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BACKGROUND: Some pesticides have been shown to interfere with thyroid functions through changes in thyroid hormone (TH) levels. However, few
human studies have explored associations between TH levels and environmental exposure to currently used pesticides, including neonicotinoids, phe-
nylpyrazoles, phenoxy acids, and azoles. Moreover, such studies often measure biomarkers of exposure in urine or blood, and thus reveal only recent
exposure. In contrast, hair has been demonstrated to be a suitable matrix for assessing chronic exposure to both persistent and nonpersistent organic
pollutants.

OBJECTIVES: We investigated 54 biomarkers of pollutant exposure in relation to tetraiodothyronine (T4), 3,3’,5-triiodothyronine (T3), 3,3’,5'-triiodo-
thyronine (rT3), and 3,3’-diiodothyronine (T2).

METHODS: In a cross-sectional study of 196 healthy Chinese women of reproductive age (2545 years of age), concentrations of both pollutants and
THs were analyzed in the first 12 cm (starting from the scalp) of the hair matrix, collected in 2016. Associations between pollutants and TH levels
were explored using stability-enhanced least absolute shrinkage and selection operator (lasso) by regressing all exposures against each outcome of in-
terest, adjusted for age, body mass index, and city.

ResuLts: Each TH was associated with the mixture of at least eight of the examined pesticides. We found associations of B-HCH, PCP, DMP,
DETP, 3Me4NP, carbofuran, CICF;CA, imidacloprid, 2,4-D, metolachlor, difenoconazole, and tebuconazole with THs. For example, a 2-standard
deviation (SD) increase in log,,-transformed hair DMP concentration was associated with lower hair T4 concentration [—15.0% (95% CIL: —26.1,
—2.21%)] and higher hair T3 concentration [8.16% (95% CI: 1.73, 15.0%)] in the adjusted unpenalized regression models. We also found associations
of some pesticides with T3/T4, rT3/T4, and rT3/T3 molar ratios, including PCP, DMP, 2,4-D, metolachlor, difenoconazole, and tebuconazole.

DiscussIoN: Our results suggest that exposure to the low levels of pesticides examined here may disrupt thyroid homeostasis in humans. Further stud-

ies are needed to confirm our results and to evaluate the long-term consequences of these subtle interferences. https://doi.org/10.1289/EHP14378

Introduction

Thyroid hormones (THs) are essential for human growth, develop-
ment, metabolism, cardiovascular homeostasis, and the immune
system.! Their circulating levels are strictly regulated via a nega-
tive feedback loop along the hypothalamic—pituitary—thyroid
(HPT)-axis, involving thyrotropin-releasing hormone and thyroid-
stimulating hormone (TSH).? The thyroid gland excretes tetraiodo-
thyronine (T4) and ~20% of the circulating 3,3',5-triiodothyro-
nine (T3), whereas the remaining T3 is supplied through
conversion of T4 by the types 1 and 2 iodothyronine deiodinases
(Diol and Dio2) in the thyroid and in peripheral tissues, including
pituitary, liver, kidney, heart, brain, and brown adipose tissue.®
Meanwhile, T4 can also be converted to inactive 3,3’,5’-triiodo-
thyronine (rT3) through inner-ring deiodination catalyzed by Diol
and Dio3.? Moreover, both T3 and rT3 can be further converted to
3,3’-diiodothyronine (T2) through monodeiodination. The thyroid
homeostasis can, however, be disrupted by a wide range of
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synthetic chemicals, including pesticides, which may have adverse
consequences for human health, such as neurodevelopmental dis-
orders and cardiovascular disease.'*

Synthetic pesticides are a diverse group of chemicals used to kill
or control pests, including disease-carrying organisms and undesir-
able insects, animals, and plants.> Unlike legacy organochlorine
pesticides (OCs), currently used pesticides, such as organophos-
phates (OPs), carbamates, pyrethroids (PYs), neonicotinoids, phe-
nylpyrazoles, phenoxy acids, and azoles, have short biological half-
lives and do not accumulate significantly in the human body.
Nevertheless, owing to extensive use, the general population is con-
sidered to be exposed chronically to low-dose pesticide mixtures
from different chemical families.® Moreover, the European Food
Safety Authority has reported that 101 of 287 screened pesticides
can affect the thyroid or TH systems via various modes of action,
including antagonism of T3 or T4 receptors; alteration in gene
expression of proteins/receptors/enzymes involved in TH homeo-
stasis; interference with transthyretin (TTR); inhibition of sodium-
iodide symporter (NIS), thyroid peroxidase (TPO), and iodothyro-
nine deiodinases; and induction of liver enzymes.”-8

Animal toxicity studies have well documented the thyroid-
disrupting effects of many pesticides, as reviewed by Leemans
et al.” For example, in a study with ewes, exposure to y-hexa-
chlorocyclohexane (y-HCH), pentachlorophenol (PCP), chlorpyr-
ifos, triallate, dimethoate, or 2.,4-dichlorophenoxyacetic acid
(2,4-D) significantly reduced serum T4 levels, whereas carbo-
furan exposure resulted in a marked increase in T4 levels.'®
Likewise, changes in TH levels have also been found for pesti-
cide exposure among other animals, including rats, mice, and
zebrafish.!!=1 The effects of pesticide exposure on TH homeo-
stasis have also been studied in humans, but results are less con-
sistent than in animal studies.**-!” Regarding human exposure to
legacy OC pesticides, positive associations were observed in
Brazilian children and women between serum free T4 and total
T3 levels and serum concentrations of several OC pesticides,
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including B-HCH, y-HCH, hexachlorobenzene (HCB), a-endosul-
fan, B-endosulfan, p,p’-dichlorodiphenyltrichloroethane (DDT),
and methoxychlor,'®!? whereas null and inverse associations with
serum free T4 levels and total T3 levels have been reported for
HCB and B-HCH among Canadian Inuit adults?® and pregnant
Korean women.?! Similar to the findings with OC pesticides, the
associations of pesticides in current use with TH levels have not
been conclusive and much less data is available, with almost all
such studies focusing on OPs and PYs. Urinary dialkylphosphate
(DAP) metabolites of OPs have been associated with increased se-
rum free T4, total T4, and/or free T3 levels, along with decreased
serum TSH levels in pregnant Chinese women.”> However,
another study among adult men reported an inverse relationship
between urinary 3,5,6-trichloro-2-pyridinol (TCPy; a metabolite
of chlorpyrifos and chlorpyrifos-methyl) and serum free T4 accompa-
nied by a positive association with TSH.2* Furthermore, the US
Agricultural Health Study has linked ever use of diazinon, dichlorvos,
and malathion to increased hypothyroidism risk among private pesti-
cide applicators, although not among their female spouses.?*>’
Similarly, urinary metabolite measurements were used to explore PY
exposure in relation to serum TH levels in pregnant women,
adult men and women, and even the general population, including
phenoxybenzoic acid (3-PBA), cis-3-(2,2-dicholorvinyl)-2,2-di-
methyl-cyclopropane carboxylic acid (cis-Cl,CA), and trans-C1,CA,
and both null and inverse associations have been reported.?833

