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a b s t r a c t

Phenols have been shown to influence the cellular proliferation and function of thyroid in

experimental models. However, few human studies have investigated the association be-

tween phenol exposure and thyroid cancer, and the underlying mechanisms are also poorly

understood. We conducted a case-control study by age- and sex-matching 143 thyroid can-

cer and 224 controls to investigate the associations between phenol exposures and the risk

of thyroid cancer, and further to explore themediating role of oxidative stress.We found that

elevated urinary triclosan (TCS), bisphenol A (BPA) and bisphenol S (BPS) levels were asso-

ciated with increased risk of thyroid cancer (all P for trends < 0.05), and the adjusted odds

ratios (ORs) comparing the extreme exposure groups were 3.52 (95% confidence interval (CI):

2.08, 5.95), 2.06 (95% CI: 1.06, 3.97) and 7.15 (95% CI: 3.12, 16.40), respectively. Positive asso-

ciations were also observed between urinary TCS, BPA and BPS and three oxidative stress

biomarkers measured by 8-hydroxy-2′-deoxyguanosine (8-OHdG), 8-iso-prostaglandin F2α

(8-isoPGF2α) and 4-hydroxy-2-nonenal-mercapturic acid (HNE-MA), as well as between uri-
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nary 8-isoPGF2α and HNE-MA and the risk of thyroid cancer. Mediation analysis showed

that urinary 8-isoPGF2α mediated 28.95%, 47.06% and 31.08% of the associations between

TCS, BPA and BPS exposures and the risk of thyroid cancer, respectively (all P < 0.05). Our

results suggest that exposure to TCS, BPA and BPS may be associated with increased risk of

thyroid cancer and lipid peroxidation may be an intermediate mechanism. Further studies

are warranted to confirm the findings.

© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.

Introduction

Thyroid cancer has been a worldwide health concern due to
its increasing incidence in the past several decades (Li et al.,
2020). It was estimated thatmore than 586,000 new cases of di-
agnosed thyroid cancer have been identified around the world
in 2020 and accounts for 3% of the worldwide incidence of all
cancers (Miranda-Filho et al., 2021). In China, an increasing
trend of thyroid cancer incidence has also been reported, with
the age-adjusted incidence rising from 3.21/100,000 in 2005 to
9.61/100,000 in 2015 (Wang et al., 2020). The etiology of thy-
roid cancer is multifactorial and largely not known. To date,
only radiation exposure has been recognized as a well-known
risk factor of thyroid cancer. Recently, increasing evidence has
shown that exposure to certain endocrine-disrupting chem-
icals may contribute to the development of thyroid malig-
nancy (Lerro et al., 2021; Liu et al., 2020; Marotta et al.,
2019).

Phenol compounds, including triclosan (TCS), bisphenol
A (BPA), and its substitutes are known as endocrine dis-
ruptors, which can disturb estrogen and/or androgen activ-
ities or bind to thyroid hormone receptors and further lead
to a series of adverse health effects including thyroid dys-
function (Petrakis et al., 2017). Human can be constantly ex-
posed to phenols through ingestion of food and drinking wa-
ter, or through dermal contact with personal care products
(Chen et al., 2016). Existing in vivo and in vitro studies have
shown that TCS, BPA and its substitutes, such as bisphenol
F (BPF) and bisphenol S (BPS), can impair the thyroid function,
manifested by altering thyroid volume and structure, disrupt-
ing thyroid hormone levels, and even promoting the prolifera-
tion of thyroid tumor cells (Axelstad et al., 2013; da Silva et al.,
2019; Fernandez et al., 2018; Hinther et al., 2011; Jiang et al.,
2016; Lee et al., 2019; Sauer et al., 2021; Zhang et al., 2017).
However, epidemiological studies exploring the association
between phenol exposure and the risk of thyroid cancer are
limited. To the best of our knowledge, only two previous stud-
ies found that urinary BPA and bisphenol AF (BPAF) concentra-
tions were positively associated with the risk of thyroid can-
cer.However, their findings should be interpretedwith caution
due to the limited sample size (n < 60) (Marotta et al., 2019;
Zhou et al., 2017).

Although existing evidence has suggested that phenol ex-
posure may contribute to increased risk of thyroid cancer,
the underlying mechanisms are poorly understood. Oxida-
tive stress has been proposed as one of the mechanisms
through which phenol exposure induces thyroid dysfunction
(Gorini et al., 2020). Toxicological studies have shown that
phenols, such as BPA, can impair oxidant/antioxidant bal-

ance and subsequently result in thyroid injury and thyroid
hormone perturbation (Mohammed et al., 2020; Silva et al.,
2018). Epidemiological evidence has also revealed that uri-
nary concentrations of TCS, BPA and its substitutes (BPF
and BPS) are positively associated with oxidative stress
biomarkers including 8-iso-prostaglandin F2α (8-isoPGF2α ),
4-hydroxy-2-nonenal-mercapturic acid (HNE-MA), and 8-
hydroxy-2′-deoxyguanosine (8-OHdG) among healthy adult
men (Wang et al., 2019), gestational women (Ferguson et al.,
2019) and children (Lv et al., 2016). Furthermore, existing
epidemiological studies have shown that elevated oxidative
stress is associated with the occurrence of thyroid cancer
(M Gerić, 2016; Wang et al., 2011). However, no human study
to date has evaluated the potential mediation effect of oxida-
tive stress on the association between phenol exposure and
the risk of thyroid cancer.

