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ARTICLE INFO ABSTRACT

Keywords: Previous studies on blood cadmium (BCd) and changes in thyroid hormone levels are controversial. We in-
Cadmium vestigated whether thyroid hormone levels and thyroid function status were associated with BCd according to
Endocrine disrupting chemicals sex in the Korean population. Our study included 1972 participants based on the 2013 Korea National Health
Heavy met.al. and Nutrition Examination Survey (KNHANES) data. Participants whose thyroid-stimulating hormone (TSH) and
?ﬁ;ﬁ:&ym‘d‘sm free thyroxine (fT4) levels were altered physiologically or medically were excluded. Changes in TSH, fT4, and

anti-thyroid peroxidase antibody (TPOAb) in men and women were analyzed by different characteristics: age,
body mass index (BMI), smoking status, drinking status, BCd, and urine iodine-to-creatinine ratio (UI/Cre).
Thyroid function status was classified as hypothyroidism, euthyroidism, and hyperthyroidism as defined by TSH
and fT4 levels. Among the total participants, there was a negative correlation between BCd and fT4 (r=-0.067,
p = 0.003). In men (n = 1057), fT4 levels decreased with increasing BCd quartile (p-for-trend = 0.002). After
adjustment for age, BMI, smoking status, Ul/Cre, and TPOAD, the association between BCd and hypothyroidism
was significant in men (odds ratio = 1.813, p = 0.032) but not in women. These results suggest that cadmium
accumulation is closely associated with thyroid dysfunction, and there is a difference in metabolic capacity

according to sex.

1. Introduction

Cadmium is a well-known heavy metal recognized as an endocrine-
disrupting chemical (EDC) [1]. Environmental exposure to EDCs leads
to problems with human health and wildlife homeostasis [2,3]. Cad-
mium is contained in batteries, pigments, coatings, and crops and can
travel through soil, water, and air. For the general population, the
major sources of cadmium exposure are cigarette smoking in smokers
and diet, such as lettuce, spinach, potatoes, peanuts, soybeans, and
sunflower seeds, in non-smokers [4,5].

A few studies have revealed that cadmium exposure is associated
with endocrine disruption, such as metabolic syndrome [6], diabetes
[71, obesity [8], atherosclerosis [9,10], and reproductive toxicity
[11-13]. However, the relationship between cadmium exposure and
thyroid function remains controversial. Elevated levels of blood cad-
mium (BCd) or urine cadmium (UCd) may result in elevated, decreased,

or unchanged triiodothyronine (T3), thyroxine (T4), thyroid stimu-
lating hormone (TSH), or thyroid autoantibodies, depending on sex
[14].

To the best of our knowledge, studies of BCd and thyroid hormones
based on nationwide data have been conducted in the United States
(US) [15-18] and China [19]. However, previous nationwide studies
had limitations, including that they did not measure free thyroxine
(fT4) which better reflects the biological effects of thyroid hormone
[20] or did not assess the relationship between thyroid function status
and BCd, such as BCd and hypothyroidism. In addition, Asian eating
habits are associated with an increase in BCd [21]. Although both the
trend of eating cadmium-containing food and BCd levels are gradually
declining in the Korean population [22], the level of BCd is still higher
than that in the US, Canada, and Germany [23]. Further studies on the
relationship between BCd and thyroid dysfunction in Asia are needed.
For this reason, we aimed to determine which thyroid hormones,
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including fT4, and thyroid function status are associated with BCd ac-
cording to sex using the Korean nationwide data.

