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Context: We previously identified factors affecting thyroid status, including sex, age, and smoking.

Objective: In the current study, we increased the number of subjects examined and investigated the
effects of these factors, particularly smoking and the thyroid peroxidase antibody (TPO-AD), in Japanese
patients with euthyroxinemia and serum free T4 levels within the normal range.

Participants: A total of 12,289 subjects who underwent health checkups were analyzed in a cross-
sectional and longitudinal study.

Results: The mean age of subjects was 50 * 10 years (age range: 21 to 88 years). Serum TSH levels and
the prevalence of positivity for TPO-Ab increased with age in Japanese subjects with euthyroxinemia.
Mean serum TSH levels were significantly lower in the smoking group than in the nonsmoking group
except for women older than 50 years. Serum TSH levels were significantly higher in subjects with
positivity for TPO-Ab than in those with negativity at all ages and in both sexes; however, smoking did
not affect free T4 levels or positivity for TPO-Ab. Among men, the rate of smokers was significantly
higher in patients with subclinical hyperthyroidism (25%) than in those with subclinical hypothy-
roidism (10%; P < 0.05). Furthermore, the results of the longitudinal study revealed a significant
decrease in serum TSH levels 1 year after the start of smoking in men (P < 0.05).

Conclusion: Because smoking appeared to lower serum TSH levels in Japanese subjects with
euthyroxinemia, their smoking status warrants careful consideration when evaluating subclinical
thyroid function.
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Recent studies showed that various factors, including age, sex, race, iodine intake, obesity,
the thyroid peroxidase antibody (TPO-Ab), and/or smoking, influence thyroid status in men
[1]. Regarding age and sex, our recent findings in a large number of patients, as well as those
from several other studies, suggest that serum TSH levels increase with age in men and
women [2—6]. This increase may be due to age-related alterations in the set point of serum

Abbreviations: NHANES, National Health and Nutrition Examination Survey; SCH, subclinical hypothyroidism; SCT, subclinical
hyperthyroidism; TPO-Ab, thyroid peroxidase antibody.
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TSH level against thyroid hormone level or reductions in the biological activity of serum TSH
[5]. It may also be due to age-dependent increases in the prevalence of Hashimoto thyroiditis.
In approximately 60% to 80% of patients with subclinical hypothyroidism (SCH), the disorder
is associated with TPO-Ab, a marker of Hashimoto thyroiditis [7]. However, whether age-
dependent increases are due to elevations in TPO-Ab levels in the iodine-rich country of
Japan remains controversial.

Our previous findings indicated that smoking affects the prevalence of SCH [2]. Studies
conducted in other countries also found that subnormal serum TSH concentrations were fre-
quently observed in some healthy cigarette smokers [7-9]. Moreover, smoking has been reported
to exert stimulatory as well as inhibitory effects on thyroid function and is a major risk factor for
the development of thyroid disease. Graves disease, Graves ophthalmopathy, and thyroid
hormone abnormalities have been linked to smoking [10, 11]. However, in Japan the effects of
smoking on thyroid function, particularly in patients with euthyroxinemia, remain unknown.

In the current study, we increased the number of subjects analyzed and examined the
effects of age, sex, TPO-Ab, and smoking status on thyroid function in subjects with serum
free T4 level within the normal range. We concluded that smoking status should be con-
sidered when evaluating SCH and subclinical hyperthyroidism (SCT).

2. Subjects and Methods
A. Subjects

This was a cross-sectional, longitudinal follow-up study that included 15,660 Japanese
subjects who underwent annual health checkups at Takasaki Hidaka Hospital between April
2003 and December 2015. Medical histories were reported by subjects via a self-administered
questionnaire that included questions on health background and medication use as well as
smoking habits. They were asked whether they currently do not smoke or are smokers. In the
current study, a smoker was defined as a person who smoked at least one cigarette per day.

Among the 15,660 subjects, we excluded 3371 cases, including patients with any history of
diseases such as Graves disease, liver cirrhosis, and renal failure; subjects currently taking
medications such as levothyroxine, antithyroid drugs, insulin, and steroid hormones; and
subjects with missing data.

