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Abstract

Objectives

Low-normal thyroid function is associated with numerous metabolic risk factors including
insulin resistance (IR). Triglyceride-glucose (TyG) index is a new surrogate marker of IR cal-
culated by fasting triglyceride and glucose levels. Here, we investigated the association
between thyroid function and TyG index in non-diabetic euthyroid adults.

Methods

This cross-sectional study was based on data from the Korean National Health and Nutri-
tional Examination Survey 2015 including 1482 individuals (741 men and 741 women).
Serum thyrotropin (TSH) and free thyroxine (fT4) levels were measured.

Results

After adjusting for confounders, there was an inverse relationship of TyG index with fT4 in
men (B8 =-0.094, P =0.009) and a positive relationship of TyG index with TSH in women (8
=0.078, P =0.018). The lowest fT4 tertile in men (P =0.001) and the highest TSH tertile in
women (P =0.010) exhibited increased TyG index after adjusting for confounders. The low-
est T4 tertile also showed increased homeostatic model assessment for IR (HOMA-IR) only
in men (P =0.006). Odds ratios (ORs) for the high TyG index, which was defined as the
highest TyG quartile decreased in the highest and second highest tertile of fT4 in men (OR =
0.41 and OR = 0.45, respectively; P <0.001) and increased in highest tertile of TSH in
women (OR = 1.81, P =0.031) after adjusting for confounders. The OR for high HOMA-IR
defined as the highest HOMA-IR quartile was also lower in the highest and second highest
fT4 tertiles in men (both OR = 0.47; P =0.003).

Conclusions

This is the first study to suggest that TyG index is a good surrogate marker of IR in evaluat-
ing its relationship with thyroid function.
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Introduction

Thyroid hormone has pleiotropic functions in the regulation of multiple metabolic processes,
including glucose metabolism, lipid metabolism, and energy expenditure [1]. Previous studies
have uncovered associations between hypothyroidism and metabolic dysfunctions, such as
type 2 diabetes mellitus (T2DM) and metabolic syndrome [2, 3]. Low-normal thyroid func-
tion, defined as high thyrotropin (TSH) and/or low free thyroxine (fT'4) levels within the nor-
mal reference range, as well as subclinical and overt hypothyroidism, have been reported to be
associated with metabolic syndrome [4-12]. Moreover, it has been demonstrated that low-nor-
mal thyroid function is associated with insulin resistance (IR), as indicated by homeostatic
model assessment of IR (HOMA-IR) [11, 12].

The traditional use of HOMA-IR as a representative surrogate marker for IR is limited
because fasting insulin levels are not frequently measured in real-world clinical settings
[13]. To overcome this limitation, a new indicator for IR has been adopted recently: the tri-
glyceride-glucose (TyG) index, which is calculated based on fasting triglyceride and glucose
levels [14]. This index shows high sensitivity and specificity for identifying IR at various
degrees of glucose tolerance and body weight as compared with the hyperinsulinemic-eugly-
cemic clamp test, the standard method for evaluating IR [15]. Several studies have reported
that a high TyG index is associated with incident cardio-metabolic diseases [16-18]. How-
ever, the association between thyroid function and the TyG index has not been studied to
date.

Therefore, we here investigated the association between IR and thyroid function using the
TyG index in non-diabetic, euthyroid Korean adults based on data from the Korean National
Health and Nutritional Examination Survey (KNHANES) 2015.

Materials and methods
Patients

The KNHANES surveys were reviewed and approved by the Institutional Review Board of the
Korea Disease Control and Prevention Agency (IRB No. 2015-01-02-6C). All participants pro-
vided informed consent prior to survey enrollment.

Since 1998, the Korea Disease Control and Prevention Agency has conducted the
KNHANES, a cross-sectional nationwide survey representing the non-institutionalized civilian
Korean population. The survey uses a stratified, multistage, and clustered probability sampling
method based on age, sex, and geographical area.

We initially included 7,380 individuals who participated in the KNHANES 2015. Out of
these, we excluded 5,898 subjects based on the following criteria: age <19 years (n = 1435);
missing values for fasting plasma glucose (FPG), fasting triglycerides, fT'4, or TSH (n = 3918);
pregnant (n = 4); incident hyperthyroidism or hypothyroidism, including subclinical range of
thyroid dysfunctions (n = 194); known thyroid diseases defined as previously diagnosed by a
doctor or receiving any kind of treatments including levothyroxine and anti-thyroid drugs
(n = 30); diabetes mellitus defined as taking anti-diabetic medications or glycated hemoglobin
(HbAlc) >6.5% (n = 168); dyslipidemia defined as previously diagnosed by a doctor or taking
any kind of lipid-lowering drugs (n = 112); cardiovascular diseases (1 = 10); cerebrovascular
diseases (n = 7); malignancy (n = 12); and chronic liver diseases (n = 8). Finally, 1,482 partici-
pants were included in the analyses.

