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Abstract

Bisphenols (BPs) are potential thyroid disruptors that are widely used in many consumer products, leading to their wide-
spread exposure in the general population. Current cross-sectional and case-control studies have found associations between
exposure to BPs and serum thyroid function, but the results were contradictory. The objectives of this study are to describe
demographic characteristics, BP exposure levels, and thyroid function measurements in potentially exposed and control
districts and to investigate the association of urinary BPs with thyroid function. Data were collected from a general popula-
tion aged 3—79 years (N = 281) recruited by the Zhejiang Human Biomonitoring Program (ZJHBP). The concentrations
of 10 kinds of BPs in urine and serum free triiodothyronine (FT3), total triiodothyronine (TT3), free thyroxine (FT4), total
thyroxine (TT4), thyroid-stimulating hormone (TSH), thyroglobulin (Tg), thyroglobulin antibodies (TgAb), thyroid peroxi-
dase antibodies (TPOADb), and thyrotropin receptor antibody (TRAD) in serum were measured. Multiple linear regression
and weighted quantile sum (WQS) regression were used to estimate the relationship between single and mixed exposure of
BPs and thyroid function. Bisphenol A (BPA), bisphenol S (BPS), and bisphenol P (BPP) were detected, respectively, in
82.73%, 94.24%, and 55.40% of the population in the exposed area and 81.69%, 61.27%, and 43.66% of the population in the
control area. Among adult females, serum TT3 was negatively associated with urinary BPA (f = —0.033,95% CI = —0.071,
—0.008, P =0.021). Among minor females, FT4 and Tg levels were negatively associated with the urinary BPA ( = —0.026,
95% CI = —-0.051, —0.002, P = 0.032 for FT4; f = —0.129, 95% CI = —0.248, —0.009, P = 0.035 for Tg), and TPOAb was
positively associated with urinary BPA (f = 0.104, 95% CI = 0.006, 0.203, P = 0.039). In WQS models, BPs mixture was
positively associated with FT3 (By,55 = 0.022, 95% CI = 0.002, 0.042) and TT3 (fyps = 0.033, 95% CI = 0.004, 0.062), and
negatively associated with FT4 (ﬂWQS = —0.024, 95% CI = —0.044, 0.004). We found widespread exposure to BPA, BPS,
and BPP in the general population of Zhejiang province and found an association between BPA and thyroid hormones. This
association is gender- and age-dependent and needs to be confirmed in further studies.
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thermal receipts, and adhesives (Mustieles et al. 2020). It is
estimated that at least 8 million tons of BPA are produced
throughout the world every year, and hundreds of tons are
released into the natural environment (Schirmer et al. 2021).
BPA with different concentrations has been detected in sur-
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is also commonly identified in human serum, urine, and
breast milk (Chakraborty et al. 2019; Larsson et al. 2017;
Yamazaki et al. 2015; Lee et al. 2018). Due to the adverse
effects of BPA on humans, the European Union and China
prohibited BPA-based baby bottles and infant formula pack-
aging in 2010 and 2011 (Liang et al. 2020). In response to
this, BPA has since then been increasingly replaced by ana-
logues such as bisphenol S (BPS) and bisphenol F (BPF).
However, the biological and environmental effects of these
analogues are still ambiguous.

A large amount of research on BPA has revealed the
mechanism of its damage to health. As an endocrine dis-
ruptor, BPA can disrupt the synthesis, secretion, release,
and transport of hormones (Mhaouty-Kodja et al. 2018).
It was found that mature adipocytes differentiated under
BPA exposure showed insulin resistance and low glucose
uptake, suggesting that BPA exposure may cause obesity
(De Filippis et al. 2018). BPA exposure may also contribute
to type 2 diabetes mellitus (T2DM) (Farrugia et al. 2021;
Sowlat et al. 2016). The genotoxicity of BPA is shown by
the chromosomal mutation during meiosis, which leads to
an increase of sex chromosome diploid of male sterile sperm
(Radwan et al. 2018). BPA analogues have a similar struc-
ture to BPA, and they may also have potential health impacts
and show similar endocrine effects. Although recent studies
have found potential effects of BPA analogues such as BPS
on the reproductive system and mammary gland as well as
on behavior and obesity, few studies have so far been con-
ducted, and more research is needed to confirm the health
effects of BPA substitutes (Ahn et al. 2020; John et al. 2019;
Rezg et al. 2018; Wormsbaecher et al. 2020).

Thyroid hormone plays a vital role in many physiologi-
cal processes, such as energy balance, metabolism, and the
development of nervous, cardiovascular, and reproductive
systems (Blanco 2020; Pagnin et al. 2021; Silva et al. 2018;
Sinha et al. 2018; Vassalle et al. 2021). Researchers have
demonstrated in vivo (zebrafish) and in vitro (rat thyroid fol-
licular cells) that BPA exposure can change the expression of
genes involved in the synthesis of thyroid hormones, leading
to a decrease in thyroid hormone synthesis (Gentilcore et al.
2013; Wu et al. 2016). However, in existing epidemiologi-
cal studies, the relationship between exposure to other BPs
and thyroid function in the general population is confus-
ing. Cross-sectional studies in the USA (BPs = 1.92 (1.17,
3.33) ng/mL) and Thailand (BPs = 0.35 (0.09, 0.84) ng/
mL) found negative associations between BPs exposure and
thyroid function, and another cross-sectional study in China
(BPs =48.06 (12.58, 164.52) ng/mL) found a positive asso-
ciation between BP exposure and thyroid function, while no
association was observed in a case-control study in Cyprus
(BPs=2.3(1.1,4.6) ng/mL) (Andrianou et al. 2016; Meeker
and Ferguson 2011; Sriphrapradang et al. 2013; Wang et al.
2012). These studies may have caused these inconsistent
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results due to reasons such as race, regions, sample size,
and individual differences. Furthermore, epidemiological
studies on the association of BPA analogues with thyroid
function are rarely reported. Cohort studies in Puerto Rico
and Korea reported a negative association of urinary BPS
with Tsh and a negative association of urinary BPF with
FT4, and a cross-sectional study in Poland found a negative
association between BPC and TSH (Aker et al. 2019; Jang
et al. 2021; Milczarek-Banach et al. 2020); further confirma-
tion in population studies is needed.

