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Abstract Considering the possible effects of polycyclic aro-
matic hydrocarbons (PAHs) on thyroid function, the current
study aims to investigate the association of PAH urinary me-
tabolites with the level of thyroid hormones in a sample of
Iranian children and adolescents. This cross-sectional study
was conducted from September 2015 to July 2016 in
Isfahan, Iran. Participants were 150 students, aged 6—18 years,
who were selected by multistage cluster random sampling
from schools of Isfahan province. Blood and urine samples
of participants were obtained for measurement of thyroid hor-
mone levels (measured by immunoradiometric assay) and
PAH urinary metabolites, including 1-hydroxynaphthalene,
2-hydroxynaphthalene, 9-hydroxyphenanthrene, and 1-
hydroxypyrene. The association of serum thyroid-
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stimulating hormone (TSH) and PAH urinary metabolites
was determined by correlation and regression analyses.
Multivariate regression analysis revealed significant associa-
tion between serum TSH and PAH urinary metabolites; this
association remained significant after adjustment for gender
and age. The corresponding figures were » = 0.85 for 1-naph-
thol, » = 0.86 for 2-naphthol, » = 0.87 for 1-hydroxypyrene,
and = 0.42 for 9-phenantrol, respectively, all p values <0.001.
The mean levels of 1-hydroxypyrene and 9-phenanthrol were
higher in boys than those in girls (p < 0.05). The findings of
this study indicated significant positive association between
urinary PAH biomarkers and the TSH level in children and
adolescents. It can be suggested that long-term exposure to
PAHs might result in thyroid function impairment. The clini-
cal implication of the current findings should be confirmed by
future longitudinal studies.

Keywords Polycyclic aromatic hydrocarbons - Thyroid
hormone - Children - Adolescents

Introduction

Thyroid diseases, mainly hypothyroidism, are of the most
prevalent endocrine disorders in the pediatric age group.
Hypothyroidism could be developed as either overt or subclin-
ical forms with an estimated prevalence rate of 5.3 and 4.3%,
respectively (Duntas 2002; Hollowell et al. 2002; LaFranchi
2011).

There are emerging evidences that exposure to environ-
mental toxicants and environmental endocrine disruptors
(EDCs) could have a causative role in the development of
chronic diseases (Kelishadi and Poursafa 2014) including thy-
roid disorders (Magbool et al. 2016; Schmutzler et al. 2007).
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Several studies indicated that EDCs could alter thyroid func-
tion by interfering with the function of thyroid hormone in
different stages of thyroid hormone synthesis, release, trans-
port, metabolism, and clearance (Schmutzler et al. 2007;
Skakkebacek et al. 2011).

Polycyclic aromatic hydrocarbons (PAHs) are a family of
EDCs that are produced through incomplete combustion of
oil, fossil fuel, gas, coal, and waste and are also produced
naturally from volcanoes and forest fires (Kataria et al.
2015). Exposure to PAHs could be through inhalation of cig-
arette smoke, vehicle exhaust, and processed fossil fuels, or
through ingestion of grilled and charred foods, contaminated
flour and bread products, processed and pickled foods, and
contaminated water and milk. Other sources of exposure are
air, water, or soil in the area near hazardous waste sites
(Ramesh et al. 2004; Buratti et al. 2007). A common way of
exposure to PAHs is by inhalation. Secondhand smoking is
another source of exposure, especially in children. Among
non-smokers, ingestion of the abovementioned foods is anoth-
er important source (Ramesh et al. 2004; Buratti et al. 2007,
ASTDR 2005).

It is suggested that PAH may accumulate in the body over
time; it is well documented that these pollutants have several
adverse health effects, including cancer, cardiovascular dis-
ease, peripheral arterial disease, and fatal ischemic heart dis-
ease (Moorthy et al. 2015; Xu et al. 2010; Xu et al. 2013;
Burstyn et al. 2005). Some other reports exist on the harming
effects of PAHs on the reproductive system as well as on their
carcinogenic and mutagenic effects (Izawa et al. 2007; Wu
et al. 2004; Hua et al. 2007).

