.42, 2.54)
P-trend - 0.85 - 0.64 - 0.92
P for interaction ” - 0.09 - 0.07 - 0.38
MEP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 0.99 0.77 0.88 0.89 1.33 0.72
(0.54, 1.81) (0.35, 1.67) (0.51, 1.53) (0.43, 1.85) (0.61, 2.90) (0.25, 2.07)
3rd 1.55 1.38 1.37 1.63 2.24 1.77
(0.86, 2.78) (0.65, 2.94) (0.78, 2.40) (0.78, 3.41) (1.06, 4.68) (0.68, 4.64)
4th 1.56 1.11 1.00 1.06 1.99 1.75
(0.86, 2.83) (0.51, 2.39) (0.57, 1.77) (0.51, 2.22) (0.94, 4.26) (0.66, 4.62)
P-trend - 0.40 - 0.48 - 0.07
P for interaction " - 0.08 - 0.08 - 0.72
MiBP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 1.30 0.99 1.21 1.15 1.50 1.01
(0.73, 2.34) (0.45, 2.15) (0.70, 2.11) (0.54, 2.43) (0.68, 3.30) (0.31, 3.36)
3rd 1.02 0.87 0.95 1.07 2.33 3.70
(0.56, 1.87) (0.41, 1.85) (0.55, 1.66) (0.52,2.20) (1.09, 4.95) (1.31, 10.47)
4th 1.63 1.45 1.86 2.23 2.17 2.96
(0.91, 2.95) (0.70, 3.04) (1.04, 3.29)* (1.08, 4.62)* (1.01, 4.66) (1.02, 8.60)
P-trend - 0.36 - 0.03 - 0.01
P for interaction ” - 0.27 - 0.09 - 0.80
MnBP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 1.25 1.61 1.11 1.12 1.23 0.61
(0.70, 2.24) (0.74, 3.52) (0.63, 1.93) (0.54, 2.35) (0.57, 2.65) (0.21, 1.76)
3rd 0.77 0.82 1.12 1.17 1.25 0.58
(0.42, 1.41) (0.37, 1.85) (0.64, 1.95) (0.56, 2.42) (0.58, 2.67) (0.20, 1.68)
4th 1.62 2.27 1.53 2.14 2.60 2.98
(0.90, 2.92) (1.06, 4.88) (0.86, 2.71) (1.02, 4.46)* (1.27, 5.33)* (1.19, 7.50)*
P-trend - 0.12 - 0.04* - 0.01*
P for interaction ” - 0.13 - 0.06 - 0.62
MEHHP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 1.53 1.32 1.24 1.28 2.50 2.38
(0.85, 2.73) (0.61, 2.85) (0.72, 2.16) (0.61, 2.65) (1.12, 5.59) (0.79, 7.19)
3rd 1.20 1.34 0.70 0.88 3.00 3.89
(0.66, 2.18) (0.65, 2.76) (0.40, 1.23) (0.44, 1.76) (1.36, 6.68)" (1.38, 10.98)*
4th 1.47 1.49 1.19 1.42 2.63 3.10
(0.80, 2.67) (0.73, 3.05) (0.67, 2.10) (0.72, 2.81) (1.16, 5.97) (1.10, 8.74)
P-trend - 0.30 - 0.47 - 0.02*
P for interaction ” - 0.71 - 0.10 - 0.51
MECPP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 1.24 1.22 0.99 0.82 1.69 1.24
(0.69, 2.25) (0.55, 2.72) (0.57, 1.73) (0.39, 1.72) (0.78, 3.64) (0.42, 3.64)
3rd 1.37 1.48 0.76 0.72 2.28 2.60
(0.75, 2.48) (0.70, 3.15) (0.43, 1.33) (0.35, 1.47) (1.07, 4.84)" (0.99, 6.83)
4th 1.47 1.60 1.13 1.21 1.97 2.04
(0.81, 2.66) (0.77, 3.32) (0.64, 2.00) (0.61, 2.42) (0.92, 4.23) (0.78, 5.33)
P-trend - 0.18 - 0.58 - 0.07
P for interaction ” - 0.93 - 0.78 - 0.48
MEOHP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 1.10 1.02 1.37 1.36 2.01 1.69
(0.61, 1.98) (0.47, 2.24) (0.79, 2.39) (0.65, 2.84) (0.93, 4.36) (0.60, 4.75)
3rd 1.21 1.34 0.81 0.84 1.89 1.95
(0.67, 2.17) (0.64, 2.80) (0.47, 1.42) (0.42, 1.71) (0.87, 4.14) (0.72, 5.25)
4th 1.52 1.54 1.18 1.39 2.61 2.63
(0.84, 2.75) (0.75, 3.15) (0.67, 2.09) (0.69, 2.76) (1.21, 5.63)* (1.02, 6.80)"
P-trend - 0.17 - 0.56 - 0.04+
P for interaction ” - 0.75 - 0.07 - 0.46