However, recent studies have demonstrated that one single
urine sample cannot reliably reveal the level of exposure to fast-
eliminating chemicals, including currently used pesticides, and
increasing the number of urine samples can only slightly improve
the accuracy of exposure assessment.>* On the other hand, hair
has been proposed as a potential alternative, given that it can
cover a wider window of detection and thus is less sensitive to
short-term variations in exposure.*> Moreover, because TH secre-
tion shows circadian and ultradian rhythmicity, a single blood
sample may not be able to provide reliable TH measurements
over long time periods, whereas hair samples can. In fact, hair
has been shown to be a suitable matrix for assessing endogenous
hormonal homeostasis.>**° Hair TH levels represent cumulative
free circulating TH levels, given that hormones are assumed to
enter the hair shaft mainly through active or passive diffusion
from the bloodstream.*! However, to our knowledge, no prior
human studies have so far used hair analysis to evaluate the
effects of pesticide exposure on TH levels. Furthermore, prior
studies have focused on only a limited number of individual pes-
ticides, even though humans are simultaneously exposed to mul-
tiple classes of pesticides.

In the present study, we aimed to examine hair T4, T3, rT3, and
T2 levels in relation to hair concentrations of mixtures of pesticides
from several different chemical families among an adult female
population. In addition, one polychlorinated biphenyl congener
(PCB180) and two bisphenols [bisphenol A (BPA) and bisphenol
S (BPS)] were also evaluated in this study owing to their pervasive-
ness among our study population and their endocrine disrupting
properties.

Materials and Methods

Study Population and Hair Collection

The study population has been described previously.3%42—44

Briefly, the present study is part of a multiparametric clinical
study conducted in 2016 to examine the impact of chronic pollu-
tion exposure on skin, scalp, and hair among a healthy Chinese
female population in northern China. To this end, 102 partici-
pants per city (204 total) were recruited from the urban areas of
Baoding and Dalian. The selection of these two cities was based

Environmental Health Perspectives

107005-2

on their following characteristics: close geographical area (dis-
tance between the two cities: ~ 500 km), inhabitants with similar
lifestyles, similar climate, same latitude for similar ultraviolet
(UV) exposure, and discriminant Air Quality Index levels accord-
ing to air quality monitoring stations.*> Therefore, the exposure
of study participants to UV in their daily lives can be assumed to
be comparable, although they were exposed to different levels
of pollution. All participants provided information on health
status, medical history, and daily habits. They were nonpregnant,
healthy women, aged between 25 and 45 years of age, non-
smokers, nondrinkers, had been residing in the current city for at
least 15y with indoor occupations, and had natural hair (color:
black) from root to tip with the length >30 cm. Pregnant women,
women who used medications, or had a preexisting skin pathol-
ogy that could bias the study outcome or endanger the partici-
pant’s health were excluded from the study. Here, a nonpregnant
participant was defined as a woman who was not pregnant 1 y
prior to sampling, and natural hair was defined as the absence of
cosmetic treatment (e.g., perm, relaxing, coloring), which was
validated by an expert at the time of hair collection. The study
was approved by the ethics committee of the Chinese Academy
of Inspection and Quarantine Cosmetics Tech Center (protocol
no. 2015-033-DY-024) and conducted according to the principles
expressed in the World Medical Association’s Declaration of
Helsinki. Informed written consent was obtained from all partici-
pants prior to any study-related procedure.

Each woman provided a hair sample cut from the posterior ver-
tex region (close to the scalp) of the head using curved stainless-
steel scissors cleaned with sodium dodecyl sulfate (SDS), acetone,
and methanol in sequence. Each hair sample contained ~ 100 indi-
vidual hairs and was wrapped in aluminum foil with a cross indicat-
ing the root position, placed into a paper envelop, and kept at room
temperature until analysis. Only the first 12 cm (starting from head
scalp) were used for the analysis, representing 12 months prior to
hair sampling based on the average growth of 1 cm per month
admitted for human hair.*> Because eight participants had insuffi-
cient quantity of hair for hormone analysis, only 196 subjects were
included in the present study (Table 1).

Pollutant and Hormone Analyses

Hair samples (12-cm segments) were analyzed for 153 biomarkers
of pollutant exposure, four THs, and nicotine. The analyzed pollu-
tants consisted of 4 PCB congeners (PCB101, 138, 153, and 180),
7 polybrominated diphenyl ether (PBDE) congeners (PBDE28, 33,
47,99, 100, 153, and 154), 2 bisphenols (BPA and BPS), and 140
pesticides and their metabolites (e.g., OCs, OPs, PYs, carbamates,
neonicotinoids, and azole fungicides). The THs analyzed here
were T4, T3, T3, and T2. The nicotine concentration was also ana-
lyzed in the hair samples to serve as an indicator of passive smok-
ing. The methods and quality controls for the analysis of these
chemicals have been published in detail elsewhere. 38424446 [
short, hair samples were successively washed with SDS followed

Table 1. Characteristics of the study population (N = 196).