Most of the current studies focus on the general popu-
lation living in residential areas, and there are few on the
exposure to BP compounds of people residing around indus-
trial parks. Therefore, we selected those residing around an
industrial park in Zhejiang province as survey participants
to study the body burden levels of residents in areas with
high and low exposure. The industrial park is a large joint
chemical enterprise with multiple industries, including those
producing fertilizers, refrigerants, industrial gases, phar-
maceuticals, and resin materials. Established in the 1960s,
the industrial park has a long history of possible long-term
exposure to environmental pollutants of residents in the
periphery. In summary, in this cross-sectional study, we
aim to investigate the association of urinary concentrations
of BPA and its nine analogues with thyroid function at an
industrial park in Zhejiang province, China. And based on
previous studies, we hypothesized that exposure to BPA and
its analogues might be associated with altered thyroid func-
tion. These nine analogues consist of BPF, BPS, bisphenol
AF (BPAF), bisphenol Z (BPZ), bisphenol P (BPP), bisphe-
nol B (BPB), bisphenol C (BPC), bisphenol E (BPE), and
bisphenol AP (BPAP).

Methods
Study population

This study is part of the Zhejiang Human Biomonitoring
Program (ZJHBP), a population-based representative and
prospective cross-sectional study that has been established to
record the degree of human exposure to various environmen-
tal chemicals and understand the exposure profile, degree,
and continuous trend of the general population in Zhejiang
province, China. district A, where the industrial park was
located, was selected as the exposed area, and district B
was selected as the control area. Both district A and district
B are located in the same city, and the living standards and
dietary habits of residents in the two regions were similar.
Participants recruited in the two districts of Zhejiang gave
written consent for the collection of blood and urine samples
and their participation in the ZJHBP study. This study was
conducted from September to October 2021. The exclusion
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criteria were as follows: history of thyroid disease (including
thyroid cancers), history of surgical thyroid interventions,
family history of thyroid function, mental disease, cognitive
impairment, history of occupational exposure to poisons,
and living in the monitoring area for less than 6 months. The
participants were also excluded if there were missing biolog-
ical samples, a lack of information on critical variables, or if
they were treated with medicines that affect thyroid function,
such as amiodarone, phenytoin sodium, and carbamazepine.

A total of 144 residents were sampled from each of the
two surveillance areas and divided into six strata accord-
ing to age (i.e., aged 3-5 years, 6-11 years, 12-18 years,
19-39 years, 40-59 years, and 6079 years). Each stratum
was divided into two strata according to gender, producing
a total of 12 strata. Four participants were selected at each
stratum according to simple random sampling for the ques-
tionnaire survey and biological sample collection. Partici-
pants under age eighteen were defined as minors, and those
above age eighteen were defined as adults. A total of 288
people were selected from the two districts, and respond-
ents with incomplete information and a lack of biological
samples were excluded. Finally, 281 subjects from the two
districts (139 from A and 142 from B) were included in the
analysis.

Questionnaires and physical examination

Site investigations were conducted simultaneously in both
districts from 10 to 12 September 2021. Professionally
trained investigators recorded information through detailed
questionnaires on personal basic information (age, gender,
ethnicity, education level, marital status, etc.), history of
disease, family history of disease, occupational history, and
lifestyle factors. All questionnaire information was collected
on tablets and audio recorded in real time. Height (cm) and
weight (kg) were measured without shoes, and body mass
index (BMI) was calculated by dividing weight by the square
of height (kg/m?).

Blood samples were collected after at least 8 h of fasting
in the morning about 7 to 9 a.m. These were left to coagu-
late for 30 min and then centrifuged at 3000 rpm for 10
min at room temperature to obtain serum. Serum samples
were frozen at —80 °C and stored at the Zhejiang Center
for Disease Control and Prevention. The participants’ urine
samples were collected in the morning, aliquoted into 4.5
mL polypropylene tubes, and then stored in refrigerators at
—80 °C until analysis.

Serum thyroid hormone measures
Serum-free triiodothyronine (FT3), total triiodothyro-

nine (TT3), free thyroxine (FT4), total thyroxine (TT4),
thyroid-stimulating hormone (TSH), thyroglobulin (Tg),

thyroglobulin antibodies (TgAb), thyroid peroxidase anti-
bodies (TPOAD), and thyrotropin receptor antibody (TRAb)
were measured by electrochemiluminescence immunoassay
(Cobas® e601; Roche, Mannheim, Germany). The limit of
quantitation (LOQ) of TT3, FT3, TT4, FT4, TSH, Tg, TgAb,
TPOADb, and TRADb was 0.3 nmol/L, 0.4 pmol/L, 5.4 nmol/L,
0.5 pmol/L, 0.005 pIU/mL, 0.04 ng/mL, 10 IU/mL, 5 TU/
mL, and 0.8 IU/L, respectively. TPOAb, TgAb, and TRAb
positivity were defined as TPOAb > 34 IU/mL, TgAb > 115
IU/mL, and TRAb >1.75 TU/L.

Measurements of BP concentrations in urine

Urine samples were pretreated by the quick, easy, cheap,
effective, rugged, and safe (QuUEChERS) method com-
bined with liquid-liquid extraction (LLE) (Zhang et al.
2019). A total of 1 mL of urine was spiked with 2 ng of
the internal standards (BPA—'3C,,, BPF-'C¢, BPS—'°C,,
BPP-'3C,, BPB—Dy, BPZ-Dg, BPAF-'3C,,, BPAP-'3C,,
BPE—13C6) followed by the addition of 100 pL of 1 M
ammonium acetate buffer (PH = 5, containing 4000 units
of p-glucuronidase/arylsulfatase) and 50 pL 100 ng/mL
4-methylumbelliferyl-p-D-glucuronide in methanol. After
enzymatic hydrolysis at 37 °C in a water bath for 3 h, 3 mL
ethyl acetate was added and shaken for 40 min and then
centrifuged at 4400 rpm for 15 min. The supernatant was
extracted; then, | mL of deionized water (containing 150
mg MgS0O4, 50 mg PSA, and 50 mg C,5) was added; after
being shaken and centrifuged, the supernatant was dried at
37 °C and then dissolved with 100 pL. 70% methanol solu-
tion, shaken, and centrifuged (4400 rpm, 15 min). BPs were
analyzed using ultra performance liquid chromatography
(UPLC) coupled with a triple quadrupole mass spectrom-
eter operating in electrospray ionization (ESI) mode (Waters
ACQUITY UPLC I-Class, Xevo TQ-S, Milford, MA) (van
der Meer et al. 2019). The LOQ of BPA, BPF, BPS, BPAF,
BPZ, BPP, BPB, BPC, BPE, and BPAP was 0.08, 0.08, 0.05,
0.05, 0.05, 0.05, 0.5 ,0.5, 0.5, and 0.05 ng/mL. Urine creati-
nine was determined by the enzymatic method, which was
used to standardize urinary dilution.