A total of 12,250 subjects had a free T4 level within the manufacturer’s normal reference range
and were enrolled in the current study as subjects with euthyroxinemia. Furthermore, 2804
subjects who provided informed consent (i.e., 1601 men and 1203 women) underwent tests for
TPO-ADb. A total of 5528 of 12,250 subjects with euthyroxinemia (i.e., 3676 men and 1852 women)
revisited our hospital for annual health checkups and were followed up for 1 year (Fig. 1).

All subjects provided informed consent for this study, which was approved by the ethics
committee of Hidaka Hospital.

All methods were performed in accordance with relevant guidelines and regulations, including
ethical guidelines for Medical and Health Research Involving Human Subjects presented by the
Ministry of Health, Labor and Welfare in Japan. This study was approved by the Ethics
Committee on Human Research of Hidaka Hospital (approval number 3: Hidaka Hospital Human
Genome Ethics Committee.). According to the ethical guidelines for Medical and Health Research
Involving Human Subjects, in this research design, written informed consent is not necessarily
required. Therefore, we widely disclosed the outline of our study and provided opportunities for
disagreement. Since TPO-Ab measurement was not included in the health checkup, studies on
underwent test for TPO-Ab were also approved by the Ethics Committee on Human Research of
Hidaka Hospital (approval number 89: Hidaka Hospital Human Genome Ethics Committee), and
each subject provided written informed consent.

B. Blood Test for Serum Thyroid Hormone and TSH Levels

Blood samples were collected from all subjects between 8:00 and 9:00 am after they had fasted
for at least 11 hours. Plasma TSH and free T4 levels were measured using the following kits:
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Figure 1. Selection of subjects in this study. A total of 12,250 subjects had a free T4 level
within the manufacturer’s normal reference range and were used in the current study as
subjects with euthyroxinemia. Some subjects (1601 men and 1203 women) underwent tests
for TPO-Ab. A total of 5528 of 12,250 subjects with euthyroxinemia, including 3676 men
and 1852 women, revisited our hospital for annual health checkups and were followed up
for 1 year

TSH: Chemilumi ACS II, CLEIA (Siemens Healthcare Diagnostics, Inc., Shinagawa-ku,
Tokyo, Japan) and free T4: Chemilumi E-FT4, CLEIA (Siemens Healthcare Diagnostics,
Inc.). The manufacturers’ reference ranges were 0.4 to 4.0 mU/L and 0.8 to 1.9 ng/dL for
serum TSH and free T4, respectively. Anti—-TPO-Ab was measured using a Serodia-AMC kit
(FIJIREBIO INC., Tokyo, Japan).

C. Definitions of Thyroid Dysfunction

SCH was defined as a serum free T4 level within the reference range but a serum TSH
level >4.0 mU/L. SCT was defined as a normal free T4 level but a TSH level <0.4 mU/L. Overt
hyperthyroidism was defined as a free T4 level >1.9 ng/dL with a TSH level <0.4 mU/L, and
overt hypothyroidism as a free T4 level <0.8 ng/dL with a TSH level >4.0 mU/L.

D. Statistical Analyses

All results were expressed as median or mean * SD for continuous variables and as absolute
numbers and relative percentages for categorical variables. Group comparisons were per-
formed by ANOVA and the Student ¢ test for normally distributed data or the Wilcoxon rank-
sum test for nonnormally distributed data for continuous variables. The x? test was used for
categorical variables. A multiple comparison was performed with the Dunnett test. A paired
t test was performed to compare two observation variables. Multiple regression analyses were
performed to examine the relationships between smoking and nonsmoking and also TPO-Ab
positivity and negativity. A multivariate logistic regression analysis compared the per-
centage of smokers among subjects with SCT and SCH. All tests for significance and the
resulting P values were two-sided, with a level of significance of 5%. Statistical analyses were
performed using JMP 9.0.2 (SAS Institute Inc., Cary, NC). The estimated sample size was
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based on the prevalence of smokers among subjects grouped by various TSH levels, with a
two-sided type 1 error of <5% and a power of 80%.