A growing body of evidence exists on the effects of PAHs
on the endocrine system, including thyroid function, but the
exact underlying mechanisms remain to be determined. Some
previous studies indicated that PAHs might interfere with thy-
roid hormones receptor (THR)-mediated transcription, and in
turn, they could inhibit thyroid function (Sun et al. 2008).
Some experimental studies reported that specific PAH com-
ponents could change the activity of thyroid peroxidase (TPO)
but its effect on human thyroid function is not clearly deter-
mined yet (Fowles et al. 2016; Paul et al. 2013; Brar et al.
2010). It might be because the thyroid hormone turnover ki-
netics in humans are very different (Fowles et al. 2016). Song
and colleagues indicated that some of the PAH metabolites,
mainly pyrene, benzofluoranthene, and benzopyrene, could
alter thyroid function by inhibition of TPO (Song et al. 2012).

There are few studies about the effects of PAH on different
disorders in pediatric age group. Recently, some studies in
children and adolescents have documented the association
between PAHs and obesity, oxidative stress, inflammation,
and renal function (Scinicariello and Buser 2014; Farzan
et al. 2016; Li et al. 2015).

Though, both in vivo and in vitro studies have documented
the association between PAHs and thyroid function, but to the

best of our knowledge, no previous study has been conducted
in the pediatric population. Thus, it is suggested that PAHs, as
an EDC, might be a potential risk factor for pediatric thyroid
disorders. The harmful effects of PAHs in children and ado-
lescents are of special concern because of the important role of
thyroid hormone in their growth and development. The cur-
rent study aims to investigate the association of PAH urinary
metabolites with the level of thyroid hormones in a sample of
Iranian children and adolescents.

Materials and methods

This cross-sectional study was conducted from September
2015 to July 2016 in Isfahan, the second largest and the most
industrialized city in Iran. This study was conducted among
school students, aged 6—18 years, who were selected by mul-
tistage cluster random sampling method from all schools of
Isfahan province.

Students with a history of chronic disease, including thy-
roid disorders or using thyroid hormone medications, were not
included.

Protocol of the study and details of the methods were de-
scribed for all selected schoolchildren and their parents.
Written informed consent was obtained from parents and oral
assent from students. The study was approved by the regional
Ethics committee of Isfahan University of Medical Sciences
(Project No. 194274).

A pediatric endocrinologist examined all participants; a
trained nurse recorded their demographic and anthropometric
data. While one of the parents accompanied the students,
blood and urine samples of all participants were obtained
and examined in a referral laboratory for measurement of thy-
roid hormone levels and PAH urinary metabolites.

Laboratory measurements
Thyroid hormones

Venous blood samples were drawn from participants. The
samples were centrifuged and stored at — 70 °C until analysis.
Level of thyroxin (T4) and thyroid-stimulating hormone
(TSH) were measured by radioimmunoassay (RIA) and
immunoradiometric assay (IRMA), respectively, using Iran
Kavoshyar diagnostic kits (Tehran, Iran). The normal range
of T4 and TSH was considered as > 10 pg/dL and <5 mU/L,
respectively.

PAH urinary metabolites

Morning urine samples (10 mL) were collected for measuring
PAH urinary metabolites. They were stored at — 80 °C until
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analysis in the laboratory of the Environment Research
Center, Isfahan University of Medical Sciences.

We analyzed four hydroxylated urinary PAH meta-
bolites, i.e., 1-hydroxynaphthalene (1-naphthol), 2-
hydroxynaphthalene (2-naphthol), 9-hydroxyphenanthrene
(9-phenanthrol), and 1-hydroxypyrene.

The indicators for quality assurance for measurement of the
urinary PAH metabolites are presented in Table 3 of the
Appendix section.