We also searched for studies on population BP exposure
worldwide over the past 2 decades on PubMed, obtained
their reported BP concentrations, and compared them with
our study. We searched separately for studies in China (Cui
et al. 2021; Guo et al. 2021; Jiang et al. 2020; Li et al. 2019;
Liang et al. 2020; Liu et al. 2019b; Ouyang et al. 2020;
Wang et al. 2019; wuHu et al. 2019; Zhang et al. 2016), Asia
(Gys et al. 2020; Kang et al. 2020; Lee et al. 2020; Liu et al.
2019a; Machtinger et al. 2018; Park et al. 2017), Europe
(Casas et al. 2015; Derakhshan et al. 2019; Frederiksen et al.
2013a; Milczarek-Banach et al. 2020; Myridakis et al. 2015;
Peinado et al. 2020; Philips et al. 2018; Tkalec et al. 2021;
Ye et al. 2009), North America (Kataria et al. 2017; Meeker

@ Springer



107520

Environmental Science and Pollution Research (2023) 30:107517-107532

and Ferguson 2011; Mendy et al. 2020; Quiros-Alcala et al.
2021; Tai and Chen 2016), and Australia (Heffernan et al.
2016).

Quality control procedure

The quality control of the questionnaire survey content
includes the main technical materials such as questionnaires
and work manuals required for the survey, which are uniformly
compiled by China CDC and provided with electronic ques-
tionnaires. In order to ensure the progress of the work, commu-
nicate with the relevant local departments in advance to make
arrangements for investigators and professional training. The
quality control of blood sample collection includes standing
still within 2 h and centrifuging to separate serum, and urine
samples need to avoid contamination by semen or menstrual
blood. All biological samples need to be packaged in clean and
sterile collection tubes. Those that cannot be tested within 8
h need to be stored and transported at 4 °C, and samples that
need to be stored for a long time should be stored at —80 °C.

Statistical analysis

In the statistical description, continuous variables were rep-
resented by mean =+ standard deviation (SD), and categorical
variables were represented by frequency (percentage). The
differences in characteristics between the two districts were
examined using one-way ANOVA tests for continuous vari-
ables and chi-square tests for categorical variables. BP and thy-
roid hormone concentrations below LOQ were replaced with
a value equal to half LOQ. The data were not normally distrib-
uted (Shapiro-Wilk test, P > 0.05), the Mann—Whitney U test of
continuous variables was used to compare the thyroid hormone
level and BP concentration between the two districts, and the
chi-square test of proportion was used to evaluate the difference
in BP detection rate. Thyroid hormone and BP concentrations
were distributed in a skewed manner, so the data were log-
transformed prior to association and regression analysis.

In the questionnaire, data on age (continuous variable),
gender (categorical variable), BMI (continuous variable),
marital status (categorical variable), education level (categor-
ical variable), smoking status(categorical variable), alcohol
consumption (categorical variable), occupation (categorical
variable), physical activity (categorical variable) and cre-
atine concentration (continuous variable) were determined
as covariates. The selection of these covariates was based on
previous studies (Meeker and Ferguson 2011). Smoking was
classified as current, former, or never. Alcohol consumption
was defined as any alcohol consumed within a year.

Multiple linear regression was conducted to assess the
association between urinary BP and thyroid hormone meas-
urements, and the covariates mentioned above were included
in the regression model. The collinearity between BPs was
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evaluated in the regression model by calculating the coef-
ficient of variance inflation factor. In all models, urinary
concentrations of BPs were converted to pg/g creatinine to
adjust for dilution.

Weighted quantile sum (WQS) model was used to esti-
mate the mixture effects of BP exposure on people’s thyroid
function. A detailed description of WQS regression can be
found elsewhere (Carrico et al. 2015). The WQS index was
created using quartiles of BP concentrations, and the esti-
mated empirical weight of each BPs in the index represents
their relative contribution to the combined effect on thyroid
function. This approach took all the measured BPs into con-
sideration and constrained all the BPs into a single direction
of effect on the health outcome. The sum of WQS weights is
constrained to be equal to 1. In this study, bisphenols with
estimated weights greater than 0.333 (1/3) were thought to
have a significant effect on thyroid function (Nguyen 2023;
Nguyen and Kim 2022). All analyses were conducted with
SPSS statistical software (version 25.0; SPSS Inc., Chicago,
IL) and R (version 4.2.3). For the statistical significance, the
cut off P-value was set to 0.05.

Results
Study population

Table 1 shows that the study population included 281 partic-
ipants, with 139 from district A and 142 from district B. The
mean age and BMI in district A were 29.73 years (SD 23.04)
and 20.07 kg/m? (SD 5.67), respectively. Approximately half
of the participants were male (52.52%). A high proportion
did not smoke (81.29%) or consume alcohol (76.26%). The
mean age and BMI in district B were 30.49 years (SD 23.52)
and 21.40 kg/m? (SD 5.32), respectively. The characteristics
of the participants in the two districts were similar. There
were no significant differences in age, BMI, gender, educa-
tion level, marital status, smoking status, and alcohol drink-
ing between districts A and B (P > 0.05). The same results
were found both in adults and minors in the two districts, and
the questionnaire for minors did not include marital status,
smoking, and alcohol consumption. The detailed character-
istics of adults and minors are presented in Tables S1 and S2.

Levels of bisphenols in urine

Distributions of urinary BP levels between the two districts
are compared in Table S3. Due to the detection rate of other
BPs being less than 40%, only BPA, BPS, and BPP were
included in the analysis. Figure 1 shows the BP exposure
levels among different ages in the two districts. For adults
and minors, the exposure levels of BPA (0.47 vs. 0.27 ng/
mL for adults; 1.46 vs. 0.35 ng/mL for minors) and BPS
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Table 1 Characteristics of the study population (N = 281)