(continued on next page)
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Metabolites IQR levels Wheeze Rhinitis Eczema
cPOR aPOR cPOR aPOR cPOR aPOR
(95%CI) (95%CI) (95%CI) (95%CI) (95%CI) (95%CI)
MEHP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 0.71 0.93 1.02 1.21 1.65 2.23
(0.40, 1.27) (0.44, 1.98) (0.59, 1.77) (0.59, 2.50) (0.78, 3.53) (0.78, 6.32)
3rd 0.64 0.89 0.94 1.19 1.82 2.48
(0.35, 1.17) (0.43, 1.86) (0.54, 1.67) (0.59, 2.41) (0.85, 3.92) (0.90, 6.82)
4th 1.11 1.45 1.07 1.28 2.08 2.55
(0.61, 2.01) (0.71, 2.99) (0.59, 1.92) (0.63, 2.59) (0.95, 4.53) (0.93, 6.96)
P-trend - 0.31 - 0.52 - 0.08
P for interaction " - 0.67 - 0.08 - 0.06
MBzP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 0.94 1.29 1.18 1.89 0.86 0.72
(0.50, 1.76) (0.60, 2.79) (0.66, 2.14) (0.91, 3.95) (0.37, 1.99) (0.26, 2.01)
3rd 1.30 1.10 1.57 1.88 1.74 1.12
(0.71, 2.35) (0.52, 2.33) (0.89, 2.77) (0.93, 3.82) (0.84, 3.59) (0.44, 2.86)
4th 1.38 1.75 1.59 2.46 2.15 1.81
(0.75, 2.55) (0.82, 3.71) (0.88, 2.87) (1.17, 5.14)* (1.03, 4.57)* (0.72, 4.57)
P-trend - 0.20 - 0.03 - 0.11
P for interaction ” - 0.47 - 0.43 - 0.26
%4DEHP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 1.08 0.98 1.19 0.92 1.99 1.62
(0.60, 1.95) (0.45, 2.16) (0.68, 2.08) (0.44, 1.92) (0.92, 4.31) (0.56, 4.68)
3rd 1.02 1.20 0.75 0.91 2.20 2.79
(0.57, 1.85) (0.58, 2.48) (0.43, 1.31) (0.46, 1.84) (1.02, 4.74)* (1.06, 7.36)*
4th 1.42 1.45 1.15 1.26 2.18 2.14
(0.78, 2.58) (0.72, 2.93) (0.65, 2.05) (0.64, 2.50) (0.99, 4.77) (0.82, 5.59)
P-trend - 0.24 - 0.49 - 0.08
P for interaction " - 0.80 - 0.07 - 0.39
%,LWMP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 1.18 1.49 1.19 1.25 3.22 2.09
(0.65, 2.12) (0.68, 3.29) (0.68, 2.08) (0.59, 2.64) (1.41, 7.37) (0.66, 6.57)
3rd 0.84 0.93 0.99 1.21 2.70 2.62
(0.46, 1.52) (0.43, 2.02) (0.58, 1.73) (0.60, 2.46) (1.17, 6.21)* (0.86, 7.99)
4th 1.68 2.15 1.72 2.28 3.14 4.30
(0.94, 3.03) (1.01, 4.62)" (1.02, 3.03)" (1.09, 4.76) (1.36, 7.26) (1.42, 13.01)
P-trend - 0.13 - 0.04* - 0.01*
P for interaction ” - 0.06 - 0.32 - 0.93
»sHWMP 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 1.11 1.07 1.30 1.04 2.28 1.79
(0.62, 1.99) (0.49, 2.34) (0.74, 2.27) (0.49, 2.17) (1.05, 4.91)* (0.63, 5.08)
3rd 0.90 1.13 0.65 0.83 1.96 2.64
(0.50, 1.64) (0.54, 2.34) (0.37, 1.14) (0.41, 1.67) (0.91, 4.29) (0.99, 7.03)
4th 1.37 1.45 1.12 1.26 2.18 2.15
(0.76, 2.48) (0.72, 2.93) (0.63, 1.99) (0.64, 2.50) (0.99, 4.79) (0.83, 5.60)
P-trend - 0.30 - 0.62 - 0.11
P for interaction ” - 0.78 - 0.06 - 0.38
%oTotal 1st 1.0 1.0 1.0 1.0 1.0 1.0
2nd 1.11 1.40 1.32 1.43 1.77 2.05
(0.62, 1.99) (0.63, 3.11) (0.75, 2.30) (0.67, 3.06) (0.79, 3.98) (0.62, 6.73)
3rd 0.74 0.70 1.03 1.31 2.44 3.19
(0.40, 1.35) (0.32, 1.54) (0.59, 1.78) (0.63, 2.70) (1.12, 5.32)* (1.05, 9.70)
4th 1.68 2.25 2.14 3.19 2.81 4.66
(0.93, 3.01) (1.05, 4.81)* (1.19, 3.83)* (1.49, 6.82)* (1.28, 6.16)* (1.52, 14.30)*
P-trend - 0.12 - 0.01* - 0.00*
P for interaction " - 0.16 - 0.42 - 0.72

