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Abstract

Environmental exposure to phthalates may contribute to an increased risk of asthma in children and adults. We aimed to
assess the direction and strength of the association between urinary phthalates metabolites and current asthma in children
and adults that participated in the National Health and Nutrition Examination Survey (NHANES) 2007-2012. Data on
ten urinary phthalate metabolites, self-reported questionnaires, spirometry measures, and covariates were obtained from
7765 participants (28.1% were children aged 6—17 years) taking part in the NHANES 2007-2012. Asthma was assessed
using self-reported questionnaires for children and adults, and via spirometry measures for adults alone. We used crude
and adjusted logistic regression models to estimate the odds ratios (ORs) and 95% confidence interval (CI) per one log;,
unit change in the concentration of phthalate metabolites. We further modeled the effect modification by sex. Out of 10
metabolites, only mono-benzyl phthalate (MBzP) was positively associated with the prevalence of self-reported asthma
in children, after adjusting for a range of potential confounders (odds ratio 1.54; 95% confidence interval 1.05-2.27). No
significant relationship was observed for adults. The association of mono-ethyl phthalate (MEP) was modified by sex,
with significantly increased odds of asthma among males [boys (2.00; 1.14-3.51); adult males (1.32; 1.04—1.69)]. While
no other phthalates showed a positive relationship with current asthma in males, mono-(carboxynonyl) phthalate
(MCNP) and mono-(3-carboxylpropyl) phthalate (MCPP) were inversely associated with spirometrically defined asthma
in adult females. A sex-specific relationship in adults was evident when spirometry, but not self-reported measures were
used to define asthma. We found no clear association between exposure to phthalates and current asthma, except for a
significant relationship between MBzP metabolites and self-reported asthma in children. As a result, exposure to
phthalates and asthma development and/or exacerbations remains controversial, suggesting a need for a well-designed
longitudinal study.
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Introduction

For the past two decades, the prevalence of asthma has sub-
stantially increased in both the developed and developing
countries (Osbore et al. 2017). The International Study of
Asthma and Allergies in Childhood (ISAAC) study demon-
strated that across 37 countries including the US and the UK,
the average prevalence of asthma in 2006 amongst children
aged 6-7 years was 12.6% (Asher et al. 2006). The Global
Burden of Disease attributed to asthma is predicted to be about
11 million years of life lost (YLLs) and 25 million disability-
adjusted life years (DALY's) per year (Osborne et al. 2017).
Asthma is a common chronic disease in children and adults
characterised by airway inflammation and increased mucus
production—Ileading to airway obstruction (Khalili et al.
2018). It is estimated by the US Centers for Disease Control
and Prevention (CDC) that 6.8% of US working adults have
current asthma—defined as having had at least one asthma
attack or visit the emergency department (ED) for asthma in
the past 12 months (Mazurek and Syamlal 2018). The disease
is a potential threat to children’s growth and development
including their educational achievement (Nurmagambetov
et al. 2018). In 2017, the prevalence of asthma was reported
in approximately 6.2 million children in the US—about 8.4%
of children under the age of 18 (CDC 2017). The US annual
economic costs associated with asthma have been estimated at
$81 billion for 2013, including treatment costs and mortality
costs valued using the value of statistical life and lost work
and school days (Nurmagambetov et al. 2018). The root
causes of asthma have not been fully elucidated, but genetic
predisposition, and environmental factors including allergens
and chemicals (such as phthalates) as well as gene-
environment interactions, have been suggested as important
risk factors for asthma pathogenesis and exacerbations (Wang
et al. 2015; Sordillo et al. 2015; Surdu et al. 2006).
Phthalates are synthetic chemicals produced by reacting
phthalic anhydride with different chain lengths of alcohol(s)
which may vary from single chain alcohol (such as methanol)
to multiple chain alcohol (such as tridecyl alcohol) (Benjamin
et al. 2017). They are mainly classified into two types—high
(HMW) and low molecular weight (LMW) phthalates—and
their uses may in part depend on their molecular weight
(Table 1) (Braun et al. 2013; Benjamin et al. 2017).
Phthalates are omnipresent and are not covalently bound to
the consumer products; they easily leach out and make their
way to the environment (Tsai et al. 2012). Humans are ex-
posed to these chemicals through several routes of exposure
including water, breathing air, dermal contact, during medical
treatment and, importantly, via food (Benjamin et al. 2017).
Although phthalates are easily bio-transformed and excret-
ed (leading to lesser bioaccumulation), regular exposure in
humans may exacerbate the risk of developing asthma or pro-
long its prevalence by binding with and activating peroxisome

proliferator-activated receptors (PPARs) which mediate anti-
inflammatory effects in the lungs and immune systems
(Belling et al. 2013); increasing the proliferation of the bron-
chial muscle cells which may lead to airways remodelling
(Kuo et al. 2011); promoting the production of pro-
inflammatory cytokines IL-6 and IL-8 in the airway epithelial
cells (Jepsen et al. 2004); and/or; acting as an adjuvants by
enhancing macrophage production of inflammatory cytokines
and chemokines (Nishioka et al. 2012).

Several epidemiological studies have demonstrated that
regular exposure to phthalates is associated with an increased
risk of non-communicable chronic diseases including cardio-
vascular diseases and diabetes (Dong et al. 2017; Bai et al.
2017). Limited information is known about the association
between phthalates exposure and the prevalence of asthma
(Benjamin et al. 2017), with available evidence producing
inconsistent results. A meta-analysis demonstrated that post-
natal exposure to di-(2-ethylhexyl) phthalate (DEHP) and
butylbenzyl phthalate (BBzP) from dust and prenatal urinary
mono-benzyl phthalate (MBzP) were significantly associated
with childhood asthma (Li et al. 2017).

In contrast, a recent study has shown that both LMW and
HMW phthalates (including DEHP) were not associated with
the report of doctor-diagnosed asthma (Vernet et al. 2017).
Previous research found that the urinary concentration of
MBzP metabolite was associated with self-reported asthma
in adults but not in children (Hoppin et al. 2013). These in-
consistencies need to be addressed with more research into the
potential association between phthalates and asthma in chil-
dren and adults using a large cross-sectional secondary data
and better outcome measures (for example spirometry and
questionnaire data).

In addition, the development and/or exacerbation of asthma
may be sex-specific. Whilst the prevalence of asthma, in gen-
eral, is greater in females than in males (CDC 2008), investi-
gation at a specific time point revealed otherwise. Before age
13-14 years, the incidence and prevalence of asthma with
increased wheeze, use of asthma medications and serum IgE
level are greater among boys than among girls (Wijga et al.
2011; Almgqvist et al. 2008; Bjornson and Mitchell 2000). By
contrast, studies through puberty and beyond have found a
greater increase in the incidence and prevalence of asthma
among adolescent and young adult females (CDC 2008; De
Marco et al. 2000). Importantly, a prospective cohort study
demonstrated that the relationship between phthalates and
asthma may be modified by sex (Buckley et al. 2018), with
5-year-old boys at increased odds of asthma occurrence fol-
lowing exposures to mono-(2-ethylhexyl) phthalate (MEHP)
and mono-ethyl phthalate (MEP) (Ku et al. 2015).