Characteristics AN=139) BW=142) P

Age (years), mean + SD 29.73 +23.04 30.49 +23.52 0.729

BMI (kg/m?), mean + SD 20.07 £5.67 21.40+5.32 0.420
Gender, n (%)
Male 73 (52.52) 71 (50) 0.701
Female 66 (47.48) 71 (50)
Education level, n (%)
<Junior high school 114 (82.01) 113 (79.58) 0.573
Senior high school 20 (14.39) 20 (14.08)
2College/graduates 5 (3.60) 9 (6.34)
Marital status, n (%)
Single 75 (53.96) 78 (54.93) 0.939
Married 59 (42.45) 58 (40.85)
Others 5(3.59) 6 (4.23)
Smoking status, n (%)°
Never 113 (81.29) 117 (82.39) 0.595
Ex-smoker 7(5.04) 10 (7.04)
Current 19 (13.67) 15 (10.56)
Alcohol drinking, n (%)° 0.329
Yes 33 (23.74) 41 (28.87)
No 106 (76.26) 101 (71.13)
Occupation, n (%)
No job or retired 100 (71.94) 92 (64.79) 0.391
Light physical job 16 (11.51) 23 (16.20)
Heavy physical job 23 (16.55) 27 (19.01)
Physical activity, n (%)
No physical activity 83 (59.71) 98 (69.01) 0.173
Low-intensity physical 40 (28.78) 35 (24.65)
activity
High-intensity physical 16 (11.51) 9 (6.34)

activity

Abbreviations: SD standard deviation, BMI body mass index

*Differences between district A and district B were assessed using
one-way ANOVA tests for continuous variables and chi-square tests
for proportions

PParticipants consuming at least one cigarette per month

Participants consuming at least one bottle of alcoholic drink per
month in the last year

(0.32 vs. 0.06 ng/mL for adults; 0.37 vs. 0.08 ng/mL for
minors) in the exposed area were higher than in the control
area, and the exposure to BPA was much higher in minors
than in adults in the exposed area (P < 0.05). We found that
BPP urinary concentrations were higher among adults in
the exposed area than among those in the control area (P
< 0.01), and no significant differences were found between
adults and minors (P > 0.05). The levels of BPs in adults
and minors in both districts are also detailed in Tables S4
and S5. When stratified by gender, BPA and BPS levels
were higher in district A than in district B in both males and
females (P < 0.01), but no differences were found between

men and women within the same area (P > 0.05) (Table
S6). We further stratified by gender and age and found that
in adult males, BPS (0.30 vs. 0.08 ng/mL) and BPP (0.08
vs. 0.03 ng/mL) concentrations were significantly higher in
district A than in district B. However, in adult females, BPA
and BPS levels were higher in the exposed area than in the
control area (Table 2). Among minors, in both males and
females, BPA and BPP levels were higher in district A than
in district B (Table 3), and no gender differences in exposure
levels were observed at different ages. Spearman’s associa-
tion coefficients between the three BPs ranged from 0.185
t0 0.379 (P < 0.01) (Table S7). In all participants, with the
increase of age, the urinary BPA, BPS and BPP concentra-
tion decreased significantly (r = —0.323, P < 0.001 for BPA;
r=-0.181, P = 0.002 for BPS; r = —0.141, P = 0.018
for BPP). Age was significantly associated with higher and
lower levels of exposure.

Thyroid function analysis

Levels of thyroid hormones in the serum of participants are
shown in Table S8. With the exception of TRAb, which had
a detection rate of less than 30%, all other thyroid hormones
had a high percentage of LOQ, so TRAb was excluded from
the analysis. The median levels of serum FT3, TT3, TSH,
Tg, and TgAb were comparable between participants in the
two districts, and there was no significant difference in the
abnormal rate of thyroid function between the two districts
(Table S9).

Stratifying adults and minors, we found that median TT4
(93.29 vs. 105.50 nmol/L)) and TPOAD (9.05 vs. 10.20 U/
mL) concentrations were significantly lower in A than in B
among adults (P < 0.05) (Table S10), while TT4 (17.41 vs.
17.88 nmol/L) and FT4 (94.48 vs. 103.40 pmol/L) levels
were significantly lower in A than in B among minors (P <
0.05) (Table S11). We further stratified by gender, finding
a more pronounced difference between males and females.
In adult males, FT3 (5.09 vs. 5.50 pmol/L) levels in A were
lower than those in B, and in adult females, TT3 (1.53 vs.
1.67 nmol/L), TT4 (93.21 vs. 101.50 nmol/L,) and TPOADb
(8.46 vs. 11.19 IU/mL) levels in A were significantly lower
than those in B (Table 4). In minor males, no differences
were observed (P > 0.05), and in minor females, TT4 (88.88
vs. 99.27 nmol/L) levels were significantly lower in the
exposed area than in the control area (P < 0.05) (Table 5).

Relationships between bisphenol exposure
and levels of thyroid hormones

In all populations, we found a positive relationship
between FT3 and BPS (# = 0.022, 95% CI = 0.009, 0.001,
P = 0.043), TT4 and BPP (§ = 0.012, 95% CI = 0.012,
0.035, P = 0.001), and TT3 and BPS (f = 0.021, 95%
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Fig. 1 Median concentrations of three major bisphenols in adults and minors’ urine in two districts. *Correlation coefficient is significant at 0.05

level. **Correlation coefficient is significant at 0.01 level

Table 2 Levels of bisphenols in the urine of adults stratified by gender (ng/mL)

Bisphenols LOQ Adults of A (N =72) Adults of B (N =78) P
N DF >LOQ (%) Mean Median SD Min Max N DF >LOQ (%) Mean Median SD Min Max
Unadjusted creatinine (ng/mL)
Male
BPA 0.08 38 26 68.42 0.99 042 1.29 0.04 550 39 30 76.92 048 0.21 0.91 0.04 5.64 0.151
BPS 0.05 38 35 92.11 142 0.30 450 0.03 27.57 39 26 66.67 0.18 0.08 0.51 0.03 3.24 0.000
BPP 0.05 38 25 65.79 0.10 0.08 0.10 0.03 042 39 13 3333 0.09 0.03 0.12 0.03 0.50 0.022
Female
BPA 0.08 34 31 91.18 0.79 048 0.94 0.04 483 39 32 82.05 046 0.31 0.68 0.04 4.14 0.042
BPS 0.05 34 31 91.18 1.12 0.37 372 0.03 21.99 39 20 52.63 0.29 0.05 0.64 0.03 2.46 0.000
BPP 0.05 34 21 61.76 0.11  0.07 0.17 0.03 1.00 39 15 3947 0.07 0.03 0.10 0.03 0.56 0.053
Adjusted creatinine (ng/g)
Male
BPA / 38 26 68.42 0.85 0.34 1.20 0.02 5.16 39 30 76.92 0.58 0.16 1.20 0.01 6.00 0.244
BPS / 38 35 92.11 1.03 0.22 3.16 0.01 19.29 39 26 66.67 0.22 0.05 0.86 0.01 5.43 0.000
BPP / 38 25 65.79 0.07 0.06 0.06 0.01 023 39 13 3333 0.08 0.03 0.13 0.01 0.73 0.037
Female
BPA / 34 31 91.18 092 0.55 143 0.02 824 39 32 8205 0.56 0.28 0.74 0.02 3.26 0.023
BPS / 34 31 91.18 1.19 045 4.07 0.02 24.08 39 20 52.63 0.31 0.05 0.73 0.01 3.61 0.000
BPP / 34 21 61.76 0.11 0.08 0.12 0.01 0.67 39 15 3947 0.07 0.04 0.06 0.01 0.25 0.034