Characteristic N (%)  Arithmetic mean+SD Median  Range
Age (y) 196 34.1+5.77 34.0 25-45
BMI (kg/m2) 196 22.6+3.45 22.1 16.4-34.3
Nicotine (ng/mg) 196 1.11+3.53 041 0.03-44.1
City

Baoding 96 (49) — — —

Dalian 100 (51) — — —
Education level

High school or less 55 (28) — — —

University 141 (72) — — —
Note: —, not applicable; BMI, body mass index; SD, standard deviation.
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by methanol, to remove any possible external deposit on the sur-
face of hair. As demonstrated previously,*’ this washing procedure
allowed efficient removal of chemicals deposited on hair surface
without removing those incorporated in the bulk matrix, presum-
ably incorporated through biological mechanisms. For PCBs,
PBDEs, bisphenols, and pesticides, after extraction overnight at
40°Cby 1 mL of acetonitrile/water (80:20, vol/vol) and centrifuga-
tion, the supernatants were divided into three parts for analyses by
solid-phase microextraction with gas chromatography—tandem
mass spectrometry (SPME-GC-MS/MS), by liquid-injection GC-
MS/MS after derivatization with 2,3,4,5,6-pentafluorobenzyl bro-
mide (PFBBr), and by ultra-performance liquid chromatography—
MS/MS (UPLC-MS/MS). THs were quantified using UPLC-MS/
MS after extracting samples with 2 mL of methanol for 24 h at
40°C and purifying them through Cg solid-phase extraction (SPE)
cartridges. Finally, samples for nicotine analysis were digested in
1 M sodium hydroxide overnight at 40°C, neutralized with 2 M
hydrochloric acid and 0.2 M acetate buffer, and further extracted
by 2 mL of cyclohexane/ethyl acetate (50:50, vol/vol); the aqueous
layer was subsequently withdrawn, added with carbonate buffer to
reach pH 10, and extracted with 2 mL of ethyl acetate; and the or-
ganic layer was used for nicotine quantification by UPLC-MS/MS.

Statistical Analysis

Statistical analyses were performed using R (version 3.6.1; R Core
Development Team) and restricted to biomarkers of pollutant expo-
sure with a detection frequency (DF) of >20%. In addition, owing
to the large amount of missing data (35%) on acetamiprid caused by
coelution with matrix components, we excluded this pesticide from
statistical analyses. Hence, 54 pollutants were assessed, namely 1
PCB (PCB180), 2 bisphenols (BPA and BPS), and 51 pesticides, as
well as their metabolites (Excel Table S1). We considered hormones
and pollutants with DFs of 20%—70% dichotomous variables (not
detected vs. detected), whereas those with DFs >70% continuous
variables with concentrations below the limit of detection were ran-
domly imputed from a log-normal distribution using maximum like-
lihood estimation.*® Dichotomous variables included 1 hormone
(T2) and 19 pollutants [PCB180, a-HCH, B-endosulfan, p,p’-
dichlorodiphenyldichloroethylene (p,p’-DDE), carbofuran, pro-
poxur, A-cyhalothrin, 2-(4-chlorophenyl)-3-methylbutyric acid
(2CIBA), thiamethoxam, pyrimethanil, flusilazole, propicona-
zole, tebuconazole, diflufenican, pyraclostrobin, atrazine, prom-
etryn, terbutryn, and fenuron], whereas continuous variables
included 3 hormones (T4, T3, and rT3) and 35 pollutants [BPA,
BPS, B-HCH, y-HCH, a-endosulfan, HCB, PCP, dimethyl phos-
phate (DMP), dimethyl thiophosphate (DMTP), diethylphos-
phate (DEP), diethylthiophosphate (DETP), TCPy, p-nitrophenol
(PNP), 3-methyl-4-nitrophenol (3Me4NP), carbendazim, cyper-
methrin, permethrin, 3-(2-chloro-3,3,3-trifluoro-1-propenyl)-2,2-
dimethylcyclopropanecarboxylic acid (CICF;CA), C1,CA, 3-PBA,
imidacloprid, fipronil, fipronil sulfone, 2,4-dichlorophenoxyacetic
acid (2,4-D), 4-chloro-2-methylphenoxyacetic acid (MCPA), meco-
prop, metolachlor, difenoconazole, prochloraz, thiabendazole,
trifluralin, azoxystrobin, prosulfocarb, 1-(3,4-dichlorophenyl)urea
(DCPU), and 1-(3,4-dichlorophenyl)-3-methylurea (DCPMU)]. In
addition to the 4 THs, we also examined 3 TH molar ratios (T3/T4,
r'T3/T4, and rT3/T3) in relation to pollutant exposure so as to assess
potential effects of pesticide exposure on deiodinase activities
(Diol, Dio2, and Dio3).

Stability-enhanced least absolute shrinkage and selection op-
erator (lasso)—penalized regression (package: sharp in R) was
used to identify pollutant mixtures associated with hair THs and
TH molar ratios (one model per outcome) because we observed
multicollinearity among exposure variables using multiple linear
regression models [as indicated by a variance inflation factor
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(VIF) of >5; Excel Table S2)] This lasso modeling technique
uses a penalized regression model in combination with resam-
pling techniques to estimate variable selection probabilities. Two
hyperparameters, the penalty parameter (1) and the threshold in
selection proportion (m), are jointly calibrated via maximizing a
score measuring the overall stability of the lasso model.*® Lasso
models were fitted on 100 subsamples of 90% of the data owing
to the small sample size (N =196) of our study population and
then adjusted for age (in years, continuous variable), body mass
index (BMI; in kilograms per meter squared, continuous vari-
able), and city (dichotomous variable: Baoding and Dalian) by
forcing them into the model without inducing penalization. In a
lasso model, an exposure variable was considered stably selected
if its selection proportion was >m and the stably selected expo-
sure variables were considered jointly associated with the out-
come of interest. The beta coefficient for this exposure variable
was obtained by taking the mean nonzero beta across 100 itera-
tions. Lasso models were repeated 1,000 times for each outcome,
each time with different seeds, to achieve more stable selection
than a single repetition. Average values across the 1,000 repeti-
tions were reported for A, 7, selection proportion, and beta coeffi-
cient. To obtain unbiased effect estimates for the subset of
pollutants stably selected in the lasso models, multipollutant ordi-
nary least squares (OLS) regression (continuous outcomes) or
logistic regression (binary outcomes) models were fitted. In the
secondary analyses, all models were rerun by including education
(dichotomous variable: university and high school or less) and
hair nicotine concentration (in nanograms per milligram, continu-
ous variable) as covariates in addition to age, BMI, and city,
which may have resulted in over- or unnecessary adjustment
given that all study participants were nonsmokers.