In the current study, we polled the National Health and
Nutrition Examination Survey (NHANES) 2007-2012 data
to examine the direction and strength of the association be-
tween urinary phthalate metabolites and current asthma in

@ Springer



Environ Sci Pollut Res (2019) 26:28256-28269

28258

"s1ostonse[d pue soAIsaype ‘spred oAOWOINE ‘POOJ UT SJULDLIqN] AOBLINS
‘3uneoo uwndse ur JudIpaIFur ‘JuoAjos & se sownyrad ‘ysijod [reu ‘sokp

‘Swdexoed pue s3uneod [eonnadseurreyd (SaourIFRI)) SWON AIBD [BUOSIDJ v T (daN) 2rereypyd [Ayze-ouo ddd ereqyd [Aype-1qQ
‘s1oqqnr pue sonse|d ‘syured ‘sronboe] ‘sA0) S UAIPIIYD ‘SIAISAYPE
9onpoid a1ed Jeuosiod pue o1SOWOP ‘SONOWSOD 0] SIUSIPAITUT doULBISEI] 8161 (dININ) @rereyyd [Ayiow-ouon JNd gereyyd [Aypowt-q
*SJURIPaIUI doueISel} pue s3uneod feonnaoeuLieyd (ddDIN) rereyyd (jAdoxdjAxoqres-¢) ouo (q
‘soystuea ‘syonpoid ared jeuosiod ‘sonseld ayeiooe osone) y€8LT (dgun) arereyyyd 1K1nq-u-ouojp (e dqa ereyyd [Lng-1q
sojereyyd
(MINTD) WS1om Je[nasjowr Mo
*SJUQIPAISUL 9OURISEI] PUB (SONOWSO pue
ystjod [reu Surpnjour) syonpoid a1eo jeuosiod ‘sonserd 93e1oe ‘soylo[o (ddON) 2ereypyd (jAdoxdjAxoqres-¢) ouolq (q
uaIp[IYd ‘sarjddns [00Yds ‘Sa[onIe QIBOP[IYD ‘SAO) ‘SAUSIUIBA ‘DSO[N[[9) y€'8LT (dzgN) drereyiyd [Azusq-ouoln (e dzdag ereyyd [Kinghzuog
'S9[1} SULI00]J ‘SAAISAYpE ‘s1onboe] ‘syured ‘)AJ U JOSIONSE[] 95°06€ (ddDON) Arereyyd (jAdoxdjAxoqres-¢) ouoy doua ereyyd [A100-u-10
'saAIsaype pue ‘sroddoy pue
‘s[Teq 9s1019%9 ‘sA0) se yons sponpoid onsed mofjoy ‘sjeLdjew SuLI0o[ ]
DAd ‘SuI 9[Nx9) ‘Suryeod
10J 9)sed onserd ‘sroddeim pooy ‘sypid [eonnoseuwreyd ‘HAJ Ul Josnse[d 99°9%+ (dNDIN) 2rereyqiyd (JAuoujAx0qIed)-ouojy daa rereyyd [Koopost-1q
*0)2 ‘S9[qBD PUB SAIM [BILIOJ[R puk ‘sursar ‘Surdesoed deos
‘synys-3 10 Sur Sunutd ‘saarsaype syed aanowoine ‘syured ‘(s19poereyd
U00LIBd PUe [[OP ‘[[Bq ‘s00q dnse[d) s£0) JO SaL1039)ed [BIIADS (dNIN) 21ereyayd [Auouosi-ouojq (q
‘Jurpess ‘s1eam 1007 ‘S[ELIOJEW UONONNSU0d pue Jurp[ing ‘unodys HAJ 1981+ (dODOIN) 2rereyyd (1A1001Ax0qIED)-0UOIA (B NI ereypyd [Auouosr-I(q
‘STROM
urex pue sjonpoid onsejd pynow I9yes] UOHE)IWI Q1M JLNIJ[ Sk Yons)
UISaI 9SO[N[[d [AYI “SULIA0D [[BM ‘SUTBMIND JOMOYS ‘SIAO[S ‘SW[I} (ddodam) dereyyd ((KuadjAxoqres-G-1Ay)e-7)-ouoln (p
onserd ‘sons diy ur sjuaAjos ‘sAoy ‘sa[n Joofj pue Sunoofj ‘Surdesoed (dHHAW) 2rereypyd (JAXY[AX0IpAY-G-1Ay)2-7)-0uoN (9
POO0J QWS ‘dAnjoWoINE pue uonoN)suod ‘(Juowdimba sisATerp (JHOTN) arereypyd (JAXoy0x0-G-[Ay3e-7)-0uo (q
pue so3uIAs ‘s3eq poo[q) SuIqn) [eorpowt SUIPN[OUL JAJ 10f 1S1oNSe[d 95°06¢ (dHAN) 2rereqyd (JAXaY[AY-7)-ouoq (e dHda  areegyd (jAxoqidype-7) -1
sajereyyd
(MINH) 1S1om Ie[nosjour YSiy
(MIN) WSom sorprys [edrSojoruopido (punoduwos juored)
suoneordde/sasn) IR[NOJ[OIN Ul POINSBOW SAJ[OGRIR]N  UONBIAAIQQY soyereyyd pasn Ajuouruo))

(L107) Te 12 urwefusag pue (¢107) Te 10 uneig woy padepy "sayjoqejow Arewd pue s)ySiom Iejnogjour 1oy ‘sarefeyiyd pasn Ajuouruo))

L 3|qel

pringer

Qs



Environ Sci Pollut Res (2019) 26:28256-28269

28259

children and adults. As a secondary aim, we stratified the data
based on the participant sex, to investigate whether the effect
measure was modified by sex in both children and adults.

Methods
Study population

NHANES is a nationally representative, multi-stage, popula-
tion-based, cross-sectional study carried out by the US
National Centre for Health Statistics NCHS). It was designed
to assess the health and nutritional status of civilian, non-
institutionalised children and adults in the US. Respondents
for our study were children aged between 6 and 17 years, and
adults aged 18 and 79 years, who were randomly selected by
the NHANES for urinary phthalates measurement; and who
had complete information on self-reported questionnaires, spi-
rometry and confounding variables. Participants aged 80 years
and over were excluded in order to reduce biases resulting
from the non-representation of the older adults who are
institutionalised after 80 years.

Data were pooled from three independent cross-sectional
waves (2007-2008, 2009-2010, and 2011-2012), providing
an initial total sample of 30,442 participants (11,823 children
and 18,619 adults). Urinary phthalate concentrations were de-
termined for 7765 subsets (2180 children and 5585 adults);
therefore, only these participants were used for analysis. All
selected participants provided informed consent in writing
during the period of recruitment (NHANES 2017).