3. Results

A. Effects of Age and Sex on Baseline Serum TSH and Free T4 Levels and TPO-Ab Positivity in
12,250 Subjects With Euthyroxinemia

Because we previously reported the effects of age and sex on the prevalence of SCH, we herein
increased the number of subjects analyzed and reexamined the effects of these factors on the
presence of TPO-Ab in addition to obtaining more detailed information on serum TSH and
free T4 levels. Table 1 shows serum TSH and free T4 levels in each decade of life in 12,250
euthyroid participants. The total number of subjects with euthyroxinemia was 12,250, with
7306 (60%) being male. The mean age (+ SD) of subjects was 50 + 10 years among men (from
21 to 88 years old) and 49 + 10 years among women (from 21 to 88 years old).

Table 1 shows the means, medians, and 95th percentiles of TSH and free T4 levels in each
decade of life among subjects. Mean and median serum TSH levels increased with age in men
and women. Serum TSH levels were higher in women in most age groups, except for those
older than 71 years. The 97.5th percentiles of serum TSH levels also significantly increased
with age, from 3.7 mU/L in 31- to 40-year-old men to 6.5 mU/L in men older than 71 years and
from 4.8 mU/L in 31- to 40-year-old women to 7.9 mU/L in women older than 71 years.

Serum free T4 levels in men progressively decreased with age. The mean free T4 level was
1.4 = 0.2 ng/dL (mean * SD) among men aged 20 to 29 years and 1.2 = 0.2 ng/dL. among those
older than 70 years. However, no significant changes were observed in women, with 1.2 =
0.2 ng/dLL among those aged 20 to 29 years and among those older than 70 years. Serum free
T4 levels were significantly lower in women than in men at most ages, as reported
previously [2]

Table 2 shows the serum TSH and free T4 levels in each decade of life in 2279 euthyroid
subjects who underwent tests for TPO-Ab. Among subjects with euthyroxinemia, the per-
centage of TPO-Ab positivity also increased with age and was significantly higher in women
than in men in most age groups (7.8% in 31- to 40-year-old women and 12.1% in 61- to 70-year-
old women; 2.8% in 31- to 40-year-old men and 8.1% in 61- to 70-year-old men).

Table 1. Baseline Serum TSH and Free T4 Levels in Each Decade of Life in 12,250 Subjects
With Euthyroxinemia

TSH (mU/L) FreeT4 (ng/mL)

Age Group (y) n Median 2.5th  97.5th Mean Median 2.5th 97.5th Mean

Men
21-30 83 1.5 0.4 4.3 1.7 = 1.0 1.4 1.0 1.8 1.4 +0.2
31-40 1267 1.3 0.4 3.7 1.5 = 0.8 1.3 1.1 1.7 1.3+ 0.2
41-50 2464 1.4 0.5 4.0 1.6 = 1.1 1.3 1.0 1.6 1.3+ 0.2
51-60 2495 1.5 0.5 4.7 1.7+ 1.3 1.3 1.0 1.6 1.3+ 0.2
61-70 863 1.6 0.5 6.0 2.1+ 1.7 1.2 1.0 1.6 1.3 0.2
71— 134 2.0 0.4 6.5 25 * 15 1.2 1.0 1.6 1.2 +0.2

Women
21-30 91 1.6 0.2 5.7 1.6 + 1.4 1.2 0.9 1.6 1.2 +0.2
31-40 1059 1.5 0.4 4.8 1.8 = 2.0 1.2 0.9 1.5 1.2 +0.2
41-50 1699 1.6 0.5 4.9 1.8+ 1.3 1.2 0.9 1.5 1.2 +0.1
51-60 1490 1.8 0.5 5.4 20+ 14 1.2 0.9 1.5 1.2 0.2
61-70 516 2.0 0.7 7.6 2.6 = 3.1 1.2 0.9 1.6 1.2 = 0.2
71— 89 1.8 0.6 7.9 2.4+ 1.8 1.2 0.9 1.5 1.2 = 0.2

2.5th and 97.5th indicate 2.5th and 97.5th percentiles, and n indicates number.
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Table 2. Baseline Serum TPO Antibody Level in Each Decade of Life in 2797 Subjects With Euthyroxinemia