2. Subjects and methods
2.1. Study participants

This cross-sectional study was based on the data of the Korea
National Health and Nutrition Examination Survey (KNHANES) in
2013. KNHANES is a cross-sectional, population-based, nationwide
survey that is regularly conducted by the Korea Centers for Disease
Control and Prevention [24]. Of the 8018 participants, we initially
selected individuals who underwent a BCd test (n = 2355). The blood
tests for heavy metals were performed on a randomly selected one-third
of the participants aged =10 years, by region, sex, and age [24]. The
exclusion criteria were as follows: 1) participants whose thyroid hor-
mone levels may be physiologically changed (elderly people over 65
years of age [n = 176] or pregnant women [n = 7]); 2) participants
whose thyroid hormone levels were changed by surgery, radioiodine
therapy, or medication (past medical history of thyroid cancer [n = 7],
or hyperthyroidism, hypothyroidism, benign thyroid nodule, and Ha-
shimoto’s thyroiditis [n = 12]); and 3) participants who did not have
data of urine iodine and creatinine levels (n = 181). A total of 1972
participants were enrolled in the final analysis. All participants gave
written informed consent. The survey protocol was approved by the
institutional review board of the Korean Centers for Disease Control and
Prevention (2013-07CON-03-4C). All research was performed in ac-
cordance with relevant guidelines and regulations.

2.2. Exposure assessment

Cadmium was measured from venous whole blood samples taken
during a visit under the standard KNHANES protocol. BCd levels (ug/L)
were measured by graphite furnace atomic absorption spectrometry
using the AAnalyst 600 (PerkinElmer, Finland). BCd was analyzed as
both continuous and quartile variables. The diagnostic reliability and
applicability of BCd as a measurement of cadmium exposure is de-
scribed elsewhere [25].

2.3. Outcome assessment

TSH (ulU/mL), fT4 (ng/dL), and anti-thyroid peroxidase autoanti-
body (TPOADb, IU/mL) were measured from venous blood samples using
the electrochemiluminescence immunoassay method with a Cobas8000
E-602 (Roche, Germany). The reference ranges were as follow: TSH,
0.3-4.0 ulU/mL; fT4, 0.7-2.1ng/dL; and anti-TPOAb, < 60 IU/mL.
Thyroid function status was classified according to TSH and fT4 levels:
1) hypothyroidism, subjects with subclinical hypothyroidism (4 < TSH
=10 ulU/mL and fT4 within the reference range) plus overt hy-
pothyroidism (4 < TSH <10 ulU/mL and fT4 < 0.7ng/dL or
TSH = 10 ulU/mL); 2) euthyroidism (TSH and fT4 within the reference
range); 3) hyperthyroidism, subjects with subclinical hyperthyroidism
(TSH < 0.3 ulU/mL and fT4 within the reference range) plus overt
hyperthyroidism (TSH < 0.3 ulU/mL and fT4 > 2.1 ng/dL).

2.4. Covariates

Potential covariates considered were age, body mass index (BMI),
smoking status, alcohol drinking status, and urine iodine-to-creatinine
ratio (UI/Cre). Subgroups based on age were as follows: 10-19, 20-39,
and 40-65 years. BMI was calculated as body weight in kilograms di-
vided by the height in meters squared (kg/m?) and classified as follows:
underweight (BMI < 18.5kg/m?); normal (18.5 < BMI < 25 kg/m?);
and obese (BMI = 25 kg/mz). Smoking status was classified as never-
and ever-smoker. Alcohol drinking status was classified as never- and
ever-drinker. Urine iodine (ug/L) was measured using a Clarus 600/
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600 T (Perkin Elmer, USA). The Ul/Cre (1g/g) was calculated to reflect
iodine intake [26,27].

2.5. Statistical analyses

All statistical analyses were performed using SPSS Statistics (version
21.0, IBM Inc., Chicago, IL, USA). The baseline characteristics were
presented as mean *+ standard deviation (SD) and (minimum, max-
imum) values for continuous variables and as frequencies with per-
centages for categorical variables. The statistical significance of differ-
ences in continuous variables between two groups and among multiple
groups were determined through an independent sample t-test and a
one-way Analysis of Variance, respectively. The statistical significance
of differences in categorical variables was determined using Pearson’s
Chi-square test. Multiple logistic regression analysis was performed to
assess the influence of BCd on thyroid status after adjustment for cov-
ariates. We considered p-value of < 0.05 as a statistically significant
value, but cautioned against misinterpretations [28].