Measurement of phthalate metabolites

Phthalate metabolites were measured in a spot urine sample of
a randomly selected one third sub-sample of the study respon-
dents. These collected samples were frozen at the temperature
of — 20 °C and shipped to the division of Environmental Health
Laboratory Sciences, National Centre for Environmental
Health, CDC for the analysis of various phthalate metabolites.
In order to reduce the possibility of exposure misclassification
(James-Todd et al. 2016), phthalate metabolites were measured
instead of their parent compound. A full description of the
analytical methods employed for the measurement of
phthalates metabolites have been described elsewhere
(Laboratory Procedure Manual 2013).

A combination of phthalate metabolites that have been pre-
viously studied and those that were measured in all the three
cross-sectional waves, with more than 60% of the sample con-
centrations at or above the limit of detection (LOD) (James-
Todd et al. 2016) were selected for this project. These included
ten (10) phthalate metabolites: mono-(carboxynonyl) phthalate
(MCNP), mono-(2-ethyl-5-carboxypentyl) phthalate
(MECPP), MEHP, mono-(2-ethyl-5-hydroxylhexyl) phthalate

(MEHHP), mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP),
mono-n-butyl phthalate (MnBP), mono-iso-butyl phthalate
(MiBP), MBzP, MEP and mono-(3-carboxylpropyl) phthalate
(MCPP).

Given that the LOD for phthalate metabolites differed
across each survey cycle, the maximum limit of detection
(LODax) Was used to standardise each phthalate detection
limits in the three cross-sectional waves (Varshavsky et al.
2018). Thus, all concentrations below the LOD,,,, were
substituted with the value of LOD,,,, divided by the square
root of two (Varshavsky et al. 2018).

Asthma data
Self-reported questionnaire data

NHANES collected information on asthma and associated
symptoms using a self-administered questionnaire completed
at the NHANES clinic visit. Following the recommendation
from the European birth cohort study (Carlsen et al. 2012),
current asthma was defined by respondents giving a positive
response to both questions: “Has a doctor or other health pro-
fessional ever told you that you have asthma?” and “In the
past 12 months (have you/has SP) had wheezing or whistling
in (your/his/her) chest?”

Spirometry data

Spirometry data were available in all cross-sectional waves
and were also used for asthma determination. Participants
aged 6 to 79 years were considered eligible for spirometry
testing. Respondents were excluded if they: had current chest
pain or physical problems with forceful expiration; had recent
chest, eye or abdominal surgery; had a heart problem (such as
heart attack), stroke or tuberculosis; were taking supplemen-
tary oxygen; had a collapsed lung or detached retina; had
painful ear problems or had coughed up blood recently
(NHANES 2014).

Spirometry testing for eligible participants was performed
following the procedures recommended by the American
Thoracic Society (ATS). The protocol and procedures for spi-
rometry testing have been described elsewhere (NHANES
2008). The baseline spirometry results of forced expiratory
volume in 1 s (FEV,), forced vital capacity (FVC) and
FEV,/FVC% were determined by adopting a normal equation
for spirometry parameters of the US population which takes
into account each respondent’s age, sex, weight, height and
race/ethnicity (NHANES 2014).

Based on the guidelines set from the International
Consensus Statement between the ATS and the European
Respiratory Society (ERS) which suggest the presence of air-
flow obstruction when the FEV1/FVC ratio was less than 70%
(Cerveri et al. 2008), current untreated asthma was defined via
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spirometry results as respondents with an FEV1/FVC of <
70% (Abo-Zaid et al. 2018). Analyses using self-reported
but not with spirometry data were performed for children.
This is because accuracy and precision suffer in spirometry
testing involving children (Murray et al. 2016).

Confounding variables

Information on covariates was obtained from the NHANES.
These covariates were determined using the self-reported
questionnaire, physical examination, and laboratory measure-
ments. Age, sex, race/ethnicity and poverty status (which
serves as a proxy for socioeconomic status (SES)) were
ascertained via questionnaire. Poverty status was defined by
the poverty income ratio (PIR) which was calculated by di-
viding the family income by the poverty guidelines of a spe-
cific survey year. Race/ethnicity was classified as “non-
Hispanic white” (referent group), “non-Hispanic black”,
“Mexican-American,” and “Other”.

Waist circumference in centimetres (cm) was used as a
measure of overweight since it gives a better measure of
obesity-related health risks than body mass index (BMI)
(Janssen et al. 2004). Urinary creatinine concentrations were
measured using Roche/Hitachi Modular P chemistry analyser
and Synchron CX3 clinical analyser (Beckman, CA, USA).
Serum cotinine level (a biomarker for smoking status) was
categorised as < LOD (< 0.015) nanogram/ml (ng/ml) (refer-
ent), low levels (>0.015-10 ng/ml) and high levels (>
10 ng/ml).

Statistical analysis

The Spearman’s rank correlation coefficient was used to ex-
amine phthalate metabolite correlation. Phthalate metabolite
was considered to have a strong correlation with a Spearman’s
correlation coefficient (r,) greater than or equal to 0.7 (7>
0.7). MEHP (a primary metabolite) and MECPP, MEHHP and
MEOHP (secondary metabolites) of DEHP were strongly cor-
related with one another (with a value of 7, between 0.73—
0.98) (Additional file 1: Table S1). Therefore, these metabo-
lites were not separately analysed given their strong correla-
tion and common source; the molar sum of DEHP denoted as
“>DEHP”, was used instead (Hoppin et al. 2013).

Sampling weights, stratification and clustering provided in
the NHANES study were applied to all statistical analysis in
order to account for the complex, multistage sampling design
employed in the selection of the representative non-
institutionalised US population as well as obtaining accurate
estimates that will not overstate the statistical significance.
Following the NHANES analytical guidelines (Johnson
et al. 2013), a new sampling weight for the combined survey
cycle was constructed by dividing the 2-year weights for each

@ Springer

cycle by 3 which was applied to the data via the Stata com-
mand [svyset] prior to analysis.

Descriptive statistics (weighted means, standard deviation,
weighted percentages and 95% confidence interval (CI)) were
used to describe the demographics of all children and adults
and their respective subsets with measured urinary phthalate
metabolite concentrations. The distribution of urinary phthal-
ate metabolites were presented for both children and adults
using weighted geometric means, 95% CI and percentiles.

Logistic regression models (models 1 and 2) were used to
determine the cross-sectional measure of the association be-
tween urinary phthalate metabolites (continuous) and current
asthma (dichotomous outcome) by estimating the odds ratios
(ORs) and 95% ClIs per one log;o unit change in the concen-
tration of phthalate metabolites. Model 1 was presented as
unadjusted ORs and 95% CI. Model 2 was adjusted for uri-
nary creatinine (log;o transformed, continuous) in addition to
other potential confounding variables.

Potential confounders included in this analysis were those
suggested as being linked with phthalate metabolites and/or
asthma (Hoppin et al. 2013; James-Todd et al. 2016; Gascon
etal. 2015; Buckley etal. 2018). These variables included age,
sex, race/ethnicity, waist circumference, PIR, cotinine and uri-
nary creatinine. The analysis was further stratified by sex for
both children and adults by applying similar statistical
modeling.