TSH (mU/L) TPO-Ab
Age Group (y) n Median 2.5th 97.5th (%)
Men
21-30 6 1.3 0.5 2.2 N/A
31-40 212 1.2 0.3 2.9 2.8
41-50 501 1.2 0.4 3.3 4.2
51-60 564 1.4 0.4 4.3 5.1
61-70 259 1.4 0.6 4.8 8.1
71— 56 2.1 0.7 6.4 N/A
Women
21-30 8 1.3 0.7 2.6 N/A
31-40 258 1.3 0.3 3.9 7.8
41-50 407 1.3 0.4 4.0 7.6
51-60 342 1.5 0.5 5.1 11.7
61-70 149 1.6 0.6 5.8 12.1
71— 35 1.8 0.3 4.0 11.4

2.5th and 97.5th indicate 2.5th and 97.5th percentiles, and n indicates number.
Abbreviation: N/A, not available.

B. Overall Thyroid Status in Japanese Subjects

On the basis of the results on baseline thyroid function shown in Tables 1 and 2, the thyroid
status of 12,289 subjects in this study are shown in Table 3. The overall prevalence of normal
serum TSH and free T4 levels was 6966 (95.1%) in men and 4610 (92.9%) in women. The
prevalence of SCH was 278 (3.8%) in men and 291 (5.9%) in women, and that of SCT was 62
(0.8%) in men and 44 (1.0%) in women.

C. Effects of Smoking on Serum TSH and Free T4 Levels in Subjects With Euthyroxinemia

We examined the effects of smoking on serum TSH and free T4 levels in 12,250 subjects with
euthyroxinemia. Table 4 shows the means, medians, and 95th percentiles of TSH and free T4
levels in each decade of life with or without smoking.

Mean and median serum TSH levels increased with age in smokers and nonsmokers;
however, they were significantly lower in smokers than in nonsmokers among men and
women in most age groups. Among 31- to 40-year-old men, the median 97.5th percentiles of
TSH levels were 1.2 and 2.9 mU/L in smokers and 1.4 and 3.9 mU/L in nonsmokers (P < 0.01);
among 61- to 70-year-old men, the median 97.5th percentiles of TSH levels were 1.4 and 4.3
mU/L in smokers and 1.8 and 6.2 mU/L in nonsmokers (P < 0.01). The multiple regression
analysis revealed a difference in serum TSH levels at all ages in men and women, as shown in
Fig. 2A and 2B.

However, smoking had a negligible effect on serum TSH levels in women older than 50 years:
among 31- to 40-year-old women, the levels were 1.3 mU/L in smokers and 1.6 mU/L in

Table 3. Thyroid Status in All 12,289 Subjects

Men Women
Number of subjects (%) 7319 (100) 4958 (100)
Overt hyperthyroidism 10 (1.3) 10 (0.2)
Subclinical hyperthyroidism 62 (0.8) 44 (1.0)
Normal thyroid function 6966 (95.1) 4609 (92.9)
Subclinical hypothyroidism 278 (3.8) 291 (5.9)

Overt hypothyroidism 3(0.1) 4 (0.1)
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Table 4. Effects of Smoking on Serum TSH and Free T4 Levels in 12,250 Subjects With Euthyroxinemia