In the present study, we performed a hospital-based case-
control study to investigate the association between phenol
exposure and the risk of thyroid cancer, and further explored
the potential mediation effects by selected oxidative stress
biomarkers.Wemeasured urinary TCS, BPA, BPAF, BPF and BPS
levels as indicators of phenol exposures, and urinary 8-OHdG,
8-isoPGF2α and HNE-MA levels as oxidative stress biomarkers
(Il’yasova et al., 2012).

1. Methods and materials

1.1. Study participants

The subjects of the study were recruited from a hospital in
Wuhan, China during March to December 2016, as detailed
in our prior study (Liu et al., 2020). In short, all participants
in the case group were recruited before any treatment. Af-
ter the surgery, a total of 144 subjects who were histologi-
cally diagnosed as thyroid cancer was included into the ma-
lignancy group.We excluded one subject who had insufficient
urine volume for exposure measurements, resulting in 143
cases left in the malignancy group. People who came to the
same hospital to seek for health examinationwere enrolled as
the controls. After excluding those with thyroid diseases and
certain occupational exposures (e.g., industrial solvents and
polyvinyl chloride), 332 healthy people were recruited. Given
that there are gender and age differences in thyroid cancer in-
cidence, we sex and age-matched the controls with the cases
by performing group matching. Finally, a total of 224 subjects
were included in the control group. The Ethics Committee of
Tongji Medical College approved our study, and each partici-
pant signed a written informed consent.
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1.2. Basic information and urine collection

Information about basic demographic characteristics, smok-
ing, alcohol consumption, radiation exposure, and medical
history was collected from each subject through a face-to-face
questionnaire. Nobody reported ever being exposed to ioniz-
ing irradiation. The smoking and drinking status were defined
according to previous literature (Liu et al., 2020). The smok-
ers were those who smoked “some days” or “everyday” and
smoked more than 100 cigarettes throughout their lifetime,
while ever-smokers were those who did not smoke currently
but had smoked more than 100 cigarettes throughout their
lifetime. The current-drinkers were those who consumed al-
coholic beverages more than once per week. Before any medi-
cal treatment or surgery, one spot urine sample was collected
from every participant in a sterile polypropylene cup. After
collection, all the urine samples were shipped to the labora-
tory and kept at -20°C until detection.

1.3. Quantification of urinary phenols

Urinary phenols, including BPA, BPAF, BPS, BPF and TCS, were
detected according to the method described elsewhere with
minor modification (Wang et al., 2021; Wang et al., 2019). In
brief, 0.5 mL of urine was added into a 15 mL of polypropylene
tube. Upon addition of 200 μL of ammonium acetate buffer (1
mol/L, pH = 5.0) and 10 μL of β-glucuronidase from Helix po-
matia, the sample was incubated at 37˚C overnight for decon-
jugation. Then, 50 μL of mixed isotope-labeled standards (20
ng/mL) and 3 mL of methyl tert-butyl ether/ethyl acetate (5:1,
V/V) were added to the sample and then centrifuged at 4,500
r/min for 10 min. The mixture was extracted three times with
3 mL of methyl tert-butyl ether/ethyl acetate (5:1; V/V). The fi-
nal extract was concentrated to near dryness with a nitrogen,
and then reconstructed with 100 μL of water (containing 60%
acetonitrile) before instrumental analysis.

An Agilent ZORBAX Extend-C18 column (Narrow Bore RR
2.1 mm × 100 mm, 3.5-Micron, 80A) was used for the sep-
aration of target compounds. An ultraperformance liquid
chromatography system coupled to an AB Sciex 5500 triple
quadrupolemass spectrometry (MS/MS, Toronto, Canada) was
used to determine the target chemicals. The mass spectrom-
eter was equipped with an electron spray ionization probe in
a negative mode and operated in the multiple reaction mon-
itoring mode. A procedural blank and pooled urine samples
spiked by the targets were run along with every batch to eval-
uate potential contamination and the efficiency of analytical
procedure. The relative standard deviation and the average
recoveries of the target analytes were in the ranges of 5.5%–
19.5% and 71.6%–122.7%, respectively. The limit of detections
(LODs) of phenols ranged from 0.01 to 0.08 ng/mL, which were
calculated as a signal-to-noise ratio of 3. Phenol concentra-
tions in all blank samples were all below the LODs. Values
less than the LOD were replaced with LOD/�2 (Hornung and
Reed, 1990).