In order to assess the robustness of our findings, a sensitiv-
ity analysis was performed. Exposure-response relationships
were examined by modeling the associations between tertiles
of phthalate creatinine-corrected concentrations and asthma,
with the lowest tertile considered as the reference category
(Buckley et al. 2018). Tertiles were categorised separately
for children and adults such that each tertile contained an
equal number of participants. While results for each phthalate
metabolite were presented as crude and adjusted ORs and
95% CIs, only adjusted models were shown for effect modi-
fications by sex and sensitivity analyses. All statistical analy-
ses were conducted using STATA version 15.0 (College
Station, TX, USA).

Results

The demographic characteristics of all children (n=11,823)
and the subset with measured urinary phthalate concentrations
(n=2180), who participated in the NHANES 20072012 are
shown in Table 2. Approximately 8% of children in both
groups had self-reported asthma. With spirometry measures,
the proportion of respondents with current asthma dropped to
less than 2%. The weighted proportions of all children belong-
ing to any race or living below the poverty threshold [poverty-
to-income ratio (PIR)] were somewhat similar to those with
measured phthalate metabolites.
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Table2 Demographic and asthma status for all children and subsets sampled for phthalate concentrations, NHANES 2007-2012

Children aged 6 to < 18 years

Characteristics

All participants (n=11823)

Participants sampled for phthalate

concentrations (n =2180)

Age at screening (years), weighted mean (SD, 95% CI)
Sex

Male, weighted % (n, 95% CI)

Female, weighted % (n, 95% CI)
Race/ethnicity, weighted % (n, 95% CI)

Non-Hispanic whites

Non-Hispanic Blacks

Mexican American Hispanic

Others

Waist circumference (cm), weighted mean (SD, 95% CI)
Family income-to-poverty ratio (PIR), weighted % (n, 95% CI)

Below poverty (PIR < 1), weighted % (n, 95% CI)

At or above poverty (PIR > 1),

Urinary creatinine (mg/dL), weighted mean (SD, 95% CI)
Cotinine levels (ng/mL), weighted % (n, 95% CI)

<LOD (<0.015)

Low (>0.015 to < 10)

High (>10)

8.6 (5.2, 8.44-8.74)

50.8 (6037, 49.26-52.25)
49.2 (5786, 47.75-50.74)

55.5 (3646, 50.57-60.39)
14.3 (2801, 11.99-17.04)
15.0 (2983, 12.04-18.63)
15.1 (2575, 12.90-17.58)
67.8 (16.2, 67.25-68.34)

24.4 (3823, 21.97-27.03)
75.6 (7052, 72.97-78.03)
119.2 (74.2, 114.76-123.69)

25.9 (1554, 23.03-29.13)
70.4 (4855, 67.15-73.42)
3.7 (184, 2.96-4.50)

Current asthma based on self-reported questionnaire, weighted % (1, 95% CI)

Yes
No

7.6 (800, 7.13-8.14)
92.4 (9700, 91.86-92.87)

Current asthma based on spirometry FEV/FVC cutoff, weighted % (n, 95% CI)

Yes
No

1.7 (110, 1.28-2.12)
98.3 (5737, 97.88-98.72)

11.5 (34, 11.27-11.71)

50.1 (1095, 47.09-53.00)
49.9 (1085, 46.99-52.91)

56.1 (619, 50.38-61.62)
14.7 (551, 12.13-17.73)
14.8 (537, 11.48-18.77)
14.4 (473, 11.74-17.66)
73.1 (15.4, 72.10-73.99)

23.7 (668, 20.85-26.82)
76.3 (1333, 73.18-79.15)
118.6 (75.3, 113.76-123.36)

26.8 (457, 22.94-30.99)
68.7 (1322, 64.72-72.47)
4.5(63,3.18-6.33)

8.1 (177, 6.80-9.71)
91.9 (2003, 90.29-93.20)

1.5 (34, 1.02-2.07)
98.6 (1877, 97.93-98.98)

SD standard deviation, C/ confidence interval, LOD limit of detection, FEV1 forced expiratory volume in 1 s, F'VC forced vital capacity

Of the 30,442 respondents in the NHANES 2007-2012
cross-sections, a total 0of 61.2% (n = 18,619) were adults - with
approximately a third (n=15585) of the participants sub-
sampled for phthalate metabolite levels (Table 3). Although
adults with detectable phthalate metabolite values were slight-
ly younger when compared with all adults, there was no dif-
ference in the weighted proportions of the subjects belonging
to any race or living below the poverty threshold [poverty-to-
income ratio (PIR) < 1).

Self-reported asthma was seen in nearly 6% of both groups.
With the spirometry measure, the proportion of asthmatics
was more than doubled. This is expected given the nature of
the US healthcare system with many adults in the US without
health insurance and thus with undiagnosed asthma (Baldacci
et al. 2015).

All participants (children and adults) had detectable con-
centrations of both LMW and HMW phthalate metabolites
(detection frequency > 60%) (Tables 4 and 5). With regard to
LMW phthalates, MEP had the highest mean concentrations

for both children and adults. For HMW phthalates, MECPP
showed the highest in both groups.

The crude and adjusted model of associations between the
different phthalate metabolites and self-reported asthma in
children are shown in Fig. 1 a and b, respectively. Self-
reported childhood asthma was positively associated with
MEP (1.45; 1.10-1.92), MiBP (1.62; 1.12-2.32), MnBP
(1.46; 1.05-2.02) and MBzP (1.50; 1.09-2.08) in the crude
analysis; with only MBzP (1.54; 1.05-2.27) reaching statisti-
cal significance after adjusting for confounding variables.

Stratification by child’s sex revealed that only the associa-
tion between MEP and current asthma was modified, with a
significant positive relationship among boys (2.00; 1.14—
3.51), but not among girls (Fig. 2). Effect modification was
not observed for MBzP, despite the significant relationship
found in the overall model.

The crude and adjusted analyses of associations between
different phthalate metabolites and self-reported asthma in
adults are shown in Fig. 3 a and b, respectively. No phthalate
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Table 3 Demographic and asthma status for all adults and subsets sampled for phthalate concentrations, NHANES 20072012

Adults aged 18 to <80 years

Characteristics All participants (n=18619)

Participants sampled for phthalate

concentrations (n = 5585)

Age at screening (years), weighted mean (SD, 95% CI) 46.1 (17.3, 45.33-46.82)
Sex
Male, weighted % (n, 95% CI)
Female, weighted % (n, 95% CI)
Race/ethnicity, weighted % (n, 95% CI)

Non-Hispanic whites

48.3 (9140, 47.59-49.06)
51.7 (9479, 50.94-52.41)

67.6 (8044, 63.20-71.62)
11.6 (4050, 9.60-13.84)
8.4 (2913, 6.48-10.75)
Others 12.5 (3612, 10.70-14.61)
97.9 (16.2, 97.27-98.43)