TSH (mU/L)
Nonsmoker Smoker
Median Median Multivariate®
Age Group (y) n (2.5th, 97.5th) Mean n (2.5th, 97.5th) Mean (P Value)
Men
21-30 50 1.6 (0.2, 6.0) 1.8 1.1 33 1.1 (0.4, 3.7) 1.4 £0.9 <0.05
31-40 794 1.4 (0.5, 3.9) 1.6 = 1.0 473 1.2 (0.4, 2.9) 1.3 £ 0.6 <0.01
41-50 1616 1.5 (0.5, 4.5) 1.7+ 1.2 848 1.2 (0.5, 3.2) 1.3 £ 0.7 <0.01
51-60 1746 1.5 (0.5, 5.0) 1.9+12 1749 1.3 (0.4, 4.1) 1.5+ 12 <0.01
61-70 671 1.8 (0.6, 6.2) 22+ 1.8 192 1.4 (0.5, 4.3) 1.6 £ 0.9 <0.01
71— 120 21(0.4,66 25*16 14 1.8(0.6,387  19=09 0.15
Women
21-30 75 1.6 (0.1, 5.9) 20+ 14 16 1.6 (0.5, 5.8) 19+ 13 0.97
31-40 924 1.6 (0.4, 4.9) 1.9+ 21 135 1.3 (0.5, 4.1) 1.5 £0.9 <0.01
41-50 1541 1.6 (05,49) 1.9+13 158  1.4(0.3,42  16=1.0 <0.01
51-60 1355 1.8 (0.5, 5.4) 21*15 135 1.5 (0.5, 5.8) 1.8+ 1.5 0.30
61-70 491 2.0 (0.7, 8.1) 2.6 + 3.1 25 1.6 (0.4, 5.2) 21+ 14 0.18
71— 86 2.1 (0.6, 8.0) 24+ 18 3 N/A N/A N/A
FreeT4 (ng/mL)
Nonsmoker Smoker
Median Median Multivariate®
Age Group (y) n (2.5th, 97.5th) Mean n (2.5th, 97.5th) Mean (P Value)
Men
21-30 50 1.4 (1.1, 2.0) 1.4 = 0.2 33 1.3 (1.0, 1.8) 1.3 £0.2 <0.05
31-40 794 1.3 (1.1, 1.6) 1.3 +0.2 473 1.3 (1.0, 1.7) 1.3 +0.2 0.06
41-50 1616 1.3 (1.0, 1.6) 1.3 £ 0.2 848 1.3 (1.0, 1.6) 1.3 0.2 0.45
51-60 1746 1.3 (1.0, 1.6) 1.3+0.2 749 1.3 (1.0, 1.7) 1.3 + 0.2 0.38
61-70 671 1.2 (0.9, 1.6) 1.3 £ 0.2 192 1.2 (0.9, 1.6) 1.3 = 0.2 0.38
71— 120 1.3 (1.0, 1.6) 1.3 = 0.2 14 1.3 (1.0, 1.8) 1.3 = 0.2 0.48
Women
21-30 75 1.2 (0.9, 1.5) 1.2 = 0.2 16 1.2 (1.0, 1.5) 1.2 = 0.2 0.69
31-40 924 1.2 (0.9, 1.5) 1.2 £ 0.1 135 1.2 (0.9, 1.6) 1.2 = 0.2 0.90
41-50 1541 1.2 (0.9, 1.5) 1.2 £ 0.1 158 1.2 (0.9, 1.6) 1.2 = 0.2 0.30
51-60 1355 1.2 (0.9, 1.5) 1.2 £ 0.2 135 1.2 (1.0, 1.5) 1.2 0.1 0.71
61-70 491 1.2 (1.0, 1.5) 1.2 = 0.2 25 1.2 (1.0, 1.5) 1.3 = 0.2 0.12
71— 86 1.2 (0.9, 1.5) 1.2 £ 0.2 3 N/A N/A N/A

Abbreviation: N/A, not available.
“Adjusted for age.

nonsmokers (P < 0.01); among 51- to 60-year-old women, the levels were 1.5 mU/L and 1.8 mU/L,
respectively (P = 0.3). Furthermore, consistent with our previous findings, the current study
confirmed that serum free T4 levels in men progressively decreased with age, whereas no sig-
nificant change was observed in women (Tables 1 and 2) [2]. Smoking did not affect the relationship
between age and serum free T4 levels in men or women, except for men in their 20s (Table 4).

E. Effects of Smoking on TPO-Ab

We evaluated the effects of smoking on the percentage of positivity for serum TPO-Ab. We
examined the effects of the presence of serum TPO-Ab on age- and sex-dependent changes in
serum TSH levels. As shown in Fig. 3A and 3B, serum TSH levels were significantly higher
with TPO-Ab positivity in all decades of life among men and women (adjusted for age: P <
0.01 and P < 0.01, respectively). However, no significant differences were observed in the
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Figure 2. Effects of smoking on serum TSH and free T4 levels in subjects with
euthyroxinemia. The relationship between age and serum TSH level in nonsmokers (solid
line: 4997 men and 4472 women) and smokers (dotted line: 2309 men and 472 women)
among (A) men and (B) women is shown. The line represents the linear regression fit to the
data points calculated using JMP software (SAS Institute Inc.).

percentages of men and women with TPO-Ab positivity with or without smoking (the per-
centage of men with TPO-Ab positivity was 5% in both smokers and nonsmokers; the per-
centages in women were 10% and 9%, respectively (Fig. 3C).