Sample preparation

We used methanol (Merck company, purity > 99.9%), dichlo-
romethane (Merck company, purity > 99%), (3-glucuronidase/
arylsulfatase, and MSTFA (Sigma Aldrich company). Urine
samples (3 mL) were aliquoted into test tubes. Sodium acetate
buffer (0.1 M; pH 5.5; 5 mL) was added to each sample to
adjust the pH for optimal deconjugation conditions for the
enzyme. Samples were spiked with bisphenol A internal stan-
dard (10 puL, 200 pg/uL). Conjugates were hydrolyzed by
adding {3-glucuronidase/arylsulfatase (10 pL) to the samples
followed by incubation (37 °C) for 17-18 h (overnight).
Samples were mixed, allowed to equilibrate, then extracted
on the RapidTrace® SPE workstation. Cartridges (focus
60 mg) were preconditioned with methanol (1 mL, 16 mL/
min), followed by purified water (1 mL, 16 mL/min). Samples
were added to the cartridge at | mL/min, rinsed using purified
water (1 mL, 10 mL/min), and followed by methanol/sodium
acetate buffer (3 mL, 4:6 by volume, pH 5.5, 10 mL/min). The
sorbent was dried by applying a constant flow of nitrogen for
10 min to the cartridge and the final extract was eluted with
dichloromethane (3 mL, 0.5 mL/min).

The sample extracts were evaporated using a gentle stream
of nitrogen (5-10 psi, gradually increasing during evapora-
tion) and a water bath (40 °C), then reconstituted with toluene
(40 uL). Samples were derivatized to their trimethylsilylated
derivative, prior to GC/MS measurement, by adding MSTFA
(10 uL) and incubating (60 °C) for 30 min.

The extracts were analyzed by gas chromatography/mass
spectrophotometry using a quadruple Agilent GC-MSD
(Agilent Technologies, Palo Alto, CA, USA) model 7890A
coupled to a mass selective detector model 5975C inert, oper-
ated in the electron-impact mode at 70 eV. Data recording and
instrument control were performed by the MSD ChemStation
software (G1701CA; version C.00.00; Agilent Technologies).
Helium (99.999%) was employed as a carrier gas at the flow
rate of 1 mL/min. The analytes were separated using a capil-
lary column (HP-5, 30 m, 0.25-mm id., 0.25-um coating
thickness). The gas chromatographic conditions were as fol-
lows: injection volume, 2 uL; split ratio, 1:10; and injector
temperature, 280 °C. The oven temperature was programmed
from 100 °C (holding for 2 min) to 210 °C at 10 °C/min then
to 250 °C at 5 °C/min and finally to 280 °C at 30 °C/min,
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keeping the final temperature for 4 min. The MS transfer line
and ion source were kept at 280 and 230 °C, respectively. The
MS was tuned to selective ion monitoring (SIM) mode with
m/z 69, 219, and 502 for the electron impact (EI) correspond-
ing to perfluorotetra butyl amine (PFTBA). Data acquisition
was conducted in the selected ion monitoring (SIM) mode and
results were qualified by comparison with the NIST and
Wiley’s library spectral data bank (G1035B; Rev D.02.00;
Agilent Technologies).

All samples were subsequently transferred to amber GC
vials with 300-uL-fused inserts (Romanoff et al. 2006).

Statistical analysis

Quantitative variables are presented as mean (SD). Normality
of data distribution was assessed by Kolmogorov-Smirnov
test. Non-normal positive skewed data were subjected to log-
arithmic transformation. Independent sample ¢ test was used
for comparing measurements between groups.

Association between studying variables (PAHs metabolites
and TSH) was evaluated using smoothing spline regression
with linear trend. Data were analyzed using SPSS software
(version 20.0, IBM, USA). p value of < 0.05 was considered
as statistically significant.

Results

The study participants consisted of 150 students (46% boys)
with mean (SD) age of 13.51 (3.11) years. Mean (SD) of age
of boys and girls was 13.04 (2.75) and 13.9 (3.35) years,
respectively (p = 0.08). Mean (SD) of BMI of boys and girls
was 18.7 (1.23) and 18.9 (2.2) kg/mz, respectively (p = 0.08).

Mean (SD) of biochemical measurements including level
of'thyroid hormones and PAH urinary metabolites is presented
in Table 1. Mean (SD) level of thyroid hormones was not
different significantly among boys and girls (»p > 0.05).

From urinary metabolites of PAH, mean level of 1-
hydroxypyrene and 9-hydroxyphenanthrene was significantly
higher in boys than that in girls (p = 0.01 and p = 0.03,
respectively).