Non-Hispanic Blacks

Mexican American Hispanic

Waist circumference (cm), weighted mean (SD, 95% CI)
Family income-to-poverty ratio (PIR), weighted % (n, 95% CI)

Below poverty (PIR < 1),

At or above poverty (PIR > 1),

Urinary creatinine (mg/dL), weighted mean (SD, 95% CI)
Cotinine levels (ng/mL), weighted % (n, 95% CI)

<LOD (<0.015)

Low (>0.015 to < 10)

16.1 (4003, 14.56-17.78)
83.9 (12834, 82.15-85.44)
120.8 (77.9, 117.84-123.81)

24.9 (3724, 23.28-26.69)
50.0 (8844, 48.47-51.50)

High (>10) 25.1 (4216, 23.58-26.60)
Current asthma based on self-reported questionnaire, weighted % (1, 95% CI)

Yes 5.9 (1123, 5.29-6.75)

No 94.0 (17,463, 93.24-94.71)
Current asthma based on spirometry FEV/FVC cut-off, weighted % (n, 95% CI)

Yes 13.4 (1818, 12.42-14.52)

No 86.6 (12,353, 85.48-87.58)

44.2 (16.1, 43.36-45.00)

49.4 (2804, 47.95-50.94)
50.6 (2781, 43.37-52.05)

67.1 (2323, 62.74-71.25)
11.9 (1271, 9.80-14.33)
8.3 (893, 6.36-10.78)
12.7 (1098, 10.81-14.81)
97.8 (16.7, 97.05-98.60)

16.2 (1233, 14.20-18.50)
83.8 (3837, 81.50-85.80)

121.4 (78.7, 118.28-124.49)

25.1 (1130, 22.90-27.35)
49.2 (2705, 46.83-51.49)
25.8 (1379, 23.60-28.10)

5.7 (349, 4.93-6.47)
94.3 (5227, 93.53-95.07)

13.6 (610, 12.19-15.05)
86.4 (4966, 84.95-87.81)

SD standard deviation, C/ confidence interval, LOD limit of detection, » number of observation, FEV; forced expiratory volume in 1 s, FVC forced vital

capacity

metabolite showed a clear significant association with
self-reported asthma in either the crude or the adjusted
models. Effect modification by adult sex was not ob-
served between any phthalate metabolites and self-
reported asthma (Fig. 4).

Association of urinary phthalate metabolites, and current
asthma in adults were re-analysed using spirometry data, with
the results presented in Fig. 5 a and b. MiBP was inversely
associated with asthma in adults in the unadjusted model
(0.73; 0.59-0.89), but the association did not reach statistical
significance after adjusting for confounders. No other phthal-
ate metabolites showed a significant relationship in either the
crude nor the adjusted analyses.

The association of current asthma with MEP, MCPP and
MCNP were not apparent in the overall model until after strat-
ification by sex (Fig. 6). Similar to the result observed in
children, a positive significant relationship was found between
MEP and current asthma among adult males (1.32; 1.04-1.69)
but not for females (1.03; 0.75—1.44). In contrast, MCPP and
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MCNP were negatively associated with current asthma in
adult females alone.

Sensitivity analyses examining the exposure-response as-
sociations demonstrated increases or decreases in the odds of
current asthma with increasing exposure category
(Additional file 1: Tables S2, S3 and S4). Overall, the results
were consistent with the primary analysis in both children and
adults. There was a significant positive association between
MBzP exposure and self-reported asthma in children for the
highest tertile relative to the lowest tertile (1.99; 1.08-3.68),
but not with any other phthalate metabolites. For male chil-
dren, exposure to the highest tertile of MEP was significantly
associated with over a 2-fold increased odds of self-reported
asthma compared to the lowest tertile of MEP (2.38; 1.107—
5.29). Similarly, adult males in the middle (1.64; 1.01-2.68)
and highest tertiles (1.66; 1.07-2.2.59) had an elevated odds
of asthma compared to those in the lowest tertiles. With the
exception of MEP, no other phthalate metabolites showed a
positive association with current asthma in males.
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Table 4 Distribution of urinary phthalate concentrations for children (aged 6 to < 18 years), NHANES 2007-2012

Percentile

Metabolite ~ Sample  LOD,,,« >LOD,. (%) Weighted geometric Min 5th 25th 50th  75th  95th  Max

(ng/mL) size, N (ng/mL) mean (95% CI)

LMW phthalate
MEP 2106 0.6 99.9 45.2 (39.85-50.45) <LOD,.« 6.9 22.8 49.5 129.1 5889 76332
MiBP 2106 0.3 99.6 9.7 (9.05-10.37) <LOD. 1.5 5.4 1.5 222 562 1163.3
MnBP 2106 0.6 98.4 18.2(16.56-19.89) <LOD 2.3 10.4 222 444 118.3 101013

HMW phthalate
MBzP 2106 0.3 99.4 10.6 (9.55-11.67) <LOD, 1.2 5.0 123 273 86.1 617.18
MCNP 2106 0.5 96.3 3.0 (2.72-3.19) <LOD,. 0.5 1.7 3.1 5.5 146 334
MCPP 2106 0.2 98.5 4.0 (3.56-4.39) <LOD,, 0.6 1.9 38 80 24.9 1425.8
YDEHP® 2106 - - 0.2 (0.17-0.21) 0.004 0.03 0.10 020 040 143 15.57
MEHP 2106 1.1 66.7 2.1 (1.96-2.23) <LOD,. <LODy.x <LODj.x 19 42 153 2047
MEHHP 2106 0.7 99.4 16.1 (14.58-17.65) <LOD. 2.2 7.8 172 365 1333 1672
MECPP 2106 0.5 100 27.1 (24.67-29.56) <LOD,.x 5.0 14.6 284 564 1941 1871
MEOHP 2106 0.6 99.1 10.2 (9.30-11.17)  <LOD.x 1.5 5.1 11.2 228 768 1175.1

Results were, however, less consistent for adult females, with Discussion

no significant relationship found using spirometry data as op-
posed to the inverse association found between MCNP and
MCPP metabolites and current asthma in the primary analysis.