F. Percentage of Smokers for Each Quartile of Serum TSH and Free T4 Levels and the
Prevalence of SCH and SCT

We investigated the relationships between sex, smoking for each quartile of TSH values, and
free T4 level. As expected, when we examined serum TSH levels, which were within the
normal range, the percentage of smokers was lower at higher serum TSH levels: 43% of
smokers in the group with serum TSH levels between 0.4 and 1.0 mU/L and 15% in the group
with serum TSH levels between 3.1 and 4.0 mU/L in men; ¢ trend test (P < 0.01); 14% and 5%,
respectively, in women (P < 0.01) (Fig. 4A).

Regarding serum free T4 levels, although higher levels were observed in smokers, no
significant differences were noted in serum free T4 levels between smokers and nonsmokers
in men and women (Fig. 4B).

We also investigated the percentage of smokers in patients with SCT and SCH. As shown
in Fig. 4C, the multivariate logistic regression analysis showed the percentage of smokers in
men was significantly higher among subjects with SCT than among those with SCH (the
percentage of smokers was 25% with SCT and 10% with SCH; adjusted for age, P < 0.01), but
not in women (SCT vs SCT, 12% vs 6%, respectively; not significant).

G. Longitudinal Study on the Effects of Smoking On-Off for 1 Year

In a longitudinal study, we examined the effects of smoking on serum TSH levels for 1 year.
We defined stopped smoking as subjects who answered “smoking” in the first examination but
“nonsmoking” in the next examination after 1 year and started smoking as subjects who
answered “nonsmoking” in the first examination and “smoking” in the next examination after
1 year.

Among men, we analyzed 51 subjects who started smoking and 107 who stopped. As shown
in Fig. 5A, serum TSH levels significantly decreased after 1 year of smoking (adjusted for age,
P < 0.05). In contrast, no significant change was observed in serum TSH levels in men who
stopped smoking for 1 year (Fig. 5B).

Moreover, no significant changes were noted in serum free T4 levels after starting or
stopping smoking for 1 year (Fig. 5C and 5D).
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Figure 3. Effects of TPO-Ab on serum TSH and free T4 levels in subjects with
euthyroxinemia. The relationship between age and serum TSH level in TPO-Ab—positive
(solid line: 78 men and 113 women) and TPO-Ab—negative (dotted line: 1520 men and 1086
women) (A) men and (B) women among subjects with euthyroxinemia is shown. (C) The
percentages of TPO-Ab—positive smokers (21 of 449 men and 12 of 120 women) and
nonsmokers (57 of 1092 men and 101 of 1079 women) are depicted. n.s., not significant.

3. Discussion

The effects of age, race, and sex on thyroid function have been extensively examined in iodine-
deficient countries such as the United States (NHANES III, a population-based study) [3, 12,
13]. In the current study, the relationships between a number of factors (including age, sex,
TPO-Ab, and smoking) and serum TSH levels in Japanese subjects with euthyroxinemia were
examined. The results demonstrated that although serum TSH levels increased with age in
men and women, they were higher in women than in men in all age groups. In addition, we
found that smoking had significant effects on serum TSH levels in Japanese euthyroid subjects.

A similar increase in serum TSH level with age was previously reported in several countries,
whereas SCH is more common in iodine-sufficient countries [7, 14] and occurs in 4% to 20% of the
adult population. In the NHANES III study conducted in the United States, among a population
negative for TPO-Ab, the 97.5th percentile was 3.56 mIU/L for the 20- to 29-year-old group, and it
progressively increased to 7.49 mU/L in the group older than 80 years [3]. In another Japanese
study, Takeda et al. [15] reported that among subjects who tested negative for thyroid antibodies,
the 97.5th percentile of serum TSH level was 4.16 mU/L in those in their 20s and 30s, and it
increased to 5.37 mU/L in subjects older than 70 years. However, it is important to note that both
studies investigated men and women together, without considering sex-based differences.