For evaluating the association of urinary metabolites of
PAH with TSH levels, smoothing spline regression with linear
trend was used to track the complex relationships; the regres-
sion coefficients after adjustment for the confounding impacts
of sex and age showed significant positive association
(Table 2) (p < 0.05). Figure 1 depicts the patterns of variation
in THS levels in terms of metabolites of PAH levels. Among
the examined different splines on study data, a dose-response
linear relationship between continuous exposure (i.e., metab-
olites of PAH) and TSH levels only was statistically signifi-
cant. Each presented regression coefficient in Table 2, indicat-
ing TSH increased per 1 unit increase in metabolites of PAH.
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Table 1 Laboratory findings in
study participants Variables [mean (SD)] Girls n = 81 Boys n = 69 Total n = 150 p value
Thyroid hormones
-Thyroid-stimulating hormone 2.94 (2.47) 2.83 (1.67) 2.89 (2.13) 0.74
[MIU/L, (TSH)]
-Thyroxin [pg/dL, (FT4)] 10.94 (3.18) 11.07 (1.81) 11.00 (2.63) 0.76
Urinary PAH metabolites (ng/L)
-1-Hydroxynaphthalene 350.01 (156.55) 370.92 (185.51) 359.95 (64.97) 0.48
-2-Hydroxynaphthalene 413.37 (188.95) 433.44 (200.79) 423.87 (192.68) 0.57
-1-Hydroxypyrene 78.84 (47.22) 116.09 (100.45) 98.56 (72.40) 0.01
-9-Hydroxyphenanthrene 95.22 (37.01) 117.06 (51.82) 106.81 (46.7) 0.03
PAH polycyclic aromatic hydrocarbon
Discussion Limited evidences proposed that PAHs might be involved

In this study, the association between PAH urinary metabolites
and thyroid hormone levels was determined in a sample of
children and adolescents. Our findings revealed significant
positive correlation between level of PAH metabolites and
TSH in this group of population.

PAHs are considered as one of the most prevalent global
environmental contaminants (Kataria et al. 2015). Available
reports indicated that determination of PAH metabolites in
different populations could reflect the degree of environmen-
tal exposure of this contaminant in various communities. PAH
urinary metabolites are the best marker for evaluation of PAH
exposure. The advantages of PAH urine metabolites are their
high excretion quantities and ease of sample collection (Li
et al. 2010; De Craemer et al. 2016; Chetiyanukornkul et al.
2006). The concentration of urinary PAH metabolites of chil-
dren has significant correlation with levels of ambient PAH
(Poursafa et al. 2017) (Table 3 of the Appendix section).
Previous studies showed that a single urine sample could pre-
dict an individual’s chronic exposure (CDC 2005). In this
study, we used a morning urine sample for PAH metabolite
measurement.

The exact mechanism of action of PAHs on the thyroid
gland is not well understood. It is suggested that they could
impair thyroid function by interfering with thyroid gland func-
tion in its different stages of synthesis, transporting, and bio-
logical function (Izawa et al. 2007; Wu et al. 2004; Hua et al.
2007).

Table 2  Association of PAH metabolites concentrations with levels of
TSH

Regression coefficient (SE) T p value
1-Hydroxynaphthalene ~ 0.858 (5.27) 18.93 < 0.001
2-Hydroxynaphthalene  0.861 (5.19) 18.21 <0.001
1-Hydroxypyrene 0.871 (4.73) 18.78 < 0.001
9-Hydroxyphenanthrene 0.421 (7.68) 8.06 <0.001

PAH polycyclic aromatic hydrocarbon, SE standard error of the estimate

in a number of mechanisms. Some human and experimental
studies showed that PAH metabolites, including pyrene,
benzofluoranthene, and benzopyrene, could affect thyroid
function by inhibition of TPO (Song et al. 2012; Fowles
et al. 2016; Paul et al. 2013; Brar et al. 2010). Another exper-
imental study showed that rats exposed to benzopyrene en-
hance biliary excretion of thyroxine glucuronide (Goldstein
and Taurog 1968). An in vitro study showed that PAH metab-
olites interfered with THR-mediated transcription, and in turn,
inhibition of thyroid function (Sun et al. 2008). 3-
Methylcholanthrene, a carcinogenic PAH, was found to also
affect thyroid function (Newman and Moon 1967).

All of the available human studies in this field were con-
ducted in adult population.