1.4. Quantification of oxidative stress biomarkers

Urinary concentrations of oxidative stress biomarkers, in-
cluding 8-OHdG, HNE-MA, and 8-isoPGF2α, were measured by

an established method as described previously (Wang et al.,
2019). Briefly, a 100 μL urine supernatant was diluted with
1.5 mL deionized water and then spiked with 50 μL isotope-
labeled standards (100 ng/mL). Oasis HLB cartridges were used
to purify the mixture in the process of solid-phase extrac-
tion. The resulting eluent was evaporated to dryness and re-
dissolved in 200 μL 5%methanol/water.The targetswere sepa-
rated by a Phenomenex Gemini-NX-C18 column (3 μm, 100 × 2
mm) in a high-performance liquid chromatograph and mea-
sured by anAgilent 6460 triple quadrupolemass spectrometer.
The limit of quantifications (LOQs) of 8-OHdG,HNE-MA, and 8-
isoPGF2α were all less than 0.10 ng/mL. One blank (ultrapure
water) and two pooled urine samples spiked with the targets
were analyzed within each batch. The concentrations of ana-
lytes in all blank samples were below the LOQs; the recoveries
of spiked specimens were from 87% to 102%. The average vari-
ations of inter- and intra-batch were all < 10%.

1.5. Determination of urinary creatinine

We determined urinary creatinine concentrations based on
the Jaffe’s colorimetric method with an automatic biochem-
ical analyzer (Wang et al., 2015).

1.6. Statistical analysis

We used SPSS 25.0 and SAS 9.4 statistical software for the
data analyses, and P ≤0.05 was considered as statistically sig-
nificant. Descriptive statistical analyses were performed for
the characteristics of the study participants and the distribu-
tion of urinary phenols and oxidative stress biomarkers. Dif-
ferences of categorical characteristics and continuous urinary
phenols and oxidative stress biomarkers between the cases
and controls were examined using the Chi-square tests and
Mann-Whitney U tests, respectively. BPAF was excluded from
further analysis due to its limited detection rate in urine sam-
ples.

Multivariate unconditional logistic regressionmodels were
conducted to explore the associations of urinary phenols and
oxidative stress biomarkers with the risk of thyroid cancer.
Multivariable linear regression models were applied to as-
sess the associations of urinary phenols with oxidative stress
biomarkers. BPS and all the oxidative stress biomarkers were
categorized into tertiles according to the concentrations of
the controls. Due to the limited detection rates of TCS and
BPF, we dichotomized their concentrations into two groups
by LOD (i.e., ≤LOD or >LOD). Considering the moderate de-
tection rate of BPA, the values of BPA below the LOD were
categorized into the lowest group, and the detectable val-
ues in the control group were evenly divided as the middle-
and high-exposure groups. Urinary oxidative stress biomark-
ers were natural logarithm (ln) transformed to approximately
achieve normality. The corresponding regression coefficients
were back-transformed to get the percent changes according
to the equation: {100 × [exp(beta) - 1]}. Tests for trends were
conducted using integer values (0∼2) of three-level categorical
variables or tertiles in themultivariate regressionmodels. Uri-
nary oxidative stress biomarkers modeled as continuous vari-
ables were also included in the multivariate regression mod-
els.
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Statistical and biological factors were both taken into con-
sideration in selection of potential covariates (Kwon et al.,
2020; Liu et al., 2020). The potential covariates were included
into themultivariate regressionmodels when they resulted in
> 10% changes in the estimated odds ratios (ORs) or regression
coefficients. Finally, age (<30, 30–50 and≥50, years), bodymass
index (BMI, <18.5, 18.5–24.9 and ≥24.9, kg/m2) and household
income (<713.5, 713.5–1427 and ≥1427, US$/month) as three-
category variables, gender (male vs. female), alcohol use (ever
and current vs.never) and smoking status (ever and current vs.
never) as dichotomous variables, and urinary creatinine as a
continuous variable were included in the multivariate regres-
sion models (Barr et al., 2005).

To examine the mediating role of oxidative stress in the
association between phenol exposure and the risk of thy-
roid cancer, we conducted the mediation analysis by SAS
PROC CAUSALMED (SAS Institute Inc, 2020). The mediation
analysis has been detailed elsewhere (Huang et al., 2020b;
VanderWeele, 2013). When assumptions of the mediation
analysis hold, the direct effect indicates the effect of phenol
exposure on the risk of thyroid cancer after controlling for ox-
idative stress biomarkers, and the indirect effect is the esti-
mated effect of phenol exposure on the risk of thyroid cancer
through oxidative stress biomarkers. In the mediation anal-
ysis, the linear and logistic regression models were fitted as
follows:

E[m|a, c] = β0 + β1a + β ′
2c

logit
{
P(Y = 1|a,m, c)

} = θ0 + θ1a + θ2m + θ3am + θ ′
4c

In above equations, a is the exposure (phenols), m is the
mediator (oxidative stress biomarkers), Y is the outcome (thy-
roid cancer) and c is the adjusted covariate. The factors ad-
justed in the mediation models were the same as those in the
main analyses.The natural direct effect, natural indirect effect
derived on the OR scale and themediating proportion were all
estimated by SAS PROC CAUSALMED.