LOQ limit of quantitation, DF detection frequency, SD standard deviation, Min minimum, Max maximum, BPA bisphenol A, BPF bisphenol F,
BPS bisphenol S, BPAF bisphenol AF, BPZ bisphenol Z, BPP bisphenol P, BPB bisphenol B, BPC bisphenol C, BPE bisphenol E, BPAP bisphe-

nol AP

4The Kruskal-Wallis H test was used to calculate the median difference in urinary bisphenols concentrations between the A and B districts

CI = 0.002, 0.040, P = 0.028) (Table S12). Our study
found differences in outcomes between adults and minors,
and differences between genders were also observed.
Stratified according to adults and minors, no association
was observed among adults (Table S13). In minors, we
observed a negative association between urinary BPA and
serum FT4 (f = —0.013, 95% CI = —0.026, —0.001, P =
0.037) and a positive association between BPP and TT4 (f
=0.035, 95% CI = 0.006, 0.064, P = 0.017) (Table S14).

@ Springer

Table S15 and Table S16 presented the relations between
BP concentrations in urine and measures of thyroid function
in males and females, adjusted for age, BMI, gender, educa-
tion levels, marital status, smoking status, alcohol assump-
tion, urinary creatinine, occupation, and physical activity.
in linear regression. As shown in Fig. 2, in adult females,
serum TT3 levels were negatively correlated with urinary
BPA levels (f = —0.033, 95% CI = —0.071, —0.008, P =
0.021). In minor females, the levels of serum FT4 and Tg
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Table 4 Median and GM levels of thyroid function index among adults stratified by gender in two districts

Thyroid function index AN=172) B (N=178) P
N Median (interquartile GM (95% CI) N Median (interquartile GM (95% CI)
range) range)

Male
FT3 (pmol/L) 38  5.09 (4.66, 5.50) 5.08 (4.91, 5.26) 39 5.50(4.80,5.78) 5.33(5.12,5.55) 0.033
TT3 (nmol/L) 38  1.66 (1.53,1.91) 1.70 (1.63, 1.77) 39 1.75(1.53,1.91) 1.70 (1.60, 1.81) 0.714
FT4 (pmol/L) 38  17.23(15.53,19.03) 17.28 (16.51,18.09) 39 18.16 (16.16, 19.77) 17.87 (17.12, 18.65) 0.229
TT4 (nmol/L) 38  96.40 (83.33, 107.80) 94.42 (88.81, 100.40) 39 96.07 (82.29, 112.00) 94.71 (88.58, 101.30)  0.791
TSH (ulU/mL) 38 2.17(1.32,3.02) 2.03 (1.71,2.41) 39 2.27(1.76,3.27) 2.21(1.84,2.65) 0.401
Tg (ng/mL) 38 9.73(5.07,16.42) 8.25(5.75,11.83) 39  8.49(5.21,13.23) 8.21 (6.50, 10.37) 0.445
TgAb (IU/mL) 38 11.31(10.62, 12.64) 11.72 (9.07, 15.14) 39  11.57 (10.50, 12.30) 10.91 (9.55, 12.47) 0.635
TPOAb(IU/mL) 38  9.30(8.32,11.43) 11.85 (8.86, 15.84) 39 10.18 (7.87,11.43) 10.53 (9.32, 11.90) 0.721

Female
FT3 (pmol/L) 34 4.62(4.29,4.87) 4.55(4.41,4.70) 39 4.75(4.41,4.99) 4.68 (4.54, 4.83) 0.105
TT3 (nmol/L) 34 1.53(1.38,1.64) 1.49 (142, 1.55) 39  1.67 (1.45,1.80) 1.61 (1.53, 1.69) 0.007
FT4 (pmol/L) 34 16.86 (15.18, 17.95) 16.81 (15.99, 17.67) 39 17.01 (15.86, 18.43) 16.79 (16.20, 17.41) 0.670
TT4 (nmol/L) 34 92.81 (81.54, 102.00) 93.21 (87.94,98.80) 39 103.50(94.48, 110.40) 101.50 (97.05, 106.20) 0.007
TSH (ulU/mL) 34 2.73(1.99,3.79) 2.56 (1.97,3.33) 39 1.98(1.44,3.41) 2.20 (1.84,2.62) 0.090
Tg (ng/mL) 34 10.08 (6.28, 14.91) 6.95 (4.41, 10.97) 39  8.07 (5.26, 14.43) 7.23 (5.12, 10.20) 0.573
TgAb (IU/mL) 34 11.05 (5.00, 14.15) 15.53 (9.57,25.21) 39 11.92(10.53, 16.51) 15.40 (10.77,22.02) 0.287
TPOAb(IU/mL) 34 8.46(7.51,10.76) 11.46 (8.38, 15.67) 39 11.19 (9.14, 14.16) 15.61 (10.90, 22.35) 0.012

FT3 free triiodothyronine, 773 total triiodothyronine, F74 free thyroxine, 774 total thyroxine, 7SH thyroid stimulating hormone, 7g thyroglobu-
lin, TgAb thyroglobulin antibodies, TPOAb thyroid peroxidase antibodies, GM geometric mean, CI confidence interval

*The Kruskal-Wallis H test was used to calculate the median difference in thyroid hormone concentration between A and B districts

were negatively related to the levels of urinary BPA (8 =
—0.026,95% CI = —0.051, —0.002, P = 0.032 for FT4; f =
—0.129, 95% CI = —0.248, —0.009, P = 0.035 for Tg). Posi-
tive association between levels of urinary BPA and TPOAb
was also observed (f = 0.104, 95% CI = —0.248, —0.009,
P =0.039).

The WQS model was used to further analyze the associa-
tion between mixed BPS and thyroid function in all popula-
tions. The WQS weights and regression index of BP mix-
ture with thyroid function in the WQS model were shown
in Fig. 3. BP mixture was positively associated with FT3
(Bwos = 0.022, 95% CI = 0.002, 0.042) and TT3 (Byps =
0.033, 95% CI = 0.004, 0.062) and negatively associated
with FT4 (Byos = —0.024, 95% CI = —0.044, 0.004), with
BPS (0.532), BPA (0.618), and BPA (0.547) as their cor-
responding highest weight chemicals. Detailed results of
adjusted models are presented in Table S17.