3. Results
3.1. Baseline characteristics

The baseline characteristics of 1972 participants according to sex
are presented in Table 1. There were 1057 (53.6%) men and 915
(46.4%) women. The mean age of men and women was 37.27 and
38.85 years, respectively (range, 10-65 years). The mean BCd for men
and women was 0.81 ug/L (range, 0.02-11.05ug/L) and 0.96 ug/L
(range, 0.05-3.95pg/L), respectively. In women, the mean TSH and
TPOAD levels were higher and fT4 was lower than in men. The pro-
portion of hypothyroidism and hyperthyroidism was higher in women
than in men.

3.2. Association between BCd and TSH, fT4, and TPOAD levels

The correlation between BCd and TSH, fT4, and TPOAb levels
among total participants was assessed (Table 2). Within Pearson’s

Table 1
Baseline characteristics.

Mean + SD [min, max] or n(%)

Men (n=1057) Women (n=915)

Age 37.27 £ 15.94 [10, 65] 38.85 + 15.97 [10, 65]
BMI (kg/m2) 1 23.87 + 3.61 [14.9, 22.73 + 3.52 [14.7, 49.0]
40.8]
Smoking status >
Ever Smoker 621 (61.9) 85 (9.5)
Never Smoker 382 (38.1) 799 (90.4)
Alcohol drinking status 3
Ever drinker 871 (89.9) 692 (80.7)
Never drinker 98 (10.1) 166 (19.3)
Ul/Cre (ug/g) 475.64 + 1137.43 [4.69, 693.06 + 1728.81
15,772.39] [11.34, 32,407.60]
BCd (ug/L) 0.81 = 0.68 [0.02, 0.96 + 0.65 [0.05, 3.95]
11.05]

TSH (ulU/mL)
fT4 (ng/dL)
TPOADb (IU/mL)

Thyroid function status
Hypothyroidism
Euthyroidism
Hyperthyroidism

2.55 + 2.47 [0.00, 64.7]
1.28 + 0.18 [0.5, 2.5]
12.65 + 46.84 [5.00,
1008.00]

133 (12.6)
914 (86.5)
10 (0.9)

2.92 + 2.19 [0.00, 23.4]
1.19 + 0.26 [0.6, 5.9]
32.19 + 150.27 [5.00,
2484.00]

172 (18.8)
727 (79.5)
16 (1.7)

There were ' 3, % 85, and ® 145 subjects who had missing data.
BMI, body mass index; UI/Cre, urine iodine-to-creatinine ratio; BCd, Blood
cadmium; TSH, thyroid-stimulating hormone; fT4, free thyroxine; TPOAb, anti-
thyroid peroxidase antibody.
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Table 2
Correlation between BCd and thyroid hormone levels.
BCd BCd 1Q BCd 2Q [0.4193-0.7570] BCd 3Q [0.7570-1.1860] BCd 4Q [1.1860-11.05] P for trend
—  [0-0.4193] (n = 493) (n = 494) (n = 495) (n = 490)
r P-value
TSH (ulU/mL) 0.008 0.718 2.71 = 1.66 2,66 = 1.79 2.78 = 3.28 2,72 = 231 0.888
fT4 (ng/dL) —0.067 0.003 1.26 = 0.17 1.24 = 0.20 1.22 + 0.20 * 1.21 * 0.31 ** 0.002
TPOAb (IU/mL) 0.033 0.145 14.39 = 67.41 24.83 + 128.00 18.36 = 51.56 29.34 + 153.03 0.135

1, pearson’s correlation coefficient; *p < 0.05 compared to 1Q; ** p < 0.01 compared to 1Q.
BCd, blood cadmium; TSH, thyroid-stimulating hormone; fT4, free thyroxine; TPOAb, anti-thyroid peroxidase antibody.
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Fig. 1. Estimated thyroid hormone levels according to blood cadmium quartiles.

TSH levels according to (A) overall and (B) sex-specific BCd quartiles; fT4 levels according to (C) overall and (D) sex-specific BCd quartiles; TPOADb levels according to
(E) overall and (F) sex-specific BCd quartiles.