Abbrev: cPOR: crude prevalence odds ratio.

Trend analyses were performed by adding the ordinal quartiles of PAE metabolites as continuous variables in the same multivariable regression analyses adjusted for

the same covariates.

2 The model adjusted for gender, age, BMI, breastfeeding time, family smoking exposure, residence area, maternal education, annual household income, history of
parental asthma, wall materials in children's bedrooms and floor materials in children's bedrooms.
> P for interaction was separately estimated by adding an interaction term of gender strata and phthalate metabolites into the model adjusted for the same

variables as above.”
* P < 0.05.
= P < 0.01.

2015). Higher concentrations of MEOHP and MEHHP were detected as
the dominant metabolites of DEHP in this study. These two compounds
were positively associated with eczema symptoms in children in
Shanghai which was consistent with other Asian studies. A matched
case-control study conducted in Korea showed that DEHP increased the
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risk of atopic dermatitis in 3-year-old children (Choi et al., 2014). A 10-
year cohort study showed that the effect of early life phthalate exposure
on IgE levels could potentially cause atopic dermatitis in children (Shu
et al., 2014).

Although phthalate metabolites had the same core chemical
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Fig. 1. Associations (aPORs and 95%(ClIs) of one symptom, and equal to 2 or > 2 concomitant symptoms with PAE metabolites (creatinine-adjusted) in the 2nd, 3rd

and 4th quartile, compared with the 1st quartile .

? The model was adjusted for gender, age, BM], breastfeeding time, family smoking exposure, residence area, maternal education, annual household income, history
of parental asthma, wall materials in children's bedrooms and floor materials in children's bedrooms. *P < 0.05, **P < 0.01, ***P < 0.001.

structure, there was no high correlation with each other except for
those from the same parent compounds (Table S4). By summing up
»,DEHP, £,LMWP, £sHMWP and X¢Total, it was found that ,LMWP
and YoTotal metabolites were positively associated with asthma and
allergic symptoms, consistent with the significant results in respect of
the individual corresponding compounds.

Animal experimental studies have indicated that PAEs can act as
adjuvants to IgE-dependent mechanisms and allergen-specific T helper
type 2 (Th2) immune responses to increase the prevalence of asthma
(Guo et al., 2012; You et al., 2016). Nishioka et al. (2012) found that
phthalates can affect the immune system by increasing the production
of inflammatory cytokines, including tumor necrosis factor a (TNF-a),
interleukin 13 (IL-1p), IL-18, and IL-6. In addition, DBP also showed
strong adjuvant effects for the hapten fluorescein isothiocyanate in
contact hypersensitivity models in a toxicological study (Matsuda et al.,
2010). Shigeno et al. (2009) further suggested that DBP exposure might
potentially modify the mouse immune system, resulting in Th2 cell-
mediated allergic skin inflammation.