Discussion
Wide exposure to BPA, BPS, and BPP was found among the
general population in Zhejiang province, with all detection

rates > 40%. The median urinary concentration of BPA was
the highest among the 10 BPs. Urinary concentrations of

@ Springer

BPA and BPS were higher in the exposed area than in the
control area in both adults and minors, indicating that resi-
dents living around the industrial park have a higher body
burden of BPs (Fig. 1). Figure 4 shows a comparison of the
distributions of BP concentrations in urine around the world
over the past 2 decades. Based on the results we listed, most
studies reported higher proportions of BPA, BPF, and BPS.
Compared with domestic levels, the urinary BP concentra-
tions in the studies from Nanjing (0.39 ng/mL) (Liu et al.
2019b), Dalian (0.68 ng/mL) (Guo et al. 2021), and Hubei
(0.82 ng/mL) (Cui et al. 2021) were similar to the control
district (0.41 ng/mL) of our study but lower than the exposed
district (1.42 ng/mL). The BP levels in the exposed area were
similar to those in Xuzhou (1.25 ng/mL) (Li et al. 2019) and
Shanghai (1.14 ng/mL) (Ouyang et al. 2020) but much lower
than those in Guangxi (3.15 ng/mL) (Liang et al. 2020) and
Qingyuan (3.73 ng/mL) (Zhang et al. 2016). The study area
in Qingyuan was near an e-waste dismantling plant, which
may be the reason for such high BP levels in the popula-
tion in this area. Compared with other countries, BP levels
in the exposure district in our study were similar to those
in the study in Hokkaido, Japan (1.07 ng/mL) (Gys et al.
2020), but lower than other studies in Asian countries, such
as south Korea (2.35 ng/mL) (Kang et al. 2020), Singapore
(2.69 ng/mL) (Liu et al. 2019a), and Israel (2.10 ng/mL)
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Table 5 Median and GM levels of thyroid function index among minors stratified by gender in two districts

Thyroid function index A (N=67) B (N =64) P

N Median (interquartile GM (95% CI) N Median (interquartile GM (95% CI)
range) range)

Male
FT3 (pmol/L) 36 6.54(6.06,6.93) 6.52 (6.32,6.72) 32 6.57(5.83,691) 6.37 (6.12, 6.64) 0.523
TT3 (nmol/L) 36 2.36(1.99,2.54) 2.23(2.11,2.37) 32 2.23(2.04,2.45) 2.18 (2.05,2.32) 0.572
FT4 (pmol/L) 36 17.57(16.89, 18.61) 17.53 (16.93, 18.15) 32 18.28 (16.95, 20.02) 18.43 (17.77, 19.11) 0.097
TT4 (nmol/L) 36 102.20(87.26,117.30)  98.74 (92.08, 105.90) 32 104.30(98.78,112.30)  104.90 (101.70, 108.20) 0.311
TSH (ulU/mL) 36 2.61(2.18,4.07) 2.77 (2.40,3.21) 32 2.81(1.81,4.05) 2.75(2.29, 3.30) 0.971
Tg (ng/mL) 36 14.64 (9.32,20.27) 13.56 (11.21,16.39) 32 15.20(8.91, 23.40) 15.07 (11.09, 20.47) 0.685
TgAb (IU/mL) 36 11.03 (10.60, 11.56) 11.05(10.43,11.71) 32 11.44(10.84, 12.35) 11.19 (9.44,13.27) 0.174
TPOAb(IU/mL) 36 9.15(8.22, 11.00) 9.42 (8.64, 10.26) 32 10.12 (8.41, 12.09) 10.38 (9.39, 11.48) 0.184

Female
FT3 (pmol/L) 31 6.57(5.55,7.02) 6.20 (5.86, 6.56) 32 6.37(5.47,6.58) 5.99 (5.68, 6.33) 0.178
TT3 (nmol/L) 31 2.15(1.67,2.31) 2.05 (191, 2.20) 32 2.16(1.82,2.34) 2.05 (1.90, 2.20) 0.934
FT4 (pmol/L) 31 16.66 (15.24, 18.35) 16.79 (16.01, 17.60) 32 17.59 (16.64, 19.09) 17.68 (17.08, 18.31) 0.063
TT4 (nmol/L) 31 88.88(83.89,97.43) 91.63 (86.89,96.63) 32 99.27 (89.81, 113.90) 99.47 (94.34,104.90)  0.012
TSH (ulU/mL) 31 2.4 (1.53,3.30) 2.392 (2.00, 2.86) 32 2.46(1.59, 3.60) 2.36 (1.91,2.90) 0.929
Tg (ng/mL) 31 10.91(6.98, 15.53) 10.13(7.70,13.34) 32 13.9(9.13, 19.45) 14.42 (11.41, 18.22) 0.105
TgAb (IU/mL) 31 11.62(10.75, 14.47) 12.2 (9.55, 15.58) 32 11.11(10.23, 12.55) 10.52 (9.40, 11.78) 0.148
TPOAb(IU/mL) 31 8.88(7.92,14.14) 11.32 (8.59, 14.91) 32 9.18(10.23, 12.55) 9.79 (8.88, 10.79) 0.847

FT3 free triiodothyronine, 773 total triiodothyronine, F74 free thyroxine, 774 total thyroxine, 7SH thyroid stimulating hormone, 7g thyroglobu-
lin, TgAb thyroglobulin antibodies, TPOAb thyroid peroxidase antibodies, GM geometric mean, CI confidence interval

*The Kruskal-Wallis H test was used to calculate the median difference in thyroid hormone concentration between A and B districts
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Fig.2 Association between urinary BPA concentrations and thyroid function indicator levels serum samples from the adult females (a) and

minor females (b)

(Machtinger et al. 2018), and in Europe, except for in Greece
(1.20 ng/mL) (Myridakis et al. 2015), Poland (0.77 ng/mL)
(Milczarek-Banach et al. 2020), and Denmark (1.37ng/
mL) (Frederiksen et al. 2013a). Other studies have reported
higher BP levels than our study, including in the Nether-
lands (2.59 ng/mL) (Philips et al. 2018), Slovenia (1.99 ng/
mL) (Tkalec et al. 2021), Spain (3.80 ng/mL) (Casas et al.