2. Results

Characteristics of the study participants are presented in
Table 1. A majority of participants were females (71.9%) and
only 6 participants were of not Han ethnicity. Most of subjects
aged more than 30 years old (89.1%), had normal BMI ranges
(69.4%), never smoked (82.6%) and drank alcohol (80.8%). The
controls were more likely to have high education background
and household income compared with the cases (both P-
values < 0.01), but no other statistically significant differences
in basic characteristics were observed between cases and con-
trols (all P-values > 0.05).

Table 2 presents the distribution of urinary phenols and
oxidative stress biomarkers. BPS and three oxidative stress
biomarkers were detectable in nearly all the urine samples.
More than half of the controls could be detected with BPA and
BPF, and more than half of the cases could be detected with
BPA and TCS, whereas the detection rates of BPAF in control
and malignancy group were just 12.1% and 8.4%, respectively.

Compared with the control group, the case group had sig-
nificantly higher concentrations of TCS, BPS and 8-isoPGF2α ,
whereas lower concentrations of BPF.

The associations of urinary phenols with the risk of thy-
roid cancer are presented in Table 3. The estimated ORs from
crudemodels were similar to those from adjustedmodels.We
observed monotonic dose-response associations between el-
evated BPA and BPS levels and increased risk of thyroid cancer
in the adjusted models (P for trends =0.03 and <0.01, respec-
tively). Compared to the reference group, the adjusted ORs
were 2.09 [95% confidence interval (CI): 1.15, 3.77] and 2.06
(95% CI: 1.06, 3.97) for the middle- and high-exposure groups
of BPA, respectively, andwere 5.19 (95% CI: 2.28, 11.83) and 7.15
(95% CI: 3.12, 16.40) for the second and third tertiles of BPS, re-
spectively.We also observed that participants with detectable
TCS had an elevated risk of thyroid cancer (OR =3.52, 95% CI:
2.08, 5.95) compared with those with undetected values in the
adjusted model. We found that subjects with detectable BPF
had a decreased risk of thyroid cancer compared to those with
undetected values in the crude model (OR =0.48, 95% CI: 0.30,
0.77), but the estimated OR in the adjustedmodel was not sta-
tistically significant (OR =0.61, 95% CI: 0.36, 1.03).

The crude and adjusted associations between urinary phe-
nols and oxidative stress biomarkers among all the partici-
pants are similar (Appendix A Table S1 and Table 4). After
adjusting for relevant confounders, positive associations were
observed across increasing BPA and BPS levels and 8-OHdG, 8-
isoPGF2α and HNE-MA, and across increasing TCS levels and
8-OHdG and 8-isoPGF2α , as well as across increasing BPF lev-
els and 8-OHdG (all P for trends or P values <0.05). For ex-
ample, 8-OHdG, 8-isoPGF2α and HNE-MA increased by 21.29%
(95% CI: 4.08%, 41.34%), 43.05% (95% CI: 17.94%, 73.67%) and
83.13% (95% CI: 32.98%, 151.93%) comparing the extreme BPA
exposure groups, respectively.We did not observe statistically
significant associations between TCS and HNE-MA, as well as
between BPF and 8-isoPGF2α and HNE-MA.

Table 5 shows the associations of urinary oxidative stress
biomarkers with the risk of thyroid cancer. In both crude and
adjusted models, positive dose-response associations were
observed between elevated levels of 8-isoPGF2α and HNE-MA
and the risk of thyroid cancer. In comparison with those with
the first tertiles of 8-isoPGF2α and HNE-MA, subjects in the
third tertiles had increased ORs of thyroid cancer in the ad-
justed models (OR =7.88; 95% CI: 3.81, 16.30 and OR =1.65;
95% CI: 0.92, 2.96, respectively). When 8-isoPGF2α and HNE-
MA were modeled as continuous variables, these relation-
ships were still significant. In the adjusted models, one-unit
increase in ln-transformed 8-isoPGF2α and HNE-MA concen-
trations was associated with increased ORs of 3.65 (95% CI:
2.36, 5.63) and 1.23 (95% CI: 1.00, 1.52) in thyroid cancer, re-
spectively. We did not find a statistically significant associa-
tion between elevated tertiles of 8-OHdG and the risk of thy-
roid cancer, but found that continuous 8-OHdG was related to
an increased OR of 1.57 (95% CI: 1.05, 2.35) in thyroid cancer in
the crude model.