In this study, we observed no clear relationship between
phthalate exposure and asthma, apart from one significant

Table 5 Distribution of urinary phthalate concentrations for adults (aged 18 to < 80 years), NHANES 2007-2012

Percentile

Metabolite ~ Sample  LOD,,,c  >LODy,a (%)* Weighted geometric Min S5th 25th 50th  75th  95th  Max

(ng/mL) size, N (ng/mL) mean (95% CI)

LMW phthalate
MEP 5417 0.6 99.9 63.6(58.95-68.35) <LODp. 6.8 26.1 72.1 2243 1285 31,660
MiBP 5417 0.3 98.7 6.5 (6.12-6.90) <LODp.x 09 3.8 8.1 155 400 627
MnBP 5417 0.6 97.2 11.9 (10.96-12.79) <LODp. 1.3 6.8 150 30.8 84.8 25863

HMW phthalate
MBzP 5417 0.3 97.8 5.3 (4.93-5.63) <LOD,x 0.6 2.5 59 134 423 4502
MCNP 5417 0.5 92.7 2.6 (2.42-2.72) <LOD.,x <LOD 1.2 24 48 16.2  730.25
MCPP 5417 0.2 97.4 2.8 (2.54-2.99) <LODp,x 03 1.2 26 56 224 25973
YDEHP® 5417 - - 0.1 (0.13-0.15) 0.003 0.02 0.07 0.14 030 1.1 106.72
MEHP 5417 1.1 62.8 2.1 (1.92-2.20) <LODpac <LODp. <LODp.x 1.7 4.0 16.9 1252.7
MEHHP 5417 0.7 98.5 12.5(11.52-13.52) <LODp. 1.6 5.9 128 273 116.3  9326.1
MECPP 5417 0.5 99.8 19.5(17.99-20.92) <LODp, 3.1 9.5 19.8 40.7 148.1 15828
MEOHP 5417 0.6 97.8 7.5 (6.90-8.07) <LODp, 1.0 3.6 77 161 621  6079.9

N number of participants/urinary samples, LOD limit of detection, Min minimum, 5¢1 Sth percentile, 25th 25th percentile, 50th 50th percentile, 75th 75th
percentile, 95th 95th percentile, Max maximum, LMW low molecular weight, MMP mono-n-methyl phthalate, MEP mono-ethyl phthalate, MiBP mono-
isobutyl phthalate, MnBP mono-n-butyl phthalate, HWM high molecular weight, MiNP mono-isononyl phthalate, MBzP mono-benzyl phthalate, MCNP
mono (carboxylnonyl) phthalate, MCPP mono-(3-carboxylpropyl) phthalate, DEHP di(2-ethylhexyl) phthalate, MEHP mono-(2-ethylhexyl) phthalate,
MEHHP mono-(2-ethyl-5-hydroxylhexyl) phthalate, MECPP mono-(2-ethyl-5-carboxylpentyl) phthalate, MEOHP mono-(2-ethyl-5-oxohexyl)

phthalate

 Percentage of phthalate metabolite concentrations at or above the maximum limit of detection (< LOD,y,). All concentrations below the LODax (<
LOD,,15x) Were substituted with a value of LOD,,,,x divided by square root of two (\/2)

® Y DEHP: molar sum of DEHP metabolites (MEHP, MEHHP, MECPP and MEOHP) expressed in pmol/L.
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Phthalate Odds ratio Phthalate Odds ratio
metabolite (95% Cl) (sex) (95% Ch

MEP (male) —%—  200(1.14, 3.51)
MEP —&— 1.45 (1.10, 1.92) MEP (Female) — 0.98 (0.62, 1.54)
MiBP — 1.62 (1.12, 2.32) MiBP (male) —_— 0.91 (0.40, 2.08)
MnBP 146 (1.05, 2.02) MiBP (female) —_— 1.13 (0.39, 3.27)
MnBP (male) R 0.97 (0.36, 2.62)
MBzP 1.50 (1.09, 2.08) MnBP (female) —_— 0.87 (0.32, 2.34)
MCNP —— 1.29 (0.85, 1.96) MBzP (male) S 1.53 (0.78, 3.02)
MCPP [ e — 1.22 (0.80, 1.87) MBzP (female) —t 1.33 (0.75, 2.38)
MCNP (male) —_ 1.02 (0.41, 2.51)
>DEHP T 1.14 (0.86, 1.51)
MCNP (female) —_—— 1.48 (0.57, 3.99)
! ] ! ! : MCPP | —_— 0.66 (0.30, 1.44
1 2 5 1 2 5 (male) ( :
MCPP (female) —_— 1.12 (0.47, 2.69)
a 2DEHP (male) —_— 0.72 (0.37, 1.41)
$DEHP (female) — 1.27 (0.62, 2.61)
Phthalate Odds ratio I r : T I
A 2 5 1 2 5
metabolite (95% Cl)
Fig. 2 Associations between urinary phthalate metabolites and asthma
(self-reported) in children stratified by sex. Logistic regression modeling
MEP —1&— 1.23 (0.80, 1.89) was used to access the effect of individual phthalate metabolites on asth-
. ma prevalence, with odds ratio (OR) presented for 1 log;, unit change in
MiBP 1.05 (0.59, 1.93) urinary phthalate concentration. MEP mono-ethyl phthalate, MiBP
MnBP R — 0.93 (0.46, 1.88) mono-isobutyl phthalate, MnBP mono-n-butyl phthalate, MBzP mono-
benzyl phthalate, MCNP mono-(carboxynonyl) phthalate, MCPP mono-
MBzP — 1.54 (1.05, 2.27) (3-carboxylpropyl) phthalate, YDEHP molar sum of DEHP metabolites
MCNP _ 124 (0.70, 2.21) (MEHP, MEHHP, MECPP. and MEOHP). All mode.ls were adj.u§ted for
age, race/ethnicity, waist circumference, poverty, urinary creatinine and
MCPP e — 0.94 (0.46, 1.90) cotinine
2DEHP —— 0.93 (0.56, 1.54)
T T . T T MCPP concentrations with reduced odds of asthma (defined

Fig. 1 a Model 1 (crude) - associations of urinary phthalate metabolites
with self-reported asthma in children, NHANES 2007-2012. Logistic
regression modeling was used to access the effect of individual phthalate
metabolites on asthma prevalence, with an odds ratio (OR) presented for 1
log;o unit change in urinary phthalate concentration. b Model 2 (adjust-
ed)—associations of urinary phthalate metabolites with self-reported
asthma in children, NHANES 2007-2012. Logistic regression modeling
was used to access the effect of individual phthalate metabolites on asth-
ma prevalence, with an OR presented for 1 log; unit change in urinary
phthalate concentration. MEP mono-ethyl phthalate, MiBP mono-
isobutyl phthalate, MnBP mono-n-butyl phthalate, MBzP mono-benzyl
phthalate, MCNP mono-(carboxynonyl) phthalate, MCPP mono-(3-
carboxylpropyl) phthalate, XDEHP molar sum of DEHP metabolites
(MEHP, MEHHP, MECPP and MEOHP). All models were adjusted for
age, sex, ethnicity/race, waist circumference, cotinine, poverty and uri-
nary creatinine

association between MBzP and self-reported asthma in chil-
dren. Stratification by sex revealed that both boys and adult
males are not at increased odds of current asthma following
exposure to the majority of phthalate metabolites apart from
the MEP metabolite. We found associations of MCNP and
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using FEV/FVC 70% cut off) among adult females. MiBP,
MnBP and XDEHP were not significantly associated with
either self-reported or objectively defined asthma (spirometry
measure) in both children and adults.

Whyatt et al. (2014) examined the relationship between the
diagnosis of asthma in children (aged 5-11 years, n = 300) and
prenatal exposures BBzP, di-n-butyl phthalate (DnBP), DEHP
and di-ethyl phthalate (DEP) using a longitudinal birth cohort
of 727 women enrolled between 1998 and 2006. They found
that maternal prenatal MBzP and MnBP concentrations—
metabolites of HMW BBzP and DnBP, respectively—were
significantly associated with the diagnosis of current asthma
and with a history of asthma-like symptoms (Whyatt et al.
2014). The present study found a significant association be-
tween MBzP and self-reported asthma in children, but no
relationship was found for MnBP.