The KNHANES surveys were reviewed and approved by the Institutional Review Board of
the Korea Disease Control and Prevention Agency (IRB No. 2015-01-02-6C). All participants
provided informed consent prior to survey enrollment.
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Demographic, lifestyle, and anthropometric parameters

Household interviews and physical examinations were conducted to collect data on age, sex,
menopausal status for women, and health behaviors, including smoking history, alcohol con-
sumption, and physical activity (PA). Smoking status was categorized as non-smoker, ex-
smoker, or current smoker; the latter was defined as smoking at least five cigarettes daily dur-
ing the previous 12 months. Alcohol consumption was divided into none, ex-drinker, and cur-
rent drinker; the latter was defined as drinking alcohol at least once every month during the
previous 12 months. PA was determined using the average metabolic equivalent of task (MET)
score, which accounts for all types of exercise using the compendium of physical activities
[19]. Walking, moderate PA, and vigorous PA were equivalent to MET scores of 3.3, 4.0, and
8.0, respectively. The total PA (MET-minute/week) was calculated as the sum of the weekly
METs of the three PA categories. Body weight (kg) and height (cm) were measured using stan-
dard protocols, with the subjects dressed in light clothing without shoes. Body mass index
(BMI) was calculated as body weight divided by the square of height in meters (kg/m?). Waist
circumference was measured to the nearest 0.1 cm in a horizontal plane at the midpoint
between the iliac crest and the costal margin at the end of a normal expiration.

Laboratory assessment

All blood samples were obtained in the morning after fasting for at least 8 h. Serum TSH and
T4 levels were measured by electrochemiluminescence immunoassays (ECLIA) using an
E-TSH kit (reference range 0.62-6.68 mIU/L) or an E-Free T4 kit (reference range 0.89-1.76
ng/dL), respectively (Roche Diagnostics, Mannheim, Germany) [20]. Serum insulin levels
were measured by ECLIA using an E-Insulin kit (Roche Diagnostics, Mannheim, Germany).
HbAIc levels were measured by high-performance liquid chromatography using a Tosoh G8
analyzer (Tosoh Bioscience, Tokyo, Japan). Serum total cholesterol, triglycerides, high-density
lipoprotein (HDL) cholesterol, and FPG were measured using the Hitachi Automatic Analyzer
7600 (Hitachi, Tokyo, Japan). Serum low-density lipoprotein (LDL) cholesterol levels were cal-
culated using the Friedewald formula [21]. Serum high-sensitivity C-reactive protein (hsCRP)
levels were measured by immunoturbidimetry using Cobas 8000 (Roche Diagnostics, Mann-
heim, Germany). HOMA-IR was calculated using the formula FPG x fasting insulin/405 [13].
The TyG index was calculated using the following equation: In (fasting triglycerides x FPG)/2
[22].

Statistical analysis

Continuous and categorical variables are expressed as mean + standard deviation or 95% con-
fidence interval (CI) and as n (%), respectively. Between-group comparisons of clinical charac-
teristics by sex were conducted using the Student’s t-test and Chi-square test. Pearson’s
correlation coefficients were calculated to assess associations between TyG index and
HOMA-IR. Because the TyG index and HOMA-IR were skewed, logarithmic transformations
were performed for linear regression analyses. Adjusted multiple linear regression analysis was
performed to evaluate the independent association of TSH or fT4 with TyG index and
HOMA-IR after adjusting for age, BMI, waist circumference, smoking status, alcohol con-
sumption, PA, menopause (in women), and hsCRP. Baseline characteristics according to the
TSH and T4 tertiles were compared using one-way analysis of variance (ANOVA) for contin-
uous variables or Chi-square test for categorical variables. The Bonferroni correction was
adopted as a post hoc analysis to account for multiple testing issues. To further analyze changes
in TyG index and HOMA-IR according to the TSH or fT4 tertiles, multivariable-adjusted least
square (LS) means with 95% CI were estimated and compared via analysis of covariance
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(ANCOVA) after adjusting for confounding factors. Odds ratios (ORs) and 95% Cls for high
TyG index and HOMA-IR were compared using multiple logistic regression analyses. High
TyG index and HOMA-IR were defined as the highest quartile of TyG index and HOMA-IR
in each sex. All statistical analyses were performed using SPSS statistics for Windows (Version
25, IBM Corp., Armonk, NY, USA), and a P value of < 0.05 was considered as statistically
significant.