Because a potential mediator must be at least significantly
related to both the exposure and the outcome (Valeri and Van-
derweele, 2013), we investigated the mediating effects of 8-
isoPGF2α and HNE-MA on the associations between urinary
TCS, BPA and BPS and the risk of thyroid cancer. We observed
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Table 1 – Characteristics of the study population [n (%)].

Characteristics Overall (n=367) Control (n=224) Malignancy (n=143) Pa

Age (years)
<30 40 (10.9) 23 (10.3) 17 (11.9) 0.70
30–50 161 (43.9) 102 (45.5) 59 (41.2)
≥50 166 (45.2) 99 (44.2) 67 (46.9)

Gender
Female 264 (71.9) 161 (71.9) 103 (72.0) 0.98
Male 103 (28.1) 63 (28.1) 40 (28.0)

Race
Han 355 (98.3) 218 (97.8) 137 (99.3) 0.41
Other 6 (1.7) 5 (2.2) 1 (0.7)

BMI (kg/m2)
<18.5 23 (6.4) 17 (7.7) 6 (4.3) 0.07
18.5–24.9 250 (69.4) 159 (71.9) 91 (65.5)
≥25 87 (24.2) 45 (20.4) 42 (30.2)

Education
Less than high school 60 (16.5) 28 (12.7) 32 (22.5) <0.01
High school 129 (35.5) 57 (25.8) 72 (50.7)
College and above 174 (47.9) 136 (61.5) 38 (26.8)

Household income (US$/month)
<713.5 114 (31.9) 56 (25.1) 58 (43.3) <0.01
713.5–1427 139 (38.9) 82 (36.8) 57 (42.5)
≥1427 104 (29.1) 85 (38.1) 19 (14.2)

Smoking status
Never 294 (82.6) 183 (81.7) 111 (84.1) 0.57
Ever and current 62 (17.4) 41 (18.3) 21 (15.9)

Alcohol use
Never 287 (80.8) 183 (82.4) 104 (78.2) 0.33
Ever and current 68 (19.2) 39 (17.6) 29 (21.8)

a P-values indicate the differences between the control and thyroid malignancy groups.

Table 2 – Distribution of urinary phenols and oxidative stress biomarkers in study population

Compounds
(μg/L)

Control Malignancy
Pa

DR (%) Median 25th–75th DR (%) Median 25th–75th

TCS 31.9 <LOD <LOD–0.74 62.2 0.93 <LOD–7.60 <0.01
BPA 64.3 1.25 <LOD–2.18 67.8 1.04 <LOD–1.98 0.97
BPAF 12.1 – – 8.4 – – 0.27
BPF 61.2 1.24 <LOD–3.29 35.7 <LOD <LOD–1.30 <0.01
BPS 99.1 0.67 0.36–1.18 100.0 0.83 0.63–1.30 <0.01
8-OHdG 100.0 7.10 4.34–10.20 100.0 5.68 3.92–8.44 0.06
8-isoPGF2α 100.0 5.29 3.27–7.99 100.0 7.07 4.04–10.99 <0.01
HNE-MA 100.0 18.85 10.96–32.67 100.0 27.66 7.05–64.69 0.11

DR, detection rate; TCS, triclosan; BPA, bisphenol A; BPAF, bisphenol AF; BPF, bisphenol F; BPS, bisphenol S; 8-OHdG, 8-hydroxy-2′-
deoxyguanosine; 8-isoPGF2α , 8-iso-prostaglandin F2α ; HNE-MA, 4-hydroxy-2-nonenal-mercapturic acid.

a P-values indicate the differences between the control and thyroid malignancy groups

that urinary TCS, BPA and BPS had statistically significant in-
direct effects on the risk of thyroid cancer through increased
urinary 8-isoPGF2α , and the estimated ORs were 1.28 (95% CI:
1.02, 1.54) for TCS, 1.09 (95% CI: 1.03, 1.15) for BPA and 1.17 (95%
CI: 1.05, 1.30) for BPS (Fig. 1). The mediation proportion of 8-
isoPGF2α on the relationships of urinary TCS,BPA and BPSwith
the risk of thyroid cancer were 28.95%, 47.06% and 31.08%, re-
spectively (all P values < 0.05, Fig. 1).When regarding HNE-MA
as amediator of the associations between BPA andBPS and the

risk of thyroid cancer, the indirect effects were not statistically
significant (Appendix A Fig. S1).

3. Discussion

In this hospital-based case-control study in Wuhan, China,
three urinary phenols (TCS, BPA and BPS) and two urinary
oxidative stress biomarkers (8-isoPGF2α and HNE-MA) were
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Table 3 – Crude and adjusted ORs for the risk of thyroid cancer in relation to urinary phenols in the study population.