A positive correlation was found between an HMW metab-
olite, DEHP exposure and asthma in settled dust (Gascon et al.
2015), but not with MBzP (Bornehag et al. 2004; Kolarik et al.
2008). A cross-sectional study of 623 Norwegian children
aged 10 years old reported a significant relationship with the
highest quartiles of MCNP and mono-(carboxyloctyl)
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metabolite (95% Cl) {eex) (=% )
MEP (male) — 0.87 (0.53, 1.45)
MEP = 1.07 (0.83, 1.39) MEP (Female) U, 1.32 (0.89, 1.95)
MiBP — 0.83 (0.65, 1.07) MiBP (male) —t— 1.24 (0.62, 2.47)
MnBP L 0.93 (0.69, 1.26) MiBP (female) — 0.69 (0.35, 1.36)
’ R MnBP (male) S P 1.17 (0.44, 3.11)
MBzP Nl 1.06 (0.85, 1.33) MnBP (female) — 0.89 (0.55, 1.45)
MCNP — 0.85 (0.65, 1.11) MBzP (male) —_—— 1.28 (0.60, 2.73)
MCPP P 1.08 (0.80, 1.45) MBzP (female) — 1.05 (0.70, 1.58)
MCNP (male) ﬁl— 1.08 (0.55, 2.08)
>DEHP — 0.96 (0.69, 1.33) |
MCNP (female) —*I— 0.97 (0.67, 1.39)
T T T T T MCPP (male) — 1.05 (0.63, 1.73)
1 2 5 1 2 5
MCPP (female) —— 1.44 (0.99, 2.10)
a $DEHP (male) — 0.96 (0.63, 1.73)
Phthalate Odds ratio 2DEHP (female) g 1.29 (0.83, 2.02)
i 0 T T T T T
metabolite (95% ClI) 1 > - 1 5 5
Fig. 4 Associations between urinary phthalate metabolites and asthma
MEP —T— 1.15(0.82, 1.61) (self-reported) in adults stratified by sex. Logistic regression modeling
) was used to access the effect of individual phthalate metabolites on asth-
MiBP I 0.82(0.47, 1.44) ma prevalence, with odds ratio (OR) presented for 1 log;, unit change in
MnBP 0.95 (055 1.65 urinary phthalate concentration. MEP mono-ethyl phthalate, MiBP
" ( ’ ) mono-isobutyl phthalate, MnBP mono-n-butyl phthalate, MBzP mono-
MBzP —— 1.10 (0.76, 1.59) benzyl phthalate, MCNP mono-(carboxynonyl) phthalate, MCPP mono-
(3-carboxylpropyl) phthalate, > DEHP molar sum of DEHP metabolites
MCNP —= 1.00 (0.77, 1.30) (MEHP, MEHHP, MECPP and MEOHP). All models were adjusted for
MCPP | 1.30 (0.95, 1.79) age, race/ethnicity, waist circumference, urinary creatinine and cotinine
>DEHP — 1.17 (0.78, 1.74)
T T T T T

-l 2 5 1 2 5

b

Fig. 3 a Model 1 (crude)—associations of urinary phthalate metabolites
with self-reported asthma in adults, NHANES 2007-2012. Logistic re-
gression modeling was used to access the effect of individual phthalate
metabolites on asthma prevalence, with odds ratio (OR) presented for 1
log;o unit change in urinary phthalate concentration. b Model 2 (adjusted)
- associations of urinary phthalate metabolites with self-reported asthma
in children, NHANES 2007-2012. Logistic regression modeling was
used to access the effect of individual phthalate metabolites on asthma
prevalence, with odds ratio (OR) presented for 1 log;o unit change in
urinary phthalate concentration. MEP mono-ethyl phthalate, MiBP
mono-isobutyl phthalate, MnBP mono-n-butyl phthalate, MBzP mono-
benzyl phthalate, MCNP mono-(carboxynonyl) phthalate, MCPP mono-
(3-carboxylpropyl) phthalate, ¥ DEHP molar sum of DEHP metabolites
(MEHP, MEHHP, MECPP and MEOHP). All models were adjusted for
age, sex, ethnicity/race, waist circumference, cotinine, poverty and uri-
nary creatinine

phthalate (MCOP) (Bertelsen et al. 2013). However, we did
not find a positive association of childhood asthma with DEHP
or MCNP in either the crude or the adjusted analyses. This
disparity may be attributed in part to the matrix examined, dust
(Gascon et al. 2015; Bornehag et al. 2004; Kolarik et al. 2008)
versus urine (Bertelsen et al. 2013). Another possible

explanation might be the differences in specimen collection
(i.e. the use of first-morning void (Bertelsen et al. 2013) as
opposed to spot urine in the present study), as these may affect
the concentrations of phthalate metabolites measured.

MBZzP is a primary metabolite of BBzP, an HMW phthalate
used in the manufacturing of toys, PVC materials, child care
articles and personal care products, and for pharmaceutical
coatings (Benjamin et al. 2017; Braun et al. 2013). While
exposure to some phthalate compounds, particularly among
asthmatics, may be via pharmaceuticals, Hoppin et al. (2013)
suggested that the presence of MBzP in urine is unlikely to be
as a result of the use of asthma medication since BBzP is not
approved for pharmaceutical coatings. Compared with non-
asthmatics, Hsu et al. (2012) (Hsu et al. 2012) demonstrated
that asthmatic children had significantly higher levels of BBzP
determined in settled dust, even after controlling for other
indoor air pollutants. They proposed that the inhalation of
BBzP may be an important pathway to the development or
exacerbation of asthma in children in Taiwan (Hsu et al.
2012).

In a study using the NHANES data, Hoppin et al. (2013)
showed that HMW phthalate metabolites, particularly MBzP,
were positively associated with current asthma, current
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Fig. 6 Associations between urinary phthalate metabolites and current
MEP 1 1.15 (0.93, 1.43) asthma (spirometry measure in adults stratified by sex. Logistic
) regression modeling was used to access the effect of individual
MiBP § 0.78 (0.54, 1.11) phthalate metabolites on asthma prevalence, with odds ratio (OR) pre-
MnBP e 0.93 (0.66, 1.32) sented for 1 log;o unit change in urinary phthalate concentration. MEP
mono-ethyl phthalate, MiBP mono-isobutyl phthalate, MnBP mono-n-
MBzP T 1.24 (0.92, 1.68) butyl phthalate, MBzP mono-benzyl phthalate, MCNP mono-
(carboxynonyl) phthalate, MCPP mono-(3-carboxylpropyl) phthalate,
MCNP —= 0.84 (0.65, 1.08) SDEHP molar sum of DEHP metabolites (MEHP, MEHHP, MECPP
MCPP —t 0.86 (0.66, 1.13) and MEOHP). All models were adjusted for age, race/ethnicity, waist
circumference, urinary creatinine and cotinine
2DEHP —— 0.93 (0.66, 1.30)