In all models, concentrations of pollutants and THs that were
considered continuous variables, as well as nicotine and TH
molar ratios, were all log,,-transformed to reach approximate
normal distributions. All predictor variables were mean-centered
and the continuous ones were further standardized by two times
their respective SD.° To facilitate the interpretation of the
results, regression coefficients were expressed as percentage dif-
ferences in continuous outcomes (T4, T3, rT3, and TH molar
ratios) and as odds ratios (ORs) for binary outcomes (T2) associ-
ated with detect vs. nondetect (binary pollutant) or with a 2-SD
increase in log;,-transformed pollutant concentration (continuous
variable; Excel Table S3).

Results

Population Characteristics

Table 1 shows the characteristics of our study population. The av-
erage age (£ SD) of women was 34.1+5.77 y, and the average
BMI was 22.6 +3.45kg/m?. Approximately 72% of the women
had a college level of education, whereas those remaining had
lower levels of education. Nicotine was detected in 100% of hair
samples, with concentrations ranging from 0.03 to 44.1 ng/mg,
even though all participants were nonsmokers.

Associations between Pollutants and THs

In lasso models for T4, T3, rT3, and T2, the calibrated thresholds
() were >0.89 (Excel Table S4). Correspondingly, there were
13, 14, 8, and 11 stably selected pollutants, respectively (Excel
Table S5). Regarding each pollutant, although 21 were not stably
selected in any of the four lasso models for THs, the remaining
33 were stably selected in one to three models (Excel Table S5).
Regarding hair T4, in the lasso model its concentration was posi-
tively related to B-endosulfan, tebuconazole, 3-HCH, PCP, 3Me4NP,
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Figure 1. Percentage differences in hair tetraiodothyronine (T4) concentration per 2-SD increase in log,,-transformed pollutant (continuous variable; blue
circle symbol) concentration or detect vs. nondetect (binary variable; dark blue square) in (A) the multipollutant lasso model or (B) the subsequent multipollu-
tant OLS model on the pollutants stably selected by the lasso model among 196 healthy Chinese women of reproductive age. Models were adjusted for age,
body mass index, and city. Symbols in (B) represent average percentage differences and lines represent 95% Cls. Numerical values are reported in Excel
Tables S6 and S8. Note: 3Me4NP, 3-methyl-4-nitrophenol; AM, amide herbicide; AZ, azole fungicide; CI, confidence interval; CICF;CA, 3-(2-chloro-3,3,3-tri-
fluoro-1-propenyl)-2,2-dimethylcyclopropanecarboxylic acid; DETP, diethylthiophosphate; DMP, dimethyl thiophosphate; HCH, hexachlorocyclohexane;
Lasso, least absolute shrinkage and selection operator; OC, organochlorine; OLS, ordinary least squares; OP, organophosphate; PCP, pentachlorophenol; PY,

pyrethroid; SD, standard deviation; TH, thiocarbamate herbicide; TR, triazine/triazone herbicide.

CICF;CA, and difenoconazole (B, =3.52%—17.9%), whereas
the concentration was inversely related to flusilazole, prometryn,
DMP, DETP, metolachlor, and prosulfocarb (B, = —11.3% to
—4.13%; Figure 1A; Excel Table S6). Spearman correlation coeffi-
cients between these 13 pollutants ranged from —0.32 to 0.45
(Figure S1, Excel Table S7). In the corresponding multipollutant
OLS model, we found significant associations of T4 with 5 of these
13 stably selected pollutants (i.e., tebuconazole, f-HCH, DMP,
CICF;CA, and metolachlor); borderline significant associations
with B-endosulfan, prometryn, PCP, DETP, and prosulfocarb; and
no associations with the remaining 3 pollutants, with VIF values of
<1.89 (Figure 1B; Excel Table S8). Specifically, ) women with de-
tectable levels of tebuconazole had 25.7% [95% confidence interval
(CD: 7.09, 47.5%]-higher hair T4 levels than their counterparts;

A Lasso
OC_alpha-HCH ]
CA_Propoxur [ ]
ST_Pyraclostrobin | ]
TR_Atrazine ]
OC_beta-HCH )
0OC_gamma-HCH °
OC_PCP °
OP_DMP °
OP_3Me4NP )
PY_CI.CA °
NE_Imidacloprid °
AC_2,4-D °
AC_MCPA [
UR_DCPU )

-4 2 0 p) 1 6 8

Percent Difference

b) for every 2-SD increase in log,-transformed hair f-HCH and
CICF;CA concentrations (equivalent to 7.36 and 16.6 pg/mg
increase in their untransformed concentrations, respectively), hair
T4 levels were 18.4% (95% CI: 0.05, 40.1%) and 24.9% (95% CI.
6.17, 47.0%) higher, respectively; and c) for every 2-SD increase
in log,,-transformed hair DMP and metolachlor concentrations
(equivalent to 9.21 and 12.5 pg/mg increase in their untransformed
concentrations, respectively), hair T4 levels were —15.0% (95% CI:
-26.1, =2.21%) and —15.9% (95% CI: —26.4, —3.77%) lower,
respectively.