Phenols
(μg/L) Cases/Controls

OR (95% CI)

Crude Modela Adjusted Modelb

TCS
≤LOD 54/139 ref ref
>LOD 89/85 3.74 (2.32, 6.01) 3.52 (2.08, 5.95)
P-value <0.01 <0.01

BPA
<LOD 46/80 ref ref
0.04–1.84 57/72 1.78 (1.05, 3.02) 2.09 (1.15, 3.77)
1.84–26.03 40/72 1.75 (0.97, 3.17) 2.06 (1.06, 3.97)
P for trend 0.05 0.03

BPF
≤LOD 92/87 ref ref
>LOD 51/137 0.48 (0.30, 0.77) 0.61 (0.36, 1.03)
P-value <0.01 0.07

BPS
T1 (0.04–0.45) 9/75 ref ref
T2 (0.45–0.97) 73/75 7.81 (3.59, 17.02) 5.19 (2.28, 11.83)
T3 (0.97–67.96) 61/74 8.18 (3.69, 18.13) 7.15 (3.12, 16.40)
P for trend <0.01 <0.01

OR, odds ratio; CI, confidence interval; ref, reference; TCS, triclosan; BPA, bisphenol A; BPF, bisphenol F; BPS, bisphenol S.

a The model was adjusted for urinary creatinine.
b The model was adjusted for urinary creatinine, gender, age, BMI, alcohol use, smoking status and income.

Table 4 – Percent changes (95% CI) for urinary oxidative stress biomarkers in relation to urinary phenols among study
participants.a

Phenols
(μg/L)

Percent changes (95% CI)

8-OHdGb 8-isoPGF2α
b HNE-MAb

TCS
≤LOD ref ref ref
>LOD 14.68 (1.92, 29.18) 21.65 (4.71, 41.34) 11.63 (-13.15, 43.48)
P-value 0.02 0.01 0.39

BPA
≤LOD ref ref ref
0.04–1.84 22.38 (6.40, 40.78) 17.00 (-1.88, 39.51) 53.88 (15.03, 105.85)
1.84–26.03 21.29 (4.08, 41.34) 43.05 (17.94, 73.67) 83.13 (32.98, 151.93)
P for trend 0.01 <0.01 <0.01

BPF
≤LOD ref ref ref
>LOD 24.61 (9.75, 41.34) 14.57 (-2.66, 34.72) 0.40 (-23.43, 31.65)
P-value <0.01 0.10 0.98

BPS
T1 (0.04–0.50) ref ref ref
T2 (0.50–0.92) 32.05 (13.31, 54.03) 29.95 (6.72, 58.09) 13.09 (-18.62, 57.15)
T3 (0.92–67.96) 37.85 (18.77, 60.00) 41.20 (16.77, 70.92) 46.92 (5.23, 99.37)
P for trend <0.01 <0.01 0.02

CI, confidence interval; ref, reference; TCS, triclosan; BPA, bisphenol A; BPF, bisphenol F; BPS, bisphenol S; 8-OHdG, 8-hydroxy-2′-
deoxyguanosine; 8-isoPGF2α , 8-iso-prostaglandin F2α ; HNE-MA, 4-hydroxy-2-nonenal-mercapturic acid

a The model was adjusted for urinary creatinine, gender, age, BMI, alcohol use, smoking status and income.
b The values were transformed by the natural logarithm and back-transformed to obtain the percent changes

proved to be related to increased risk of thyroid cancer. More-
over, we observed that TCS, BPA and BPS were associated with
increased oxidative stress status manifested as elevated uri-
nary 8-OHdG, 8-isoPGF2α and HNE-MA concentrations. Medi-
ation analysis further suggested that urinary 8-isoPGF2α me-

diated part of the positive associations between TCS, BPA, BPS
exposures and the risk of thyroid cancer.

Among the measured phenols, BPS had the highest detec-
tion rate, followed by BPA, and BPF had higher detection rate
in the control group than that in the cancer group, suggesting
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Table 5 – Crude and adjusted ORs for the risk of thyroid cancer in relation to urinary oxidative stress biomarkers in the
study population

Oxidative stress biomarkers (μg/L) Cases/Controls
OR (95% CI)

Crude Modela Adjusted Modelb

8-OHdG
T1 (0.41–4.99) 57/75 ref ref
T2 (4.99–9.09) 58/75 1.45 (0.86, 2.45) 1.22 (0.68, 2.19)
T3 (9.09–45.52) 28/74 1.06 (0.55, 2.05) 0.86 (0.41, 1.82)
P for trend 0.70 0.81
Continuousc 1.57 (1.05, 2.35) 1.57 (0.99, 2.50)