2015), Sweden (1.74 ng/mL) (Derakhshan et al. 2019), and
Norway (4.50 ng/mL) (Ye et al. 2009). In North America,
the levels in the Canadian study were similar to those in our
study (1.22 ng/mL) (Tai and Chen 2016), but in the USA,
these were much higher than in ours (2.43, 1.89,4.80 ng/mL)
(Kataria et al. 2017; Mendy et al. 2020; Quiros-Alcala et al.
2021). In the New York study, the concentration of BPS

@ Springer
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Fig.3 The WQS model regression index weights for FT3 (a), TT3 (b), and FT4 (c). All models adjusted for In-transformed urinary creatinine,
age, BMI, education level, marital status, smoking status, alcohol drinking, occupation, and physical activity

was much higher than that of BPA and BPF, which may be
related to the widespread use of local BPA alternatives in
the market (Kataria et al. 2017). Compared with that in our
study, the BP concentration in Brisbane, Australia, was at a
higher level (3.80 ng/mL) (Heffernan et al. 2016).

In this study, it was found that although the exposure level
of BPs in district A was higher than that in district B, com-
pared with the studies in other regions domestic and abroad,
the exposure level in district A was lower, and that in district
B was much lower than other regions. The possible reason is
that the main products of this industrial park are refrigerants
whose raw materials are fluorides, and the production of
epoxy resin materials made of BPs as raw materials is less,
resulting in a lower exposure concentration of BPs.

In addition, urinary BPA concentration in minors in the
exposed area was significantly higher than that in local
adults (Fig. 1). The results of this study also showed a nega-
tive association between age and BP exposure concentration.
BPA exposure is usually through dietary intake (He et al.
2009), and minors are generally considered to be vulner-
able to exposure to environmental pollutants. Minors are
more exposed to BPA compared to adults. According to the
U.S. Environmental Protection Agency (U.S. EPA), higher
food consumption relative to body weight is higher in minors
compared to adults, which justifies higher concentrations in
minors (EPA 2011). Thus, the relatively higher urinary BPA
concentrations in minors may be due to relatively higher
oral exposure to BPA, although this cannot fully explain
the higher urinary BPA concentrations in minors. Studies in
other regions have reported similar findings (Bushnik et al.
2010; Frederiksen et al. 2013a; Larsson et al. 2014). A num-
ber of studies have collected urine samples from mothers of
minors and found that the level of BPA in minors’ urine is
much higher than that of mothers (Covaci et al. 2015; Fred-
eriksen et al. 2013b; Larsson et al. 2014). However, in adults
and minors in the same district, we did not find any differ-
ence in BPA concentration between different genders. This

@ Springer

is consistent with reports from previous studies demonstrat-
ing that men and women do not differ significantly in BPA
concentrations (Aekplakorn et al. 2015; Olsen et al. 2012).

In summary, we collected most of the population stud-
ies from around the world and found the BP levels in the
exposed area of our study to be among the world’s medium
levels, whereas our control area is among the world’s low
levels. Although countries have gradually banned BPA in
baby bottles and packaging, other routes of exposure con-
tinue, and BPA still dominates total BPs in most countries
and regions. However, there are also areas where BPA has
been replaced by its analogues, such as in the New York
study, where BPS accounted for most of the BPs (Fig. 4). We
did not measure the concentration of BPs in environmental
samples, so the route of exposure was unclear. Follow-up
studies are needed to explore the pathways of local popula-
tion exposure to BPs.

The rates of thyroid function abnormalities in the two
areas were all low, and there was no significant difference
between them. This indicates that the general population
was still at a relatively healthy level, even though BP expo-
sure between the two places was quite different. In the total
population, we reported positive associations between
BPS and FT3, BPS and TT3, and BPP and TT4, but these
results have not been reported in any previous literature. In
the WQS model, we found a positive correlation of mixed
BPs with FT3 and TT3 and a negative correlation with FT4,
which was more consistent with the results of multiple linear
regression. BPA was the greatest weighing chemical respon-
sible for the association, and the weight of BPP was negli-
gible. BPA has the most influential impact on the accumu-
lated chemical mixture index and was the heaviest weighted
chemical associated with thyroid function in our study.

Considering that factors such as age and gender may lead
to bias in the results, we further stratified these confound-
ing factors. The results of participants aged 3—17 years
were inconsistent with those of adults. We did not find any
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Fig.4 Median levels of bisphenols (ng/mL) in urine worldwide over the past 2 decades. The data are shown by region and sample collection
years. The red and black lines indicate the levels in the exposed and control areas of the study, respectively. *Geometric mean levels

association between thyroid hormones and BPs in adults ~ of minors aged 8—16 years reported a negative association
(Table S13). We found evidence of a negative association  between serum FT4 and BPA levels (r = —0.483, P < 0.05
between urine BPA levels and serum FT4 levels and a posi-  (Sur et al. 2019). Another population-based birth cohort
tive association between BPP and TT4 (Table S14). A study study in Rotterdam, the Netherlands, found that maternal
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exposure to higher BPA during the third trimester of preg-
nancy led to lower FT4 levels in children (f = —0.11, P <
0.05; (Derakhshan et al. 2021). Opposite results have been
reported in minors. The latest study of 386 mother—singleton
pairs in a small birth cohort in China found that maternal
urinary BPA concentration was positively associated with a
1% (95% CI = 0.20%, 1.92%) increase in cord serum FT4
concentration (Guo et al. 2020). Thus, differences in study
design, sample size, type of population, exposure, and covar-
iates all have the potential to contribute to inconsistencies
in the results.

Different associations by gender observed between BPA
and thyroid hormones in adults and minors (Tables S15 and
S16) warrant explanation. A study of children (aged 6 years,
N = 574) in Korea reported an associated gender-dependent
change, with a significant inverse association between uri-
nary BPs and FT4 observed only among girls (Jang et al.
2021). There is also controversy among different studies
regarding the effect of BPA on FT4 levels. In a study of 555
Chinese women in the third trimester of pregnancy, Wang
et al. (2020) found that among mothers with higher BMI and
higher BPA exposure, compared with those with lower BPA
levels in the third trimester, cord serum FT4 was 2.96 (95%
CI =0.12, 5.80) pmol/L higher in male newborns and 2.22
(95% CI = 0.67, 3.78) pmol/L higher in females (Wang et al.
2020). A study in Thailand found a significant inverse asso-
ciation between serum BPA and FT4 levels in men, in con-
trast to no association observed in women (Sriphrapradang
et al. 2013). A study on other environmental contaminants,
such as phthalates, also reported sex-dependent associations
with thyroid hormones (Park et al. 2017). No clear mecha-
nism explains the sex-dependent association at present, but
physiological differences between men and women, such as
menstrual and sex hormone differences, may partly explain
the differences in association (Hatch et al. 2010; Mahalin-
gaiah et al. 2008). According to the latest research report,
the genetic risk score (GRS) for FT4 was associated with
increased testosterone and estradiol in women only, while
GRS for TSH were found to be associated with increased
free androgen in men (Kjaergaard et al. 2021). In addition,
the relationship between thyroid hormone levels and TSH
has been reported to be related to age, and the pattern of
change varies by sex. In males, free hormone concentrations
were negatively correlated with age, whereas TSH levels
were independent of age; in females, free thyroid hormone
concentrations were not affected by age, but TSH levels were
positively correlated with age (Suzuki et al. 2012). In addi-
tion, a study of 162 mother—child pairs found that prenatal
exposure to polybrominated diphenyl ethers (PBDEs) was
associated with thyroid hormone alterations in children at 3
years of age, with a gender-dependent relationship. TSH was
significantly reduced in females, and FT4 was decreased in
males (Vuong et al. 2018).
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Overall, some gender-dependent relationships have been
found in studies of the effects of multiple pollutant exposure
on thyroid hormones. Although the underlying mechanism
was unclear, the gender-dependent effects of BPA may be
caused by differences in the expression of genes related to
lipid metabolism and differences in sex hormones (Babelova
et al. 2015).