DEHP is a common contaminant of the human diet, which can be
easily released into the surrounding environment from hydrolysis pro-
ducts and affect the bronchial contracting receptors, thereby generating
a hyper-responsive condition in the lungs (Oie et al., 1997). Much of the
mechanistic work on phthalate and allergy has focused on DEHP and its
ability to modulate responses to allergens (Kimber and Dearman,
2010). Evidence has shown that DEHP has an adjuvant effect on the
immune response to allergens in human lung epithelial cells (Guo et al.,
2012; Nishioka et al., 2012). Miller and Marty (2010) found that DEHP
altered airway cell differentiation and surfactant protein production in
the lungs. Previous animal studies as well as in vitro studies have shown
that DEHP has an adjuvant effect on the immunological response (Koike
et al., 2009; Yanagisawa et al., 2008). Vetrano et al. (2010) showed that
an alternation of inflammatory reactions including inactivation of the
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peroxisome proliferator-activated receptor-gamma (PPAR-y) or en-
hancement of dendritic cell differentiation might increase susceptibility
to atopic disorders.

This is the first cross-sectional study to investigate the relationship
between urinary phthalate metabolites and asthmatic and allergic
symptoms in children in Mainland China. In this study, we used first-
morning urine instead of a spot sample, which may strengthen the
predictive ability of one measurement for long-term exposure compared
to a pure spot sample. The use of the validated questionnaires could
ensure the results were obtained with convincing statistical power. The
significant findings of trend analyses by quartiles as well as the asso-
ciations with 2 or > 2 concomitant symptoms indicated that there
might be a dose-effect relationship between LMWPs (such as MnBP and
MiBP), oxidative metabolites of DEHP (MEHHP and MEOHP) and MBzP
and the risk of asthmatic and allergic symptoms.

However, potential limitations in this study should also be noted.
First, the subjects in this study were not randomly selected in the same
age level of children in Shanghai, since the prevalence of asthmatic and
allergic symptoms (38.4% vs. 21.5%, 13.8% vs. 12.0%, and 14.6 vs.
12.8%) in these subjects were higher than the average prevalence in the
source population (Table 1). This might be due to the fact that parents
who had children with asthmatic or allergic symptoms were more likely
to be interested in having further details and agreed to participate in the
follow-up study. Second, self-reported symptoms, not by clinical diag-
nosis, might introduce information bias regarding the health of chil-
dren. However, the aim of this study was to analyze the symptoms in
relation to urinary metabolite levels which was hardly biased by the
parents' own reports. Thirdly, the substitution value by half of LOD for
those below LOD, especially MBzP, could bias the results (Helsel, 2006)
and needs to be interpreted with particular caution. Also, since the
metabolites of phthalates have short half-lives, the one-time urine
sample was a limited representative of the long-term exposure. Long-
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term sampling by multiple measurements could better describe the true
exposure levels in children. However, this had a low feasibility with
further low rate of parental consent. Finally, non-causal associations
(e.g. due to residual confounding by some factors associated with
asthma and allergic symptoms and phthalates) cannot be ruled out. For
all of these reasons, the findings should be interpreted with caution
before replication in other cohorts.

5. Conclusions

Both low-MW phthalate metabolites such as MiBP, MnBP and high-
MW phthalate metabolites such as DEHP as well as the total phthalate
levels (ZoTotal) in urine were associated with childhood asthmatic and
allergic symptoms in Shanghai. Exposure to phthalates might have
adverse health effects on asthma and allergic symptoms in Chinese
children. Further studies are needed to confirm and explore our find-
ings.
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Table S1 List of phthalate esters (PAES) and corresponding monoester metabolites