Results
Baseline characteristics of the study population

The clinical characteristics of the study participants are summarized in Table 1. Mean age of
men and women was 42.0 £ 14.7 and 41.3 + 14.6 years, respectively (P = 0.334). BMI, waist cir-
cumference, and proportion of current smokers and alcohol drinkers were significantly higher
in men than in women (all P < 0.001). Levels of fT'4, FPG, insulin, HbAlc, triglycerides, LDL
cholesterol, BUN, creatinine, AST, ALT, TyG index, and HOMA-IR were significantly higher
in men than in women (P < 0.001 to 0.037), whereas TSH and HDL cholesterol levels were
higher in women than in men (P = 0.018 and P < 0.001, respectively). There were no sex dif-
ferences in the degree of PA, total cholesterol, and hsCRP.

Table 1. Baseline characteristics of the study subjects.

Men (n = 741) Women (n = 741) P
Age (years) 42.0 +14.7 413+ 14.6 0.334
BMI (kg/m?) 24535 229+35 <0.001
Waist circumference (cm) 85.8+9.2 77.2+£89 <0.001
Current smoker 279 (37.7) 41 (5.5) <0.001
Current alcohol drinker 555 (74.9) 353 (47.6) <0.001
PA (> MET 600 minute/week) 113 (15.2) 98 (13.2) 0.265
TSH (mIU/L) 2.38 £1.17 2.53+1.24 0.018
fT4 (ng/dL) 1.29 £0.16 1.21+£0.14 <0.001
Fating plasma glucose (mg/dL) 96.0 +10.2 91.9+8.7 <0.001
Insulin (mIU/L) 8.6+75 7.3+5.1 <0.001
HbAlc (%) 5.42+0.32 5.39+£0.32 0.037
Total cholesterol (mg/dL) 191.8 £ 33.7 190.3 + 334 0.379
Triglycerides (mg/dL) 159.5 +127.8 98.3 £59.0 <0.001
HDL cholesterol (mg/dL) 479+11.3 55.9+12.8 <0.001
LDL cholesterol (mg/dL) 117.2 £ 30.8 113.8 £ 30.6 0.030
BUN (mg/dL) 144+ 3.6 129+ 3.7 <0.001
Creatinine (mg/dL) 0.96 +£0.12 0.71 £0.11 <0.001
AST (U/L) 243 +£12.7 193 +£6.8 <0.001
ALT (U/L) 27.1 £24.9 15.5+10.2 <0.001
hsCRP (mg/L) 1.13 +1.95 1.19£2.52 0.642
TyG index 4.71 £0.32 4.48 £ 0.27 <0.001
HOMA-IR 2.10 £2.12 1.70 £ 1.28 <0.001

Values are presented as mean + standard deviation or n (%).
BMI, body mass index; PA, physical activity; MET, metabolic equivalent of task; TSH, thyrotropin; fT4, free thyroxine; HbAlc, glycated hemoglobin; HDL cholesterol,
high-density lipoprotein cholesterol; LDL cholesterol, low-density lipoprotein cholesterol; BUN, blood urea nitrogen; AST, aspartate aminotransferase; ALT, alanine

aminotransferase; hsCRP, high-sensitivity C-reactive protein; TyG, triglyceride-glucose index; HOMA-IR, homeostatic model assessment for insulin resistance.

https://doi.org/10.1371/journal.pone.0254630.t001
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Table 2. Associations of thyrotropin and free thyroxine levels with TyG index and HOMA-IR.

Men

B
(a) TyG index
TSH 0.001
T4 -0.187
(b) HOMA-IR
TSH 0.054
fT4 -0.039
‘Women

B
(a) TyG index
TSH 0.079
fT4 -0.116
(b) HOMA-IR
TSH 0.016
fT4 -0.042

SE, standard error.

Unadjusted Adjusted®
SE p B SE P
0.001 0.968 0.015 0.001 0.665
0.006 <0.001 -0.094 0.006 0.009
0.010 0.139 0.028 0.008 0.360
0.068 0.293 -0.026 0.060 0.428
Unadjusted Adjusted®
SE p B SE p
0.001 0.031 0.078 0.001 0.018
0.007 0.002 -0.047 0.006 0.163
0.008 0.655 0.034 0.007 0.288
0.066 0.249 -0.008 0.059 0.800

P values were generated by multiple linear regression analysis after adjusting age, BMI, waist circumference, smoking status, alcohol consumption, PA (> MET 600

minute/week), menopause (in women), and hsCRP.