In the current study, we analyzed men and women separately. Although we found that
both sexes showed a significant increase in serum TSH levels with age, clear sex-based
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Figure 4. Effects of smoking on serum TSH and free T4 levels in subjects with
euthyroxinemia. (A) Graph shows the percentage of smokers in each quartile of serum TSH
groups within the normal TSH range (among men: 856 of 1975 in the group with serum TSH
levels between 0.4 and 1.0 mU/L, 856 of 3488 with levels between 1.1 and 2.0 mU/L, 1132 of
1099 with levels between 2.1 and 3.0 mU/L, and 55 of 406 with levels between 3.1 and 4.0
mU/L; in women, the percentages were 139 of 966, 213 of 2249, 71 of 1030, and 22 of 365,
respectively; ¢-trend: P < 0.01 and P < 0.01). (B) Graph shows the percentage of smokers in
each quartile of serum free T4 groups within the normal free T4 range (in men: 414 of 1376
in the group with serum free T4 levels between 0.8 and 1.1 ng/dL, 1727 of 5477 between 1.2
and 1.5 ng/dL, and 171 of 453 between 1.6 and 1.9 ng/dL; in women, the percentages were
166 of 1896, 294 of 2955, and 12 of 94, respectively; ¢-trend: n.s. and n.s., respectively). (C)
Graph comparing the prevalence of smokers among men with SCT and those with SCH (16
of 62 and 32 of 278, respectively) and among women with SCT and SCH (6 of 44 and 21 of
291, respectively). n.s., not significant.

differences were noted: The 97.5th percentile of serum TSH levels was 3.8 mU/L in men aged
31 to 40 years and 8.6 mU/L in men older than 70 years, and it was 4.5 mU/L in women aged
31 to 40 years and 10.0 mU/L in women older than 70 years. Furthermore, it was clear that
serum TSH levels were significantly higher in women than in men at all ages. Free T4 levels
decreased with age in men, but not in women. Therefore, age-dependent increases in serum
TSH levels may be due to age-dependent decreases in serum free T4 levels in men. However,
it remains unclear why women did not show any changes in free T4 levels.

Because we found age-dependent decreases in free T4 levels in men, we investigated
changes in TPO-Ab with aging. We found clear age-dependent increases in patients with
TPO-Ab positivity. Similar increases were reported by Kasagi et al. [16], who showed that
positivity for TPO-Ab increased with age: in men, 6.2% for those aged 40 to 50 years, 6.7% for
those aged 50 to 60 years, and 11.7% in those older than 60 years vs in women, 13% for those
aged 40 to 50 years, 16.2% for those aged 50 to 60 years, 14.9% for those older than 60 years. In
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Figure 5. Changes in serum TSH and free T4 levels in 1 y in subjects with euthyroxinemia
who (A and C) started and (B and D) stopped smoking. In those who started to smoke in 1y
(51 men), serum TSH levels significantly decreased (adjusted for age, paired ¢; P < 0.05).

(A and B) However, no significant change was observed in serum TSH levels after 1 y of
smoking cessation (105). (C and D) No significant changes were noted in serum free T4 levels
1 y after starting or stopping smoking. n.s., not significant.

the United States, NHANES III demonstrated that after adjustments for other character-
istics, the odds of thyroid autoantibody positivity were higher with each year increase in age
[OR (95% CI): 1.019 (1.017, 1.025)] and higher in females than in males [OR (95% CI): 2.0 (1.7,
2.3)] [12]. Therefore, the significant decrease observed in free T4 levels and increase in serum
TSH levels may be due to a greater prevalence of Hashimoto thyroiditis.