A study in China investigated the relationship between
PAH urinary metabolites and thyroid hormone levels among
480 Chinese adult men with non-occupational exposure. It
showed significant association between 2-hydroxyfluorene
and elevated levels of TSH; the corresponding figure was
not statistically significant for other metabolites (Zhu et al.
2009).

Findings of the National Health and Nutrition Examination
Survey in the USA documented significant association be-
tween nine PAH metabolites and thyroid function among the
adult population. The feature of association was not similar in
terms of gender. In females, levels of 1-hydroxynapthalene, 2-
hydroxyphenanthrene, and 1-hydroxypyrene were associated
with elevated levels of TT3. In males, levels of 1-
hydroxyphenanthrene, 2-hydroxyphenanthrene, and 9-
hydroxypyrene were associated with decreased levels of free
T4 (Jain 2016). They reported significant association between
PAH metabolites and TT3 in women. They indicated signifi-
cant association between the PAH metabolites and FT4 in men
(Jain 2016).

To our knowledge, our study is the first to examine the
association between PAH and thyroid hormones in children
and adolescents. The results of this study indicated that from
various urinary PAH biomarkers, the mean level of 1-
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Fig. 1 Smoothing curves with linear trend for tracking the association of PAH concentration with TSH levels; the gray bound represent the 95%

confidence interval

hydroxypyrene and 9-hydroxyphenanthrene (9-P) was higher
in boys than that of girls. The mean age and BMI of boys and
girls were not different significantly, therefore the higher level
of these metabolites is suggested to be because boys have
more outdoor activities, thus their exposure to ambient pollut-
ants would be higher.

In this study, multivariate regression analysis indicated
positive significant correlation between mentioned bio-
markers with level of TSH after adjustment for age and
gender.

Our results were not in line with those of a study in China,
which did not find any association between PAH metabolites
and thyroid hormones in adult men. They showed significant
association between 2-hydroxyfluorene (2-F) and high refer-
ence TSH levels (Zhu et al. 2009).

Considering the positive association between PAH me-
tabolites and level of TSH, it seems that long-term and
continuous exposure to PAH could impair thyroid func-
tion mainly hypothyroidism. It is suggested that similar
to other EDCs, long-term stimulation of the thyroid
gland by the PAHs could impair the thyroid function.
Thus, it is recommended to plan longitudinal studies to
obtain more precise results on the long-term effects of
exposure to high levels of PAHs.

As all studied schoolchildren were evaluated during the
school time and almost all of them did not change their life-
styles and environments over several months before sample
collection, we suggest that their PAH exposure may not have
fluctuated to great extent.

@ Springer

The limitations of the current study are the cross-sectional
design of the study and the relatively small sample size of the
studied population. In addition, due to lack of enough labora-
tory facilities, we could not measure one of the PAH urine
metabolites, like 2-hydroxyfluorene, which might affect the
thyroid function (Zhu et al. 2009). Further, considering the
possible association of PAH and autoimmunity, it is also rec-
ommended to evaluate the association between PAHs and
thyroid auto-antibodies.

The strength of our study was its novelty as the first study
in this field among the pediatric population.

Conclusion

The findings of this study indicated a significant positive as-
sociation between urinary PAH biomarkers and level of TSH
in children and adolescents. Our results propose that long-
term exposure to PAHs could result in thyroid function im-
pairment. However, for obtaining more accurate results in this
field, evaluation of other urinary PAH biomarkers as well as
thyroid auto-antibodies in a larger sample size of children and
adolescents is recommended.

Compliance with ethical standards Written informed consent was
obtained from parents and oral assent from students. The study was ap-
proved by the regional Ethics committee of Isfahan University of Medical
Sciences (Project No. 194274).
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Appendix

Table 3 Indicators for quality )

assurance for measurement of the LOD (ng/L) LOQ (ng/L) RSD (%) Recovery (%) R

urinary metabolites of polycyclic

aromatic hydrocarbons 1 -Naphtol 15.36 51.14 9.7 76.8 0.99
2-Naphtol 17.68 58.87 11.2 86.6 0.97
1-Hydroxypyrene 4.02 13.38 13.6 78.6 0.95
9-Phenantrol 2.65 8.74 14.6 82.4 0.99

LOD limit of detection, LOQ limit of quantification, RSD (%) percent relative standard deviations
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