https://doi.org/10.1371/journal.pone.0254630.t002

Associations of TyG index and HOMA-IR with TSH or fT4 in both sexes

The TyG index and HOMA-IR showed significant positive associations in men (r = 0.311, P <
0.001) and women (r = 0.381, P < 0.001). In men, the TyG index was negatively associated
with fT4 in unadjusted and adjusted models (8 = -0.187, P < 0.001 and 3 = -0.094, P = 0.009,
respectively), whereas it was not associated with TSH in either model (Table 2). In women, the
TyG index was positively associated with TSH in unadjusted and adjusted models (5 = 0.079, P
=0.031 and = 0.078, P = 0.018, respectively). The unadjusted model revealed a negative asso-
ciation between TyG index and fT4 in women (r = -0.116, P = 0.002), however, the statistical
significance disappeared after adjusting for confounders (P = 0.163). HOMA-IR did not show
significant associations with TSH or fT4 in either unadjusted or adjusted models in either sex.

TyG index and HOMA-IR in relation to TSH and fT4 tertiles

We compared the characteristics of study participants according to tertiles of TSH (Table 3).
In men, the proportion of current smokers (P < 0.001) and T4 levels (P = 0.047) decreased
with increasing TSH tertiles, whereas serum creatinine increased (P < 0.001). TyG index and
HOMA-IR did not differ between TSH tertiles in men. In women, the proportion of current
smokers (P = 0.025) and fT4 levels (P = 0.013) decreased with increasing TSH tertiles, whereas
the level of TyG index increased (P = 0.016). There were no differences in HOMA-IR between
TSH tertiles in women.

We further examined the characteristics of the study participants with regard to the tertiles
of fT4 (Table 4). In both sexes, age, BMI, waist circumference, FPG, HbAlc, triglycerides,
AST, and TyG index decreased with increasing fT4 tertiles (P < 0.001 to 0.048). In men, total
cholesterol, BUN, hsCRP, and HOMA-IR decreased with increasing T4 tertiles (P = 0.001 to
0.013), whereas serum creatinine increased (P = 0.023). In women, HDL cholesterol increased
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Table 3. Baseline characteristics according to TSH tertiles by sex.

T1 T2 T3 p?
(a) Men n =246 n =248 n =247
TSH range (mIU/L) 0.62-1.71 1.72-2.63 2.64-6.50
Age (years) 424+ 143 41.6 + 14.7 42.1+15.0 0.841
BMI (kg/mz) 243 +£3.2 245+34 24.6 £3.8 0.535
Waist circumference (cm) 85.4+8.5 86.2 £ 8.9 85.9 +10.1 0.641
Current smoker 121 (49.2) 95 (38.3) 63 (25.5) <0.001°
Current alcohol drinker 190 (77.2) 191 (77.0) 174 (70.4) 0.141°
PA (> MET 600 minute/week) 32 (13.0) 38 (15.3) 43 (17.4) 0.397°
fT4 (ng/dL) 1.30£0.16 1.31£0.16 127 £0.17¢ 0.047
Fasting plasma glucose (mg/dL) 95.9 +£10.1 95.8+10.3 96.2 +10.2 0.937
Insulin (mIU/L) 8.0+7.7 8.8+77 89+72 0.367
HbAlc (%) 5.41+0.32 543 +0.31 543 +0.33 0.790
Total cholesterol (mg/dL) 188.5 £ 33.5 192.2 £ 33.7 194.8 £ 33.7 0.109
Triglycerides (mg/dL) 148.9 £ 108.6 168.4 £ 150.4 161.3 £ 120.5 0.231
HDL cholesterol (mg/dL) 47.5+11.7 48.2 £10.7 48.1+11.5 0.785
LDL cholesterol (mg/dL) 115.3 £30.7 116.4 £ 29.7 119.9 £31.9 0.222
BUN (mg/dL) 14.1 £3.8 144 £ 3.5 14.6 £3.5 0.384
Creatinine (mg/dL) 0.93 £0.12 0.97 £ 0.12° 0.98 +0.12¢ <0.001
AST (U/L) 23.4+£99 255+15.3 239+123 0.151
ALT (U/L) 24.6 £ 18.1 29.3£30.2 27.3+£24.8 0.107
hsCRP (mg/L) 1.31£2.55 1.00 £ 1.37 1.09 £ 1.75 0.199
TyG index 4.69 £ 0.31 4.72£0.34 4.73 £0.31 0.363
HOMA-IR 1.99 +£2.40 2.12£2.02 2.17£1.92 0.607
(b) Women n=249 n =245 n =247
TSH range (mIU/L) 0.63-1.82 1.83-2.78 2.80-6.43
Age (years) 40.1 £ 14.0 419+ 14.8 419+ 15.0 0.280
BMI (kg/mz) 229+3.7 229+33 22.8+34 0.922
Waist circumference (cm) 77.1+9.2 77.4+ 8.6 77.1+8.9 0.915
Current smoker 21(8.4) 7(2.9) 13 (5.3) 0.025°
Current alcohol drinker 123 (49.4) 117 (47.8) 113 (45.7) 0.718°
PA (> MET 600 minute/week) 31(12.4) 36 (14.7) 31 (12.6) 0.709°
fT4 (ng/dL) 1.23£0.15 1.22£0.14 1.19 £ 0.14¢ 0.013
Fasting plasma glucose (mg/dL) 91.8+8.8 91.8+8.7 92.0+8.5 0.981
Insulin (mIU/L) 7.6 +5.6 6.9+4.0 75+53 0.267
HbAlc (%) 5.38 £ 0.33 5.38 + 0.30 540+ 0.32 0.702
Total cholesterol (mg/dL) 188.2 +33.4 191.2+33.2 191.5 +33.6 0.484
Triglycerides (mg/dL) 93.5+53.1 96.3 + 65.1 105.2 +57.7 0.069
HDL cholesterol (mg/dL) 559+ 13.1 56.3 £ 12.7 55.4+12.7 0.720
LDL cholesterol (mg/dL) 112.5 £ 30.5 114.3 £ 30.7 114.5 £ 30.7 0.721
BUN (mg/dL) 12.8 £3.7 129+3.7 129+ 3.6 0.950
Creatinine (mg/dL) 0.71 £0.12 0.72 £0.11 0.71 £ 0.09 0.231
AST (U/L) 192+7.7 193 +£6.0 195+6.4 0.878
ALT (U/L) 156+ 114 152 +£8.5 157 £10.4 0.829
hsCRP (mg/L) 1.3+£28 1.2+25 1.1+£22 0.665
TyG index 4.46 £0.26 4.46 £0.29 4.52 +0.26%¢ 0.016
(Continued)
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Table 3. (Continued)