In the lasso model for hair T3 (Figure 2A; Excel Table
S6), positive associations were observed with pyraclostrobin,
B-HCH, y-HCH, PCP, DMP, 3Me4NP, imidacloprid, 2,4-D, and
MCPA (B0 =2-19%-6.89%), whereas inverse associations

B Multipollutant OLS

OC_alpha-HCH —a
CA_Propoxur —_—
ST_Pyraclostrobin —_—
TR_Atrazine =
OC_beta-HCH
0OC_gamma-HCH
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AC_2,4-D
AC_MCPA
UR_DCPU

-20
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Figure 2. Percentage differences in hair 3,3’,5-triiodothyronine (T3) concentration per 2-SD increase in log,-transformed pollutant (continuous variable; blue
circle symbol) concentration or detect vs. nondetect (binary variable; dark blue square) in (A) the multipollutant lasso model (B) the subsequent multipollutant
OLS model on the pollutants stably selected by the lasso model among 196 healthy Chinese women of reproductive age. Models were adjusted for age, body
mass index, and city. Symbols in (B) represent average percentage differences and lines represent 95% Cls. Numerical values are reported in Excel Tables S6
and S8. Note: 2,4-D, 2,4-dichlorophenoxyacetic acid; 3Me4NP, 3-methyl-4-nitrophenol; AC, acid herbicide; CA, carbamate; CI, confidence interval; Cl,CA,
trans-3-(2,2dichlorovinyl)-2,2-dimethylcyclopropane-carboxylic acid; DCPU, 1-(3,4-dichlorophenyl)urea; DMP, dimethyl phosphate; HCH, hexachlorocyclo-
hexane; Lasso, least absolute shrinkage and selection operator; MCPA, 4-chloro-2-methylphenoxyacetic acid; NE, neonicotinoid; OC, organochlorine; OLS, or-
dinary least squares; OP, organophosphate; PCP, pentachlorophenol; PY, pyrethroid; SD, standard deviation; ST, strobilurin fungicide; TR, triazine/triazone
herbicide; UR, urea herbicide.
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Figure 3. Percentage differences in hair 3,3’,5’-triiodothyronine (rT3) concentration per 2-SD increase in log,,-transformed pollutant (continuous variable;
blue circle symbol) concentration or detect vs. nondetect (binary variable; dark blue square) in (A) the multipollutant lasso model or (B) the subsequent multi-
pollutant OLS model on the pollutants stably selected by the lasso model among 196 healthy Chinese women of reproductive age. Models were adjusted for
age, body mass index, and city. Symbols in (B) represent average percentage differences and lines represent 95% Cls. Numerical values are reported in Excel
Tables S6 and S8. Note: AM, amide herbicide; CA, carbamate; CAR, carboxamide herbicide; CI, confidence interval; DDE, dichlorodiphenyl dichloroethane;
DMTP, dimethyl thiophosphate; HCH, hexachlorocyclohexane; Lasso, least absolute shrinkage and selection operator; NE, neonicotinoid; OC, organochlorine;

OLS, ordinary least squares; OP, organophosphate; SD, standard deviation.

were observed with o-HCH, propoxur, atrazine, Cl,CA, and
DCPU (Blpsso = —2.82% to —2.30%). Spearman correlation
coefficients between these 14 stably selected pollutants were
in the range of —0.47 to 0.42 (Figure S1, Excel Table S7).
Simultaneously inputting them into an unpenalized regression
model (Figure 1B; Excel Table S8), hair T3 concentration was
significantly positively associated with B-HCH [P s =10.4%
(95% CI: 2.34, 19.0%)], y-HCH [Bo.s=7.97% (95% CI: 0.37,
16.2%)], PCP [BoLs=6.57% (95% CIL. 0.06, 13.5%)], DMP
[BoLs =8-16% (95% CI: 1.73, 15.0%)], 3Me4NP [B s =8.53%
(95% CI: 0.34, 17.4%)], and MCPA [Bo s =10.5% (95% CL
2.22, 19.5%)], whereas hair T3 concentration was significantly
inversely associated with CL,CA [Bos= —6.74% (95% CI:
—12.5, —=0.57%)]. All VIF values were <2.35.

Regarding hair rT3 concentration, in the lasso model it was
positively related to diflufenican, f-HCH, DMTP, carbendazim,
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and imidacloprid (B, =4.99%-14.4%), but it was inversely
related to o-HCH, p,p’-DDE, and metolachlor prochloraz
(Blasso = — 7-73% to —3.86%; Figure 3A; Excel Table S6). In the
corresponding multipollutant OLS model, there was a significant
positive association of hair rT3 with B-HCH [Bg g = 28.0% (95%
CI: 11.0, 47.6%)] and an inverse association with o-HCH
[Bors = —12.7% (95% CI: =22.6, —1.57%)], with VIF values of
<2.01 (Figure 3B; Excel Table S8).