The graphs depict mean and standard deviation. * denotes statistical significance at p < 0.05, ** denotes statistical significance at p < 0.001.

BCd, blood cadmium; TSH, thyroid-stimulating hormone; fT4, free thyroxine; TPOAb, anti-thyroid peroxidase antibody.
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Table 3
Thyroid hormone levels according to different groups.
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n (%) TSH (ulU/mL) fT4 (ng/dL) TPOADb (IU/mL)
Mean * SD P-for-trend Mean = SD P-for-trend Mean * SD P-for-trend
Men (n=1057)
BCd quartile 0.078 0.002 0.089
1Q [0.02-0.4776] 264 (25.0) 2.70 = 1.58 1.31 £ 0.19 8.65 *+ 14.68
2Q [0.4776-0.6890] 265 (25.0) 2.50 = 1.69 1.28 £ 0.18 13.89 + 48.14
3Q [0.6890-1.0675] 264 (25.0) 2.74 £ 413 1.26 + 0.17 * 10.24 + 24.64
4Q [1.0675-11.05] 264 (25.0) 2.24 +1.38 1.26 = 0.17 ** 17.80 = 74.91
Age 0.148 < 0.001 0.001
10-19 191 (18.1) 2.80 = 1.69 1.32 £ 0.20 7.01 = 5.50
20-39 381 (36.0) 2.38 £1.29 1.32 £ 0.16 12.89 + 44.26 *
40-65 485 (45.9) 2.57 + 3.29 1.23 + 0.17 ***### 14.68 + 56.75 *
BMI (kg/m2) * 0.905 0.091 < 0.001
Underweight 17 (1.9) 2.23 +£1.24 1.31 £ 0.21 5.76 = 1.23
Normal 528 (60.2) 2.51 + 3.11 1.28 = 0.17 11.71 = 30.64 ***
Obese 332 (37.9) 2.49 = 1.59 1.25 £ 0.17 17.44 £ 73.77 *
Smoking status 2 0.001 0.002 0.021
Ever 621 (61.9) 2.35 +1.57 1.27 £ 0.17 14.71 + 57.36
Never 382 (38.1) 2.69 + 1.57 1.30 = 0.18 8.90 + 19.23
Alcohol drinking status 3 0.341 0.091 0.254
Ever 871 (89.9) 2.43 = 1.56 1.28 +£0.17 13.28 + 50.05
Never 98 (10.1) 2.59 + 1.45 1.31 = 0.22 7.51 £ 7.23
U I/Cre tertile < 0.001 < 0.001 0.906
1T [4.69-110.33] 352 (33.3) 2.08 +1.09 1.31 = 0.18 12.78 + 44.76
2T [110.33-265.78] 352 (33.3) 2.81 = 3.75 *** 1.27 £ 0.18 * 13.36 = 60.75
3T [265.48-15,772.39] 353 (33.4) 2.74 £ 1.65 ** 1.26 = 0.17 ** 11.81 + 30.06
Women (n=915)
BCd quartile 0.198 0.944 0.241
1Q [0.05-0.4810] 230 (25.1) 2.82 +1.82 1.19 = 0.14 21.32 £ 97.18
2Q [0.4810-0.8340] 228 (24.9) 2.87 +1.89 1.19 = 0.20 45.51 * 184.85
3Q [0.8340-1.2990] 229 (25.0) 2.76 = 1.81 1.18 = 0.22 23.42 +£118.17
4Q [1.2990-3.95] 228 (24.9) 3.25 + 2.98 1.18 = 0.41 38.66 + 181.05
Age 0.044 0.195 0.112
10-19 144 (15.7) 2.95 +1.98 1.21 £ 0.18 20.64 = 105.20
20-39 316 (34.5) 2.70 = 1.60 1.20 = 0.20 22.40 *+ 109.63
40-65 455 (49.7) 3.07 £ 2.56 # 1.17 £ 0.32 42.65 * 182.80
BMI (kg/m2) * 0.847 0.147 0.745
Underweight (< 18.5) 49 (6.3) 2.97 + 1.68 1.31 = 0.68 18.59 + 75.06
Normal (=18.5, < 25) 539 (69.3) 291 + 2.38 1.18 £ 0.22 27.20 * 174.05
Obese (=25) 190 (24.4) 3.02 + 2.09 1.15 + 0.23 35.83 = 143.32
Smoking status ° 0.450 0.195 0.564
Ever 85 (9.6) 2.77 + 2.11 1.26 = 0.53 27.26 + 79.76
Never 799 (90.4) 2.96 + 2.21 1.18 £ 0.22 33.22 + 158.54
Alcohol drinking status © 0.894 0.719 0.003
Ever 692 (80.7) 2.94 + 2.27 1.19 = 0.28 37.54 £ 171.22
Never 166 (19.3) 2.92 + 1.99 1.19 £ 0.23 16.22 + 39.48
U I/Cre tertile < 0.001 0.460 0.734
1T [11.34-147.67] 305 (33.3) 2.60 = 1.53 1.20 = 0.19 32.65 = 160.30
2T [147.67-414.45] 305 (33.3) 2.95 * 2.46 1.18 = 0.33 36.74 + 139.36
3T [414.45-32,407.60] 305 (33.3) 3.22 £ 2,40 ** 1.18 £ 0.26 27.20 * 150.76