8-isoPGF2α

T1 (0.57–3.84) 32/75 ref ref
T2 (3.84–6.87) 38/75 1.82 (0.99, 3.33) 1.70 (0.84, 3.46)
T3 (6.87–126.64) 73/74 6.56 (3.42, 12.56) 7.88 (3.81, 16.30)
P for trend <0.01 <0.01
Continuousc 3.30 (2.24, 4.86) 3.65 (2.36, 5.63)

HNE-MA
T1 (0.47–12.63) 55/75 ref ref
T2 (12.63–26.19) 15/75 0.39 (0.20, 0.76) 0.36 (0.17, 0.75)
T3 (26.19–1057.88) 73/74 2.05 (1.22, 3.44) 1.65 (0.92, 2.96)
P for trend <0.01 0.06
Continuousc 1.31 (1.08, 1.57) 1.23 (1.00, 1.52)

OR, odds ratio; CI, confidence interval; ref, reference group; 8-OHdG, 8-hydroxy-2′-deoxyguanosine; 8-isoPGF2α , 8-iso-prostaglandin F2α ; HNE-
MA, 4-hydroxy-2-nonenal-mercapturic acid

a The model was adjusted for urinary creatinine
b The model was adjusted for urinary creatinine, gender, age, BMI, alcohol use, smoking status and income.
c The values were transformed using the natural logarithm.

the widespread use of BPA substitutes. Recent studies have
shown that there are increasing trends on urinary concentra-
tions of BPA substitutes such as BPA and BPF (Hu et al., 2019).
Higher median concentrations of TCS and BPS were also ob-
served in the cancer group compared with the control group.
The lower education level andhousehold income in the cancer
group may be responsible for the discrepancy. Several stud-
ies have reported that lower education level and household
income are associated with higher urinary phenol concentra-
tions (Casas et al., 2013; Cui et al., 2021). In addition, different
dietary habits may play important roles in the variation of ex-
posure to phenols between two groups (Smith et al., 2012).

Toxicological evidence has demonstrated that phenols can
induce cellular proliferation and dysfunction of thyroid. An in
vitro study found that low levels of BPA (1 mmol/L–10 nmol/L)
could stimulate proliferation of human thyroid tumor cells
(Zhang et al., 2017). BPA at a concentration compatible with
human exposed levels (10−7 mol/L) was also demonstrated to
facilitate the progression of papillary thyroid cancers harbor-
ing BRAFV600E mutation by promoting epithelial-mesenchymal
transition in both clinical investigation and cultured thyroid
cells (Li et al., 2021). In addition,mounting evidence has shown
that exposure to BPA, BPF, BPS and TCS disrupt thyroid hor-
mone homeostasis, which may contribute to the progression
of thyroid cancer (Farasani and Darbre, 2020; Paul et al., 2012;
Wu et al., 2016; Zhang et al., 2018).

To our knowledge, only two epidemiological studies have
investigated the associations between phenol exposures and
thyroid cancer (Marotta et al., 2019; Zhou et al., 2017). In agree-
ment with our results, Zhou et al. (2017) found that the ge-
ometric mean concentrations of urinary BPA were higher in

papillary thyroid carcinoma (n =53) than those in health con-
trol group (n =65), and subjects with higher urinary BPA con-
centrations (>2.84 μg/L) had a 3.57-fold increased risk of pap-
illary thyroid carcinoma. However, a cross-sectional study (n
=55 in total) in Italy did not find any significant associations
between BPA, BPS and BPF measured in serum and the risk
of differentiated thyroid cancer, but found an increased risk
for BPAF (OR =15.07; 95% CI: 1.59, 142.13) (Marotta et al., 2019).
Our results were not directly comparable to this study as they
used the patients with benign thyroid nodules as the controls.
In addition, the exposure biomarkersmeasured in different bi-
ological matrix and different sample sizes may contribute to
the inconsistent results between studies. The low detection
rate of urinary BPAF in our study also limited our further esti-
mation with the risk of thyroid cancer.

Numerous in vivo and in vitro studies have shown that ex-
posure to TCS, BPA and its analogues (BPAF, BPF and BPS) can
induce oxidative stress, manifested as the generation of re-
active oxygen species, increased lipid peroxidation, and de-
creased antioxidant capacity (An et al., 2020; Gomes et al.,
2020; Huang et al., 2020a; Mukherjee et al., 2020; Qiu et al.,
2019; Ullah et al., 2019). Consistent with these experimen-
tal results, a variety of human studies have also reported
positive associations between urinary TCS, BPA and BPS and
oxidative stress biomarkers such as 8-OHdG, 8-isoPGF2α and
HNE-MA among different populations (Ferguson et al., 2019;
Wang et al., 2019; Zhang et al., 2016). Specifically, our previ-
ous study found that urinary BPA and BPF were related to el-
evated urinary levels of 8-OHdG, 8-isoPGF2α and HNE-MA in
adult men (Wang et al., 2019). Ferguson et al. (2019) also found
that urinary BPS and TCS concentrationswere associatedwith
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Fig. 1 – Mediation effects investigating whether oxidative stress mediates the associations between phenol exposures and
the risk of thyroid cancer. The natural direct effect (NDE), natural indirect effect (NIE) and the mediating proportion were
estimated by SAS PROC CAUSALMED. The models were adjusted for urinary creatinine, gender, age, BMI, alcohol use,
smoking status and income.

increased urinary 8-OHdG and 8-isoPGF2α levels among preg-
nant women from Boston.