In our current study, we found evidence for associations
between urinary BPA and serum TT3 in Zhejiang adult
females. The association was negative, suggesting those
with higher BPA concentrations had lower TT3 levels. An
experimental study showed that BPA inhibited T3-mediated
gene activation in a dose-dependent manner through thy-
roid receptors alpfal (TRalpfal) and TRbeta. In addition,
BPA also upregulated the expression of the T3 suppressor
gene. In conclusion, BPA has an antagonistic effect on T3
(Moriyama et al. 2002). In minor females, BPA exposure
was associated with lower FT4 and Tg levels. A previous
large-scale population study in the USA reported an inverse
association between urinary BPA concentrations and serum
T4, which supports our results (Meeker and Ferguson 2011).
Recent in vivo studies found that neonatal exposure to BPA
decreases serum T4 in female rats (Fernandez et al. 2018),
but in previous studies, no association between Tg and BPA
was observed. Conversely, BPA levels were positively cor-
related with TPOAD levels, signifying that exposure to BPA
increases the likelihood of being positive for TPOADb, and its
elevation usually increases the occurrence of autoimmune
thyroid disease. A large sample study in Thailand found that
TPOADb-positive subjects tended to increase significantly
as BPA quartiles increased; however, only the association
between BPA and TPOAD positivity was consistent in both
men and women (Chailurkit et al. 2016). However, in the
current study, the causality leading to BPA exposure to
TPOAD positivity and subsequent autoimmune thyroid dis-
ease could not be easily determined. We found no significant
association between BPA with TSH, and the same results
were reported in a study of minors (Meeker and Ferguson
2011). However, there are also studies that reached different
conclusions in this regard. For example, one study found a
negative association between BPA concentrations and TSH
(Brucker-Davis et al. 2011), and a positive association was
found for female newborns in another (Derakhshan et al.
2021). This may be because interindividual differences in
TSH levels may camouflage true differences due to BPA
exposure in small cross-sectional general population studies.

Some current studies have discovered the molecular
mechanism of BPA on thyroid function. Previous studies
have found that BPA can directly act on the pituitary-thyroid
axis, altering the expression of genes involved in thyroid
hormone synthesis and the expression of thyroid-specific
transcription factors through TTFs, NF-kB, and RAR/RXR
cellular pathways (Gentilcore et al. 2013). Studies on rat
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thyroid microsomes have shown that BPA is a non-compet-
itive inhibitor of the sodium-iodide symporter (NIS), which
confirmed that exposure to BPA has a negative effect on
thyroid follicular cells (FRTL-5) through inhibition of NIS-
mediated iodide uptake and expression of genes involved in
thyroid hormone synthesis (Slc5a5, Tpo, Tg, Pax8, Foxel,
Nkx2-1) (Wu et al. 2016). A recent study found that DIO
gene polymorphism is the possible mechanism of bisphe-
nols targeting thyroid hormones. For the association between
BPA and FT4, they found negative associations for the gen-
otypes DIO1(rs2235544)-CC, DIO2(rs12885300)-CC, and
DIO2 (rs12885300)-CT (Abumallouh et al. 2022).

The major strength of the study is its relatively compre-
hensive measurement of BP monomer types and thyroid
function indicators. We evaluated the internal exposure level
of residents near the industrial park and compared it with
the control area. To the best of our knowledge, this is the
first cross-sectional study of the association between BPs
and thyroid function in the general population in Zhejiang
province. And compared to the traditional analysis method,
we also used the WQS model to estimate the association
between mixed BPs and thyroid function.

There are also several limitations. First, the cross-sec-
tional observational study design limited the causality that
could be observed from the association between BP expo-
sure and thyroid function. Second, lack of investigation of
sources of BP exposure, such as BPs ingested through food.
Third, we did not collect data of urinary iodine, serum coti-
nine, and comorbidities, which may have biased the associa-
tion analysis. Fourth, we did not measure other chemicals
in the participants’ urine, which may have affected the reli-
ability of the results. Fifth, we selected a single first-morning
spot urine sample for the determination of BP concentra-
tions, which could not fully represent the average body bur-
den of the participants due to BPs’ short half-life (Pollack
et al. 2016). Finally, the small sample size may have biased
the interpretation of the results due to the large variation
between individuals. And due to wide age distribution of the
selected population, small sample sizes in subgroups may
lead to instability of results.

Conclusion

This study explored the information of 281 individuals aged
3-79 years with BPA and its analogues in Zhejiang, China.
BPA, BPS, and BPP were the predominant BPs in urine sam-
ples from the general population, and the total BPs were higher
in the exposed area than in the control area, albeit at a lower
worldwide level. According to the current preliminary study,
urinary BPA is negatively correlated with serum TT3 in adult
women. In minor females, BPA is negatively correlated with
FT4 and Tg but negatively correlated with TPOAb. Mixed

BP exposure was positively associated with FT3 and TT3,
but negatively associated with FT4. Although our country has
reduced the use of BPs, humans still face the risk of exposure
to BPs in the environment due to the widespread existence
of products containing BPs. So the adverse effects of daily
exposure to BPs remain a public health concern. Our findings
will contribute to the evidence of potential thyrotoxic effects
of BP exposure and their sex-specific effects, and provide sci-
entific basis for population health risk assessment or policy
public health measures. Further research is necessary, and the
existing findings are controversial. Therefore, more long-term,
prospective, large-sample studies considering the interaction
of various pollutants are needed to establish a more complete
relationship between BP concentration and thyroid function.
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