In men, ' 180 subjects with age < 19 were excluded, and 2 54 and ® 88 subjects had missing data.
In women, * 137 subjects with age < 19 were excluded, and ® 31 and ® 57 subjects had missing data.

*p < 0.05, ** p < 0.01, and

p < 0.001 compared to first subgroup. # p < 0.05, ### p < 0.001 compared to second subgroup.

BCd, blood cadmium; TSH, thyroid-stimulating hormone; fT4, free thyroxine; TPOAD, anti-thyroid peroxidase antibody; BMI, body mass index; UI/Cre, urine iodine-

to-creatinine ratio.

correlation analysis, BCd showed a significant negative correlation with
fT4 (r=-0.067, p = 0.003). When BCd was divided into quartiles, the
fT4 levels showed a decreasing trend from the lowest to the highest BCd
quartile: 1.26 * 0.17 ng/dL, 1.24 + 0.20ng/dL, 1.22 = 0.20ng/dL,
and 1.21 + 0.31 ng/dL, respectively (p-for-trend = 0.002). Especially
in the third and fourth BCd quartiles, the fT4 levels decreased compared
to the first BCd quartile (p = 0.014 and 0.003, respectively). Though
BCd had no significant correlation with TSH and TPOAb, the TPOAb
level was highest in the highest BCd quartile. Fig. 1, illustrates the TSH,
fT4, and TPOADb values according to overall and sex-specific BCd
quartiles.

58

3.3. Sex-specific TSH, T4, and TPOAD levels in different groups

Table 3 shows sex-specific TSH, fT4, and TPOAD levels according to
multiple groups: BCd quartiles, age group, BMI group, smoking status,
alcohol drinking status, and Ul/Cre tertiles. In men, fT4 levels changed
significantly according to BCd quartiles (p-for-trend = 0.002). The fT4
levels of the lowest to highest BCd quartile were 1.31 = 0.19ng/dL,
1.28 + 0.18ng/dL, 1.26 * 0.17ng/dL, and 1.26 *= 0.17 ng/dL, re-
spectively; the fT4 decreased in the third and fourth quartiles compared
to the first quartile (p < 0.05 and < 0.01, respectively). In the highest
BCd quartile, the TSH level was lowest and the TPOADb level was highest
without statistical significance. Thyroid hormone levels changed ac-
cording to the following considered covariates: TSH differed according
to smoking status and Ul/Cre tertiles (p < 0.01, all); fT4 levels differed
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Table 4
Logistic regression models between BCd and hypothyroid status.
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Hypothyroid status

Overall (n = 1972)

Men (n = 1057)

Women (n = 915)