Fig. 5 a Model 1 (crude)—associations of urinary phthalate metabolites
with current asthma (spirometry measure) in adults, NHANES 2007—
2012. Logistic regression modeling was used to access the effect of
individual phthalate metabolites on asthma prevalence, with odds ratio
(OR) presented for 1 log; unit change in urinary phthalate concentration.
b Model 2 (adjusted)—associations of urinary phthalate metabolites with
current asthma (spirometry measure) in adults, NHANES 2007-2012.
Logistic regression modeling was used to access the effect of individual
phthalate metabolites on asthma prevalence, with odds ratio (OR) pre-
sented for 1 log;o unit change in urinary phthalate concentration. MEP
mono-ethyl phthalate, MiBP mono-isobutyl phthalate, MnBP mono-n-
butyl phthalate, MBzP mono-benzyl phthalate, MCNP mono-
(carboxynonyl) phthalate, MCPP mono-(3-carboxylpropyl) phthalate,
YDEHP molar sum of DEHP metabolites (MEHP, MEHHP, MECPP
and MEOHP). All models were adjusted for age, sex, ethnicity/race, waist
circumference, cotinine, poverty, and urinary creatinine

wheeze, current hay fever, and current rhinitis in adults (aged
18 years and older, n=1596), but not in children (aged 6—
17 years, n=779). This disparity with our analysis may be
attributed to the asthma definition and/or the measurement
method used. Hoppin et al. (2013) separated the definition
of current asthma and wheeze in their analysis, whereas the
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present study combined these self-reported measures. It is also
possible that our findings for children may have occurred by
chance alone since no other phthalate analysed showed a sig-
nificant relationship in the adjusted models.

We did observe that the weighted geometric mean concen-
tration of MBzP in children was two-fold the level seen in
adults (Tables 4 and 5). This suggests that children are more
exposed to MBzP than adults and may be at increased odds of
asthma following this exposure. It is important to note that our
findings for children should, however, be interpreted with
caution. While one (MBzP metabolite) out of ten metabolites
analysed was positively associated with asthma, this does not
suggest any strong relationship between phthalates and asth-
ma. For adults, using both self-reported and spirometry data of
the present study, there were no associations between any
phthalate metabolite and current asthma.

With respect to effect modification by sex, Ku et al. (2015)
reported that exposure to MEP metabolite was significantly
associated with an increased odds of asthma among boys, but
not among girls; and this was reflected in our study. Analysis
of 240 adult participants (140 females, 100 males; 20 to
60 years) of NHANES III revealed that MEP levels in urine
were associated with a reduction in pulmonary function
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measures (FEV1, FVC) in adult males alone (Hoppin et al.
2004). A similar study of 3147 participants (aged between 6
and 49 years) found significant associations between MEP,
MnBP, MCPP and ¥DEHP exposure, and a reduction in
FEV, or FVC in men (Cakmak et al. 2014). Although an
inverse association was found between MCPP and MCNP
metabolites and current asthma in adult females, our result
for MEP was consistent with previous studies for both boys
and adult males.

MEP is a primary metabolite of DEP, an LMW phthalate
used in varieties of consumer products including fragrances
and personal care products. Sex differences in MEP concen-
trations have been explained based on the use of these prod-
ucts, with evidence of higher MEP levels in females than in
males (Saravanabhavan et al. 2014). However, our finding
suggests that higher exposure to DEP may not explain the
observed association among males. The sex-specific relation-
ship may be attributed to either the endocrine disruptive ability
of DEP in relation to sex differences in asthma prevalence
(Buckley et al. 2018), or the hormonal influence of the chem-
ical on the functioning of lungs and the immune systems. It is
also plausible that the interactions between gene and environ-
mental exposure to DEP may have resulted in sex-specific
differences and the observed male susceptibility to asthma
prevalence.

Although the pathways through which phthalates induce
asthma in humans remain unclear (Whyatt et al. 2014), animal
studies have provided stronger evidence of their deleterious
effects. For example, the metabolites of HMW phthalates,
especially MBzP and MEHP, were shown to bind with and
activate the nuclear peroxisome proliferator-activated recep-
tors (PPAR-alpha and PPAR-gamma), which play a signifi-
cant role in certain physiological processes including airway
remodeling and inflammation in rodents (Hurst and Waxman
2003). More recently, in vivo studies have demonstrated that
DEHP induces Th2 and Th17 immune responses and airway
inflammation in mice (Alfardan et al. 2018), and thymic stro-
mal lymphopoietin (TSLP), Th2 immune response and
interleukin-7 receptor in rats (Wang et al. 2018); all of which
exacerbates asthma.

Some limitations of the study include the cross-sectional
design of NHANES making it difficult to establish causality in
the associations between phthalate exposures and asthma in
children and adults. Phthalate measurements are prone to ex-
posure misclassification via the use of a single spot urine
sample per subject, which may not take into account the var-
iation of within-person over time. Nevertheless, although
phthalate metabolites have biological half-lives of less than a
day (Jepsen et al. 2004; Ferguson et al. 2011), research has
shown that, despite this temporal variability, the measurement
of phthalate concentrations via a single spot urine sample may
be a representative of long-term exposures (Teitelbaum et al.
2008). We were unable to repeat the analysis for children

using spirometry data. This is because FEV/FVC was con-
sidered a poor diagnostic test for childhood asthma due to a
lack of accuracy and precision (Murray et al. 2016) and the
limited number of children classified as asthmatics (<2%)
compared to non-asthmatics (>98%) (Table 2). This
prevented us from investigating if the observed association
between MBzP metabolites and self-reported asthma in chil-
dren were overestimated or due to chance. Finally, some chil-
dren and adults with asthma, particularly of lower socio-
economic status (SES), may not have received a diagnosis of
asthma due to lack of healthcare; and thus, are unaware of
their current asthma status.

However, the strengths of the study include using three
NHANES waves based on a representative sample of the US
population that is diverse in terms of geographical distribu-
tion, ethnic groups, age, and income. Current asthma was
defined using both subjective (self-reported) and objective
(spirometry) measures in adults. Both our primary and sensi-
tivity analyses were robust in statistical modeling approaches
and may be generalised to the US population.

Conclusions

Urinary concentrations of phthalate metabolites were not sig-
nificantly associated with current asthma in children and
adults, apart from a single metabolite. Stratification by sex
revealed that boys and adult males were at increased odds of
asthma following exposure to only MEP; adult females were
at decreased odds of asthma following exposure to MCNP and
MCPP. Based on our findings, the potential adverse effect of
phthalate exposure on asthma pathogenesis and/or exacerba-
tions remains controversial, highlighting the need for a more
comprehensive study on phthalate exposure and the occur-
rence of asthma; ideally, integrating a well-designed longitu-
dinal follow-up analysis would be more informative.
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