No. Metabolites Abbrev. MW PAEs Abbrev. MW
1 Mono-methyl phthalate MMP 180 Dimethyl phthalate DMP 193
2 Mono-ethyl phthalate MEP 194  Diethyl phthalate DEP 222
3 Mono-isobutyl phthal ate MiBP 222  Di-isobutyl phthalate DiBP 278
4 Mono-n-butyl phthalate MnBP 222  Di-n-butyl phthalate DnBP 278
5 Mono-benzyl phthalate MBzP 256  Butyl benzyl phthalate BBzP 312
6 Mono-cyclohexyl phthalate MCHP 248 Dicyclohexyl phthalate DCHP 330
7 Mono-2-ethylhexyl phthalate MEHP 278 Di-2-ethylhexyl phthalate DEHP 390
8  Mono-2-ethyl-5-carboxypentyl phthalate MECPP 308  Di-2-ethylhexyl phthalate DEHP 390
9  Mono-2-ethyl-5-hydroxyhexyl phthalate MEHHP 294  Di-2-ethylhexyl phthalate DEHP 390
10 Mono-2-ethyl-5-oxohexyl phthalate MEOHP 292 Di-2-ethylhexyl phthalate DPEHP 390

MW: molecular weight

Abbrev. : abbreviation



Table S2. Settings for multiple reaction monitoring (MRM) mode in the instrumental analyses

Compounds Precursor ion(V) Cone Voltage(V) Product ion(V) Callision energy(V)

MMP 179 51 107 12
MEP 193 54 121 13
MiBP 221 61 77 16
MnBP 221 61 77 16
MECPP 221 61 77 16
MEHHP 293 80 121 18
MEOHP 291 80 121 21
MEHP 277 74 134 17
MBzP 255 70 107 18

MCHP 247 68 97 17




Table S3. Data on the quality assurance/quality control in the instrumental analyses

Linear Spiked(10ng/ml) Spiked(50ng/ml)

Retention _

Compounds _ Regression equation regression  Recovery RSD  Recovery  RSD
e coefficient (%) (%) (%) (%)

MMP 242 Y =0.00981653+0.0434931x 0.9954 122.5 15 102.1 16.0
MEP 3.45 Y =0.00174556+0.0124419x 0.9940 97.7 6.3 98.4 5.0
MiBP 6.05 Y =0.0216629+0.0190406x 0.9999 94.3 9.1 94.4 6.4
MnBP 6.24 Y =0.0086677+0.0150875x 0.9995 107.0 6.2 100.4 22
MECPP 6.09 Y =0.00068137+0.0160076x 0.9921 72.7 7.6 72.7 5.2
MEHHP 6.18 Y =0.00591744+0.012086x 0.9989 103.4 7.3 111.9 10.9
MEOHP 6.53 Y =-0.00174496+0.0187985x 0.9951 97.6 74 101.6 6.3
MEHP 10.01 Y =0.030581+0.0187102x 0.9971 99.2 2.6 106.8 6.7
MBzP 7.03 Y =0.0031436+0.00135945x 0.9968 97.6 74 101.7 55

MCHP 7.32 Y =-0.0335918+0.0302792x 0.9999 98.8 4.9 106.8 23




Table S4. Spearman’s rank correlation coefficients among urinary phthalate metabolites (N=434)

MEP  MiBP MnBP  MEHHP MECPP MEOHP MEHP MBzP Y} 4sDEHP X 4LMWP Y sHMWP > gTotd

MMP 042 046 047 040 040 041 040 034 042 0.57 0.42 0.56

MEP — 047 049 032 032 033 031 034 033 0.62* 0.34 0.58
MiBP — 079 05 046 056 049 045 053 0.89* 0.54 0.85*
MnBP — 050 043 051 046 040 049 0.94* 0.49 0.87*
MEHHP — 091* 0096 0.79* 038 097* 0.54 0.97* 0.76*
MECPP — 091* 0.76*+ 034 0.98* 0.47 0.97* 0.71*
MEOHP — 077 037 09r* 0.55 0.96* 0.77*
MEHP — 036 082 0.49 0.82* 0.67*
MBzP — 0.38 0.46 0.40 0.46
3. 4DEHP — 0.53 0.99* 0.77*
¥ sLMWP — 0.53 0.93*
¥ sHMWP — 0.77*

*All correlations were significant with p values <0.001.