BCd OR [95% CI] P-value OR [95% CI] P-value OR [95% CI] P-value
Crude 1.014 [0.843-1.221] 0.881 1.856 [1.237-2.784] 0.003 0.801 [0.625-1.026] 0.080
Model 1 0.980 [0.794-1.210] 0.851 1.946 [1.193-3.174] 0.008 0.759 [0.562-1.026] 0.073
Model 2 0.948 [0.764-1.175] 0.624 1.817 [1.060-3.115] 0.030 0.764 [0.558-1.044] 0.091
Model 3 0.947 [0.760-1.179] 0.625 1.813 [1.053-3.122] 0.032 0.745 [0.543-1.023] 0.069

Model 1 : adjusted for Age and BMI.

Model 2 : adjusted for model 1 plus smoking status.
Model 3 : adjusted for model 2 plus Ul/Cre and TPOAb.
BCd, blood cadmium.

according to age group, smoking status, and Ul/Cre tertiles (p < 0.01,
all); and TPOAD levels differed according to age group, BMI group, and
smoking status (p < 0.05, all).

In women, no differences in TSH, fT4, or TPOAD levels were found
according to the BCd quartiles. In highest BCd quartile, the TSH level
was highest without statistical significance. TSH levels differed ac-
cording to age group and Ul/Cre tertiles (p < 0.05, all), and TPOAb
levels differed according to drinking status (p = 0.003). However, the
level of fT4 did not differ according to any of the covariates.

The trend in obesity and hypothyroidism was similar to previous
study [29]. There was inverse correlation between BMI and fT4 in men
and women, although not statistically significant. For this reason, we
considered BMI as one of possible confounder of hypothyroidism on
next step.

3.4. Adjusted logistic regression models between BCd and hypothyroid
status

Logistic regression analysis was performed to determine the effect of
BCd on the prevalence of hypothyroid status (Table 4). Participants
with hyperthyroidism were excluded during the analysis. Logistic re-
gression models were adjusted as follows: model 1, age and BMI; model
2, model 1 plus smoking status which can confound BCd levels; and
model 3, model 2 plus Ul/Cre and TPOAD, reflecting iodine intake and
autoimmunity which are common causes of hypothyroidism [30]. After
adjustment, the odds ratios (ORs) of BCd to hypothyroid status in-
creased significantly in men (OR range 1.053-3.122, p = 0.032), while
decreased without significant correlation in women.

4. Discussion

Our results showed that there is a negative correlation between BCd
and fT4. In men, fT4 levels significantly changed according to BCd
quartiles, age group, smoking status, and Ul/Cre tertiles. We analyzed
the relationship between BCd and thyroid function status, classified by
TSH and fT4 levels. The association between BCd and hypothyroidism
in men was significant even after adjustment for age, BMI, smoking
status, Ul/Cre, and TPOAD.

The major hormone secreted by the thyroid gland is T4. T4 in the
blood is totally secreted by the thyroid. In contrast, only 20% of serum
T3 is secreted by the thyroid and 80% is produced by deiodination of T4
in peripheral tissues. The measurement of fT4, the protein-unbound
form, reflects the biological effect better than the measurement of T4
[20]. Therefore, fT4 is more suitable for evaluating thyroid dysfunction
than T4 or T3. In this study it is a strength to evaluate thyroid function
using fT4.

Cadmium causes oxidative stress in the endocrine organs, resulting
in organ secretory abnormalities. Exposure to cadmium in pancreatic
beta-cells results in oxidative stress and mitochondrial dysfunction [31]
and reduces glucose-stimulated insulin secretion [32]. When male rats
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are exposed to cadmium and lead, reactive oxygen species increased in
the testes, reducing testosterone production, sperm count, motility, and
viability. The testicular toxicity of cadmium was higher than that of
lead [33]. Similarly, the accumulation of cadmium in the thyroid gland
can cause oxidative stress and mitochondrial dysfunction of the thyroid
follicular cells [34], decreasing T4 synthesis and secretion, and a sub-
sequent decrease in fT4.