It is well-known that oxidative stress is an important
contributor to the formation and progression of cancer
(Klaunig, 2018). A previous human study found that the lev-
els of lipid peroxidation (4-HNE) and DNA damage (8-oxo-
dG) were significantly higher in benign andmalignant thyroid
neoplasia than those of normal thyroid tissue (Young et al.,
2010). In the current study, positive relationships were ex-
hibited between lipid peroxidation, as reflected by 8-isoPGF2α

and HNE-MA, and the increased risk of thyroid cancer. Con-
sistent with our findings, several researches revealed that
patients diagnosed with thyroid cancer had higher levels of
serum malondialdehyde (MDA), another biomarker of lipid
peroxidation, compared to the healthy control group (M Gerić,
2016; M. Akinci, 2008). We did not observe evidence of the
association between 8-OHdG, a biomarker of DNA damage,
and the risk of thyroid cancer. A similar result was also re-
ported in another study, in which no significant difference ex-
isted in terms of urinary 8-OHdG between the papillary thy-
roid carcinoma and the controls (Ece et al., 2013). In contrast,
Tabur et al. (2015) found a significantly higher level of serum
8-OHdG in preoperative thyroid papillary cancer patients com-
pared with both the postoperative group and controls. One
possible explanation for the discrepancy is that 8-OHdG mea-
sured in urine and serum may reflect different status of indi-
vidual’s DNA damage.

To our knowledge, this is the first epidemiological study
exploring the potential mediating role of oxidative stress in
the associations between phenol exposures and thyroid can-
cer. The results of ourmediation analysis showed that urinary
8-isoPGF2α mediated part of the associations between TCS,
BPA, BPS exposures and increased risk of thyroid cancer, sug-

gesting that lipid peroxidation as an intermediatemechanism
may participate in the phenol-induced thyroid oncogenesis. In
support of our results, rats orally exposed to BPA for 35 days
induced overproduction of reactive oxygen species and sig-
nificant decreases of superoxide dismutase activity and glu-
tathione levels, as well as significant increases of myeloper-
oxidase activity and MDA levels, and eventually leading to in-
creased DNA damage in the thyroid gland and thyroid hor-
monal disruption (Mohammed et al., 2020).

Our study has several limitations. First, we synchronously
evaluated the exposure, mediator and outcome, and thus the
causal relationships of phenols exposure with the risk of thy-
roid cancer, as well as themediating effects of oxidative stress
on these associations, were difficult to elucidate. Second, our
subjects were recruited from hospital, and the selection bias
occurs inevitably. Extrapolations of our findings to other pop-
ulations should be cautious. In addition, our sample size was
not large enough, which may result in imprecise estimations.
Third, a single measurement of urinary biomarkers may not
be representative of long-term phenol exposure and oxidative
stress status due to their short biological half-lives in human
body. Several studies have demonstrated that concentrations
of urinary phenols and oxidative stress biomarkers exhibited
high within-day variability (Morgan et al., 2018; Pollack et al.,
2016; Wang et al., 2019). Misclassification of measurements
in phenol exposures and oxidative stress biomarkers may
have biased the observed results. Finally, humans are exposed
to numerous environmental chemicals simultaneously, other
substances, such as phthalates and persistent organic pollu-
tants, have been reported to be associated with thyroid cancer
that were not considered in this study (Freeman et al., 2011;
Lerro et al., 2015; Liu et al., 2020). Moreover, some important
risk factors for thyroid cancer, such as iodine intake and thy-
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roid stimulating hormone levels, were not measured. So, the
findings of the study may reflect a mixed effect, rather than
the effects of phenols alone, which may lead to false positive
conclusions. Future studies linking environmental exposure
and disease outcome should place more emphasis on expo-
somic approach,aswell as othermetabolic processes thatmay
mediate the toxicological pathway (Sun et al., 2021).

4. Conclusion

In this study, we found that urinary TCS, BPA and BPS were
associated with increased risk of thyroid cancer, and urinary
8-isoPGF2α played a mediating role in these associations. Our
findings advance the understanding of phenol exposure as-
sociated with thyroid cancer and further uncover that lipid
peroxidation may be a biological mechanism through which
phenol exposure induces tumorigenesis of thyroid. However,
future studies with larger-scaled design and more precise as-
sessment of exposures and mediators are encouraged to con-
firm our findings.
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