> S5. Bivariate comparisons on the average levelS(GM) of phthal ate metabolites (creatinine-adjusted) in subgroups with diffe

graphic and home environmental factor (n=434)

. ME MEC MEO by by by by
Items MMP MEP MiBP  MnBP MEHP MBzP
HHP PP HP sDEHP ,LMWP sHMWP gTots

ender
Nae 10.0 18.8 79.4 110.4 446  66.6 24.8 8.0 0.6 137.3 270.8 138.9 509.
-emale 12.6 17.8 76.4 1025 410 632 23.7 7.3 0.5 128.6 252.3 130.2 471
ge
-7.5 year 119 19.6 81.4 110.4 442 67.3 25.0 7.6 0.5 137.1 2733 138.8 511.
.5-10 year 9.5 15.1 68.8 96.0 39.2 58.7 225 7.7 0.5 122.0 230.9 123.0 435,
I
Viean(16.1) 13.2 19.2 81.8 114.1 444 670 25.0 8.1 0.6 138.1 276.4 139.9 515.
nean(16.1) 8.4 16.2 70.9 93.8 408 633 23.3 7.1 0.5 127.6 233.0 129.0 448 |
eastfeed time>6 months
(es 12.1 17.2 68.5 1034 38.7 59.9 215 6.9 0.4 121.1 248.1 122.1 456.!
NO 10.6 19.1 85.3* 1087  46.0* 687 26.5* 8.2 0.6* 142.1* 2715 144.1* 515.
aternal education
‘High school 109 16.5 63.0 100.0 391 617 22.2 7.4 0.4 123.7 241.1 124.7 466.
High school 113 19.0 82.7* 108.8 446 668 25.3 8.0 0.6 138.0 268.0 139.7 501.
>sidence area
Jrban 10.6 19.2 89.3* 112.3 421 636 24.6 7.6 0.6* 131.0 279.2 132.9 507.
Suburban 12.1 17.1 64.4 98.8 438 668 23.9 7.8 0.4 135.8 238.8 136.9 467.
nnual Household income
200,000 RMB 11.2 19.3 80.1 1113 437 654 249 8.2 0.5 140.1 2717 136.6 510.!
200,000 RMB 116 18.9 81.2 106.5 454 682 254 7.8 0.6 135.2 263.6 142.1 497!
amily smoking exposure
(es 133 20.4 85.2 114.2 432 64.9 24.2 7.8 0.6 133.9 287.9 136.0 524,
NO 11.4 18.0 24.9 109.4 445 694 2555 7.7 0.5 139.8 261.0 141.0 498.!
story of parental asthma
(es 14.8 15.6 88.6 113.4 480  69.9 27.0 8.0 0.9 145.2 281.1 148.0 525.
NO 10.9 18.4 77.8 107.0 427 64.9 24.3 7.7 0.5 132.9 261.1 134.2 490.
al materialsin children’s bedrooms
ai Nt

105 17.9 76.8 104.0 435 652 24.5 7.7 0.5 134.0 255.2 135.6 483,
all paper
les/ lime 185 22.0 88.1 1295 379 625 22.9 7.1 0.6 124.9 320.0 126.3 554,
oor materiasin children’s bedrooms
'ood/parquet 104 18.1 77.9 105.4 433 651 24.4 7.8 0.5 133.9 257.7 1355 486.
thers 16.2 195 78.0 112.2 405 643 235 7.0 0.4 128.1 2835 129.7 514.

Geometric mean

cate the significant differences of metabolites with or without certain demographic or home environmental factors (P value



> S6. Urinary phthalate metabolite concentrations (GM in pg/g) in this study compared with other studies in children

Study Age Phthal ate metabolites
egion Reference
Y ear (N) MMP MEP MiBP MnBP MEHHP MECPP MEOHP MEHP ME
Kasper-Sonnenberg 2007 5-9y
rmany 49 39.1 66.2 48.1 29.3 —_ 26.2 39 12
et d., (2012) ~2009 (104)
3-11ly
3iwan Chenet al., (2017) 2014 7 34 13.7 27.6 225 —_ 15.2 6 0.
(181)
6-11y
JSA CDC (2015) 2015 2.3 234 8.3 111 105 —_ 6.96 14 8.
(395)
Larssonet al., 6-11y
veden — —_ 28.8 — 76.9 24.6 —_ 15.7 2.7 1€
(2014) 97)
8-11ly
“hina Wang et al., (2015) 2012 16.5 454 79.7 94.4 24.3 423 36.4 11.4 0.
(782)
This 2013 5-10y
—_ 11.2 18.3 779 106.5 64.9 42.8 24.3 7.7 0.
~2014 (419)

tudy
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