In the lasso model for T2 (Figure 4A; Excel Table S6), the
odds of detecting T2 in hair samples was positively associated
with carbofuran, terbutryn, HCB, CICF;CA, and metolachlor
(ORjy550 = 1.34-2.08) while inversely associated with 2CIBA,
thiamethoxam, flusilazole, fipronil, difenoconazole, and DCPU
(ORjys50 =0.49-0.78). Inputting these 11 stably selected pollu-
tants into the multipollutant unpenalized model, there were sig-
nificant positive associations of T2 with carbofuran, HCB, and
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Figure 4. Odds ratios (ORs) of detecting 3,3’-diiodothyronine (T2) in hair with a 2-SD increase in log,,-transformed pollutant (continuous variable; blue circle
symbol) concentration or detect vs. nondetect (binary variable; dark blue square) in (A) the multipollutant lasso model or in (B) the subsequent multipollutant
LR model on the pollutants stably selected by the lasso model among 196 healthy Chinese women of reproductive age. Models were adjusted for age, body
mass index, and city. Symbols in (B) represent average percentage differences and lines represent 95% ClIs. Numerical values are reported in Excel Tables S6
and S8. Note: 2CIBA, 2-(4-chlorophenyl)-3-methylbutyric acid; AM, amide herbicide; AZ, azole fungicide; CA, carbamate; CI, confidence interval; CICF;CA,
3-(2-chloro-3,3,3-trifluoro- 1-propenyl)-2,2-dimethylcyclopropanecarboxylic acid; DCPU, 1-(3,4-dichlorophenyl)urea; HCB, hexachlorobenzene; Lasso, least
absolute shrinkage and selection operator; LR, logistic regression; NE, neonicotinoid; OC, organochlorine; PH, phenylpyrazole insecticide; PY, pyrethroid;
SD, standard deviation; TR, triazine/triazone herbicide; UR, urea herbicide.
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Figure 5. Percentage differences in hair 3,3’,5-triiodothyronine/tetraiodothyronine (T3/T4) molar ratio per 2-SD increase in log,,-transformed pollutant (contin-
uous variable; blue circle symbol) concentration or detect vs. nondetect (binary variable; dark blue square) in (A) the multipollutant lasso model or in (B) the
subsequent multipollutant OLS model on the pollutants stably selected by the lasso model among 196 healthy Chinese women of reproductive age. Models
were adjusted for age, body mass index, and city. Symbols in (B) represent average percentage differences and lines represent 95% Cls. Numerical values are
reported in Excel Tables S6 and S8. Note: AM, amide herbicide; AZ, azole fungicide; CI, confidence interval; CICF;CA, 3-(2-chloro-3,3,3-trifluoro-1-prope-
nyl)-2,2-dimethylcyclopropanecarboxylic acid; DCPMU, 1-(3,4-dichlorophenyl)-3-methylurea; DETP, diethyl-thiophosphate; DMP, dimethyl phosphate;
Lasso, least absolute shrinkage and selection operator; OLS, ordinary least squares; OP, organophosphate; PY, pyrethroid; SD, standard deviation; TH, thiocar-

bamate herbicide; TR, triazine/triazone herbicide; UR, urea herbicide.

CICF3;CA (p<0.035) and significant inverse associations with
flusilazole and DCPU (p <0.029), with VIF values of <2.03
(Figure 4B; Excel Table S8).

Associations between Pollutants and TH Molar Ratios

In lasso models, 11, 10, and 11 pollutants were stably selected for
T3/T4, rT3/T4, and rT3/T3 ratios, respectively (m>0.89; Excel
Tables S4 and S5). Specifically, hair T3/T4 ratio was positively
related to flusilazole, prometryn, DMP, DETP, metolachlor, pro-
sulfocarb, and DCPMU (B0 = 3.65%—11.4%) while inversely
related to tebuconazole, atrazine, CICF;CA, and difenoconazole
(Basso = — 14.8% to —5.21%) (Figure 5A; Excel Table S6), with
the associations with flusilazole, tebuconazole, DMP, DETP,
CICF;CA, metolachlor, and prosulfocarb being significant or bor-
derline significant in the corresponding multipollutant OLS model
(Figure 5B; Excel Table S8). As to r'T3/T4 ratio, positive relation-
ships were found with flusilazole, DMP, DETP, prosulfocarb, and
DCPMU (B0 =4.87%—10.4%), whereas inverse relationships
were found with B-endosulfan, p,p’-DDE, tebuconazole, pyraclos-
trobin, and PCP (B, = — 16.1% to —5.38%; Figure S2A, Excel
Table S6). Four of these stably selected pollutants were significantly
related to the rT3/T4 ratio in the corresponding multipollutant OLS
model, namely tebuconazole, PCP, DMP, and prosulfocarb (Figure
S2B, Excel Table S8). With respect to the 11 pollutants stably
selected for r'T3/T3 ratio, the effect estimates were positive for BPA,
B-HCH, DMTP, and carbendazim (B, = 3.98%-6.64%), but neg-
ative for a-HCH, p,p’-DDE, pyraclostrobin, PCP, 2,4-D, MCPA,
and metolachlor (B, = — 8.89% to —3.71%; Figure S3A, Excel
Table S6), of which eight were significantly or marginally signifi-
cantly associated with r'T3/T3 ratio in the corresponding multipollu-
tant OLS model (Figure S3B, Excel Table S8).

Secondary Analyses

When the lasso models were further adjusted for education and nic-
otine, a) the number of pollutants stably selected remained the
same for T4 and increased by one for T3, T2, T3/T4 ratio, and r'T3/
T4 ratio; by two for rT3/T3 ratio; and by three for r'T3 (Excel Table
S5); and b) the magnitude of effect estimates also changed slightly
(Excel Table S6). Regarding the multipollutant OLS models, with
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additional adjustment for education and nicotine, @) the number of
observed significant associations remained the same for T4, rT3,
and T3/T4 ratio; increased by two for T3 and rT3/T4 ratio; and
decreased by one for T2 and rT3/T3 ratio; and b) the strength of
most associations changed negligibly (Excel Table S8).

Discussion

Using hair analysis, we evaluated whether environmental exposure
to pesticide mixtures were associated with TH levels among 196
healthy Chinese women of reproductive age. We found associa-
tions of B-HCH with T4, T3, and rT3; metolachlor with T4, rT3,
and T2; PCP, DMP, and 3Me4NP with T4 and T3; flusilazole,
CICF;CA, and difenoconazole with T4 and T2; o-HCH and imida-
cloprid with T3 and rT3; and DCPU with T3 and T2, among others.
Moreover, we also found associations of pesticide exposure with
T3/T4, rT3/T4, and rT3/T3 molar ratios, including PCP, DMP,
CICF;CA, metolachlor, 2,4-D, and tebuconazole. However, we
found no associations of PCB180, BPA, and BPS with any of the
examined THs or TH molar ratios, except for the one between BPA
and rT3/T3 molar ratio. Considering that hair TH levels reflect cu-
mulative free circulating TH levels, our results suggest that chronic
environmental exposure to both persistent and nonpersistent pesti-
cides may affect TH levels and TH molar ratios among the general
population. TH alterations have been associated with increased
mortality risk and with compromised quality of life in the general
population.? To our knowledge, this is the first study using hair
analysis to evaluate the effect of environmental exposure to pesti-
cide mixtures on TH homeostasis in humans.