Research on cadmium exposure and thyroid hormone changes have
been performed in many animal and human studies. The results of rat
experiments showed that T4 in males decreased following exposure to
cadmium [14]. In addition, T4 was decreased by cadmium toxicity in
pregnant rats [35]. The relationship between cadmium and TSH re-
mains controversial [14]; several studies have shown that TSH in-
creased following cadmium exposure [36,37]. One study also reported
that cadmium exposure decreased T4 and T3 but not TSH, suggesting
non-thyroidal illness [38]. Monkey experiments have shown that cad-
mium-containing diets for four to six months resulted in reduced T4
levels [39]. Taken together, cadmium exposure in animals is associated
with the trend of hypothyroxinemia.

Research on human subjects revealed various results. Nationwide
studies performed in the US were based on National Health and
Nutrition Examination Survey data, and TSH, T3, free T3 (fT3), T4, fT4,
and thyroglobulin (Tg) levels were measured. The results showed that
UCd was positively correlated with T3, fT3, T4, and Tg [15,16];
moreover, BCd was negatively correlated with TSH [16,18]. In addi-
tion, the degree of dysregulation in the pituitary-thyroid axis was dif-
ferent according to sex [17]. A nationwide study performed in China
was based on the Survey on Prevalence in East China for Metabolic
Disease and Risk Factors data, and TSH, T3, T4, thyroglobulin antibody
(TGAD), and TPOAD levels were measured [19]. According to its results,
BCd had a positive correlation with TGAb and the prevalence of hy-
pothyroid status in women, but not with TPOADb. In Italy, 277 outdoor
workers were enrolled to study the relationship between cadmium ex-
posure and TSH, fT3, and fT4 levels [40]; the UCd levels were nega-
tively correlated with fT3 and fT4 and positively correlated with TSH.
These results should be interpreted in view of the fact that multivariate
EDCs that can alter thyroid hormones [41,42] cannot be completely
limited in human studies. Perhaps human thyroid hormone levels vary
biphasically due to the complex etiology of EDCs.

Like the previous human-based studies, our study also showed re-
sults that differed depending on sex. It is noteworthy that although the
mean BCd levels of men were lower than that of women, the BCd levels
in men were related to decreased fT4 and the prevalence of hypothyr-
oidism. In addition, even after adjusting for UI/Cre and TPOAD re-
flecting the main cause of hypothyroidism [30], the effect of BCd on the
prevalence of hypothyroidism in men significant, while it was not re-
levant in women. Presumably, as women have additional sex-specific
risk factors of hypothyroidism, such as pregnancy and childbirth [30],
the impact of BCd on hypothyroidism may be less clear than for men.
The mechanism of the sex-specific outcome is still unclear. Further



S.M. Chung, et al.

research on the sex-specific metabolic capacity of cadmium and thyroid
dysfunction is needed.

Regarding thyroid autoimmunity, our study showed that TPOAb
was not associated with BCd. This is consistent with the results of
Chinese study [19]. However, it is interesting that TPOAb tends to be
higher in the highest BCd quartiles in total participants and men. As our
study excluded those who were undergoing treatment for autoimmune
thyroid disease, including Hashimoto’s thyroiditis, there may be an
association between BCd and TPOAD in the excluded participants. Ad-
ditional studies on the relationship between TPOAb and BCd through
other participant selection methods are warranted, especially in Asian
populations.

Our study had some limitations. First, the causal relationship could
not be clarified due to its cross-sectional design. Second, it was difficult
to determine the amount and duration of each individual’s cadmium
exposure. Third, the possible confounding effects of other EDCs on
thyroid function was not considered. Despite these limitations, it is
meaningful that we evaluated the thyroid function status in con-
sideration of fT4; our study is the first to identify the relationship be-
tween BCd and fT4 in a nationwide population. Furthermore, we re-
ported sex-specific effect of BCd on hypothyroidism, which was valid
after adjusting for important confounders.

In conclusion, BCd level is negatively associated with fT4 levels and
increases the prevalence of hypothyroidism, especially in Korean men.
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