In the current investigation, we found that smoking appeared to reduce serum TSH levels
in a cross-sectional and longitudinal study over 1 year. This finding provided details on the
relationship between smoking and serum TSH levels in an iodine-rich country, although these
effects of smoking have been reported in an iodine-deficient country. The NHANES III survey
revealed that the TSH distribution in active smokers shifted toward levels that were lower than
those of nonsmokers [12]. This survey showed that smokers had TSH levels that were sig-
nificantly lower than 4.5 mU/mL, with an OR (95% CI) of 0.6 (0.5, 0.8) after adjustments for age,
sex, race-ethnicity, and iodine status [12]. The fifth Tromse study in Norway also reported
lower TSH levels in smokers than in nonsmokers (in males, 1.63 = 0.88 mU/L vs 1.95 = 1.04
mU/L; in females, 1.55 = 0.86 mU/L vs 1.86 + 1.01 mU/L, respectively) [17]. Our results also
indicated the effects of smoking on lowering serum TSH levels, except in elderly women, for
whom the effects may be due to menopause, differences in race, and/or insufficient sample size.

The mechanisms by which smoking lowers serum TSH levels remain unknown. There are
several mechanisms by which smoking affects thyroid hormone levels. In the fifth Tromse study,
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serum free T4 and free T3 levels were significantly higher in smokers than in nonsmokers
[14.0 = 2.2 pmol/L vs 13.4 = 2.4 pmol/L for free T4 (P < 0.05) and 3.89 *+ 0.79 pmol/L vs 3.72 =
0.67 pmol/L for free T3 (P < 0.01); males and females analyzed together] [17]. The reduction
in TSH levels may be secondary to the increase in serum free T3 and free T4 levels because a
short exposure to cigarette smoke for just 1 hour increased serum freeT3 and freeT4 levels;
however, this was not followed by a significant decrease in serum TSH levels (10). Therefore,
smoking may increase thyroid hormone synthesis and release via TSH-independent pathways.

We also examined herein the effects of smoking on TPO-Ab but found no significant changes.
NHANES III reported that smokers had 43% lower odds of having thyroid autoantibodies than
nonsmokers [OR (95% CI): 0.57 (0.48, 0.67)] [12]. This discrepancy may be due to iodine intake,
racial differences, or smaller sample sizes. Activation of the sympathetic nervous system may
be involved via its innervation of the thyroid gland [10]. Furthermore, tobacco smoke contains
toxins such as thiocyanate and 2,3-hydroxypyridine. Thiocyanate may be a goitrogen [11, 18].
Thiocyanate, which has a half-life of more than 6 days, inhibits iodide transport and organ-
ification as well as increasing the efflux of iodide from the gland. In the presence of an iodine
deficiency, thiocyanate causes goiter. On the other hand, 2,3-hydroxypyridine inhibits thy-
roxine deiodination by limiting iodothyronine deiodinase activity [11, 19]. This effect may
temporarily elevate serum thyroxine levels as a result of its deiodinase-altering activity before
decreasing these levels [11, 20]. However, we did not observe any changes in free T4 levels
between nonsmokers and smokers or in the longitudinal study for 1 year of smoking, even with
significant decreases in serum TSH levels. Therefore, the mechanisms responsible for smoking-
induced reductions in serum TSH levels remain controversial.

The results of the present and previous studies suggest that smoking influences the
prevalence of subclinical thyroid diseases (such as SCH and SCT), as they are diagnosed on
the basis of blood TSH levels. In our study, the incidence of SCH was lower in smokers than in
nonsmokers, whereas the incidence of SCT was higher in the former. In the HUNT STUDY,
the incidences of overt and subclinical hypothyroidisms in smokers were both reduced by half
[21]. Furthermore, smoking was recently reported to directly influence thyroid function and
gland volume even in healthy individuals. As for the relationship between smoking and
autoimmune thyroid diseases, it has been suggested that smokers have a lower risk of
Hashimoto disease and a higher risk of Graves disease. Their risks of thyroid carcinoma and
nontoxic multinodular goiter are lower and higher, respectively [10]

The present results and previous findings collectively indicate that sex differences and
smoking status should be considered when evaluating SCH and SCT in Japan.

A. Limitations

Several limitations of this study need to be considered when interpreting the results. Unlike a
population-based cohort study, there was bias in the backgrounds of subjects in terms of
economic status, as only 17% of subjects received financial support from mutual aid asso-
ciations. We obtained information regarding smoking status by self-questionnaires only and
did not evaluate the amount of smoking; therefore, we did not investigate the effects of heavy
smoking on TSH levels. These results may not be extrapolated to countries with current or
recent lower iodine intakes, where the increase in TSH level related to aging is less obvious.
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