Numerous human studies have examined the associations of
circulating TH levels, including free T4, total T4, free T3, and total
T3 with OC exposure, and have often reported null or inverse asso-
ciations.® Here, neither T4 nor T3 levels were associated with hair
HCB concentration, although free T4, free T3, and total T3 have
been associated with HCB exposure in newborns from Belgium®!
and in pregnant women from Spain.>? Nevertheless, a lack of asso-
ciation between HCB and free T4 or free T3 has been reported
in three prior studies of pregnant women, newborns, and/or
infants.>>>> Unlike HCB, we observed positive associations of
B-HCH and PCP with both T4 and T3, B-endosulfan with T4, and
v-HCH with T3, as well as an inverse association between «-HCH
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and T3. These positive associations differ from the findings of
most previous studies relating blood OCs to TH levels in adults in
which null and/or inverse relationships were reported.!%-20-52-5 For
example, in a cross-sectional study of 623 Canadian Inuit adults
>18 years of age, where both OCs and TH parameters were meas-
ured in blood, B-HCH concentration was inversely related to total
T3 and thyroxine-binding globulin levels, whereas no associations
were observed between B-HCH and free T4 or between PCP and
any of the assessed TH parameters.?? Nonetheless, significant posi-
tive relationships have been found between free T4 and -HCH
in pregnant Canadian women, pregnant Spanish women, and
Brazilian women'%3237; between total T3 and B-endosulfan in
Brazilian women'?; or between total T3 and p-HCH, y-HCH, and
B-endosulfan in Brazilian children.!® The mechanisms related to
the observed positive associations of PCP with T4 and T3 might
involve up-regulation of genes involved in TH synthesis, displace-
ment of T4 from TH-binding proteins (transthyretin and albumin),
and/or inhibition of iodothyronine sulfation.**3-62 Indeed, we
found an inverse relationship between hair PCP and rT3/T3 ratios,
which is in line with the transcriptional up-regulation of genes
encoding Dio 1 and Dio 2 observed in larval and adult zebra-
fish.6!2 Given that B-HCH, PCP, and y-HCH were frequently
detected in nonoccupationally exposed populations,®3-%3 our results
suggest that the thyroid-disrupting effects related to chronic OC ex-
posure are still relevant for the general population.

Few human studies have explored TH levels in relation to non-
persistent pesticides other than OPs and PYs, and those that did
reported inconsistent findings.%!” Taking into account multiple pes-
ticides simultaneously, here we found associations of DMP and
3Me4NP with both T4 and T3; metolachlor with T4, rT3, and T2;
CICF;CA, flusilazole, and difenoconazole with both T4 and T2;
imidacloprid with both T3 and rT3; and DCPU with both T3 and T2.
Partially in line with our results, in a cross-sectional study of the
relationships between OP metabolites in spot urine samples and
THs in blood samples collected from 325 pregnant Chinese women
during hospital admission for delivery, Wang et al.?? found signifi-
cant positive relationships between urinary DMP levels and serum
free T4 and free T3 levels, along with positive relationships of uri-
nary DEP and DETP levels with serum total T4 levels. In contrast,
another study conducted in the Netherlands on 715 pregnant women
with gestational age of <18 wk found no associations between uri-
nary levels of dialkylphosphate metabolites [i.e., DMP, DMTP,
DMDTP, DEP, DETP, and diethyldithiophosphate (DEDTP)] and
serum free T4, total T4, or TSH levels.®® Such differences in find-
ings among the three studies can be attributed to differences in bio-
logical matrixes for analysis of TH levels and biomarkers of OP
exposure (urine/blood vs. hair), which revealed different temporal
windows of detection (recent vs. chronic exposure), study popula-
tion characteristics (e.g., metabolism of chemicals and baseline hor-
mone levels during pregnancy compared with outside of
pregnancy), regression approaches (single-pollutant vs. multipollu-
tant), covariate adjustment, and so on. The associations of metola-
chlor with TH levels agree partly with the findings of an
occupational study that found no associations between metolachlor
use and TSH, T4, or T3 among male pesticide applicators.®’
However, metolachlor use has been associated with decreased hypo-
thyroidism risk and increased hyperthyroidism risk among female
spouses of private pesticide applicators,?® although null associations
were often reported in the US Agricultural Health Study.?*2>-7

Similar to human studies, in animal studies there is also lim-
ited data on altered TH levels resulting from exposure to these
pesticides or those from the same chemical families. The inverse
relations of DMP and DETP to hair T4 concentration are in
accordance with animal studies of malathion exposure among
male rats and chlorpyrifos exposure among ewes and pregnant
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mice, where significant decreases in serum T4 levels were
observed.'%!1:68 Similarly, the positive relation of DMP to hair
T3 concentration is corroborated by an experimental study of
female rats in which prenatal coupled with postnatal chlorpyri-
fos exposure caused significantly elevated serum T3 levels,%®
although another study found no effect of chlorpyrifos-methyl
exposure on serum T3 levels in pregnant rats.'®> Likewise, the
inverse association of metolachlor with T4 but not with T3 are in
partial agreement with animal studies that found no effects of meto-
lachlor exposure on serum T4, T3, TSH, thyroid histopathology, or
T4-uridine-5’-diphospho-glucuronosyltransferase activity in male
rats but, rather, an association with increased total T4 levels in
female rats.®’® However, in these two studies, high doses of meto-
lachlor were applied (150 and 600 mg/kg per day, respectively).
The positive association between imidacloprid and T3 levels is in
line with a study of wild male finches that found a significant
increase in plasma T3 levels following 30 d of exposure to
31 mg/kg per day body weight of imidacloprid during the pre-
paratory phase.”! However, this study also reported significantly
reduced plasma T3 levels during the breeding phase and signifi-
cantly reduced plasma T4 levels during both preparatory and
breeding phases. Based on these conflicting findings, the associa-
tions between TH levels and exposure to pesticides in current use
need to be investigated in other epidemiological studies.

Some nonpersistent pesticides were associated only with single
THs, including tebuconazole with T4, 2,4-D with T3, carbendazim
with T3, and fipronil with T2. However, to our knowledge, no
human studies have so far examined TH levels in relation to these
pesticides except for 2,4-D and fipronil. In contrast with our results,
2,4-D use was associated with elevated hypothyroidism risk among
private pesticide applicators.?>>’ Moreover, animal studies of rats
and ewes found significantly reduced serum T4 levels following
2,4-D exposure, which was partly caused by the competition for
binding proteins and/or direct effects on the thyroid.!%72 As to fipro-
nil, the absence of associations with T4 and T3 has also been found
in an occupational study of workers from a factory manufacturing
fipronil-containing veterinary drugs.”> In addition, these results
agree partly with a study of Korean newborns that found no associa-
tions of prenatal exposure to fipronil sulfone with free T4 and total
T4 levels but inverse associations with free T3 and total T3 levels.”*

Unlike OPs, among the seven examined PYs (A-cyhalothrin,
2CIBA, permethrin, cypermethrin, Cl,CA, CICF;CA, and 3-
PBA), we only found inverse associations of 2CIBA with T2 and
of Cl,CA with T3 and positive associations of CICF;CA with T4
and T2. The lack of associations between PYs and hair T4 or T3
levels together with the inverse association between Cl,CA and T3
are in partial agreement with prior studies that found null or inverse
relationships of urinary 3-PBA, cis-Cl,CA, and trans-Cl,CA with
serum free T4, total T4, free T3, and/or total T3 levels in adult men,
pregnant women, or general populations.?=33 In addition, the US
Agricultural Health Study has associated permethrin use with ele-
vated hypothyroidism risk among private pesticide applicators and
their female spouses.?®?” In support of the inverse associations
found in the present study, in vitro studies have shown that PYs,
including cyfluthrin, cyhalothrin, cypermethrin, deltamethrin, fen-
valerate, permethrin, tetramethrin, and 3-PBA displayed antago-
nistic effects on a TH receptor in a reporter gene assay, whereas
tau-fluvalinate and cypermethrin also inhibited the T3-induced
GH3 cell proliferation.”>’® These results are also partly corrobo-
rated by animal studies of bifenthrin, A-cyhalothrin, fenvalerate,
and deltamethrin exposure among rats or mice, where reduced se-
rum TH levels were observed.! 12137778 For example, fenvalerate
exposure among rats significantly inhibited hepatic D1 activity
mediated by lipid peroxidation and resulted in a significant
decrease in serum T4 and T3 levels.'2 However, in another study,
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fenvalerate was found to elevate serum total T4 and T3 levels in
rats.”® Nevertheless, here we also found positive relationships of
CICF;CA with T4 and T2 in multipollutant models.

We observed discordance between associations of different TH
levels with a specific pollutant and between associations of the same
TH with different metabolites from the same chemical families (e.g.,
OP and PY). We could not clarify the exact reason for these results;
however, one possible explanation could be moderate correlations
generally observed between TH levels, between OP metabolites and
between PY metabolites. In addition, different molecules may
impact TH levels through different modes of action,* such as inter-
ference with TH synthesis, secretion, transport, and/or metabolism,
which could lead to inconsistent associations with the same TH.

Strengths of this study included the use of hair analysis to ana-
lyze both pollutants and hormones that, to our knowledge, has sel-
dom been applied in previous epidemiological studies. Given that
hair measurements in the present study corresponded to average lev-
els over the year before sampling,*> our results reflect long-term
effects of pollutant exposure on TH levels, differing from prior stud-
ies on biological fluids providing information on the short-term
regarding concentrations of THs and pesticides in current use.
Correspondingly, we were not able to distinguish chronic low-level
exposure from short-term intensive ones; however, this was beyond
the scope of the present study. Another strength was the homogene-
ity of our study population in terms of gender and age, which likely
lowered the confounding effects of such factors on associations
observed here. Our study also had some potential limitations. First,
causality could not be inferred because of the cross-sectional study
design. Second, because lasso tends to select only one variable from
a group of highly correlated variables, there might be stably selected
pesticides reflective of others. Nevertheless, Spearman correlation
coefficients >0.6 or <— 0.6 were observed only between propicona-
zole and diflufenican (0.69), o-endosulfan, and trifluralin (0.70);
DETP and TCPy (0.66); PNP and 3Me4NP (0.72); and MCPA and
mecoprop (0.80). Third, we did not have information on iodine,
which is crucial for the TH synthesis. Nevertheless, Alvarez-
Pedrerol et al.>? found no effects of iodine intake and urinary iodine
concentrations on associations between OCs and TH levels in preg-
nant Spanish women. Iodine is therefore unlikely to have been a
major confounder in our study. Last, residual confounding by diet
may have been possible given that associations have been well
established between numerous dietary factors and both pollutant ex-
posure and TH levels.?%8! However, because the hair levels of the
examined pesticides in our study population are comparable to those
in pregnant French women, French children, and the general
Luxembourgish population,5*~63 the associations noted in the pres-
ent study warrant further investigations in longitudinal studies.

In conclusion, to our knowledge, this represents the first study
based on hair analysis exploring the effect of pesticide mixtures
on TH levels among an environmentally exposed adult female
population. We found associations of PCP, B-HCH, DMP, and
3Me4NP with both hair T4 and T3 levels, DETP, CICF;CA,
metolachlor, difenoconazole, and tebuconazole with T4, Cl,CA,
imidacloprid, and 2,4-D with T3, among others. In addition, we
also found several associations between pesticides and rT3 and
T2. These results are not fully consistent with prior human stud-
ies based on blood and/or urine matrixes and should thus be con-
firmed in future epidemiological studies.
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