T1 T2 T3 p*
HOMA-IR 1.76 + 1.40 1.59 £ 1.01 1.74 £ 1.40 0.285

Values are presented as mean + standard deviation or n (%). T1, the first tertile; T2, the second tertile; T3, the third tertile.
*P values for these trends were generated by ANOVA.

PP values for these trends were generated by chi-square test.

°P<0.05 vs. T1 in the post-hoc analysis

4p<0.05 vs. T2 in the post-hoc analysis

https://doi.org/10.1371/journal.pone.0254630.t003

with increasing T4 tertiles (P = 0.006), whereas TSH and LDL cholesterol decreased (P =
0.044 and P = 0.020, respectively). HOMA-IR did not differ according to fT4 tertiles among
women.

Next, we compared the IR surrogate markers, TyG index and HOMA-IR, relative to TSH
and fT4 tertiles after adjusting for confounding factors, including age, BMI, waist circumfer-
ence, smoking status, alcohol consumption, degree of PA, menopause (in women), and hsCRP
(Fig 1). In men, subjects in the lowest fT4 tertile exhibited the highest TyG index (LS mean dif-
ference between T1 and T2 of 0.084 [95% CI 0.019 to 0.148], LS mean difference between T1
and T3 of 0.095 [95% CI 0.030 to 0.160], P = 0.001), and HOMA-IR (LS mean difference
between T1 and T2 of 0.461 [95% CI 0.032 to 0.890], LS mean difference between T1 and T3 of
0.535 [95% CI 0.102 to 0.968], P = 0.006) after adjusting for confounding factors. TyG index
and HOMA-IR did not differ with respect to the TSH tertiles in men. In women, subjects in
the highest TSH tertile exhibited the highest TyG index (LS mean difference between T1 and
T3 0f 0.054 [95% CI 0.002 to 0.107], LS mean difference between T2 and T3 of 0.060 [95% CI
0.008 to 0.113], P = 0.010) after adjusting for confounding factors, whereas there were no dif-
ferences in HOMA-IR between TSH tertiles. TyG index and HOMA-IR did not differ accord-
ing to fT4 tertiles in women.

Risk of high TyG index and HOMA-IR regarding TSH and fT4 tertiles

Finally, we investigated the risk of high TyG index and HOMA-IR, which were defined as the
highest quartiles in each sex, according to TSH and T4 tertiles. After adjusting for all con-
founding factors, ORs for high TyG index were significantly lower in the highest and second
highest fT4 tertiles in men (OR = 0.41, 95% CI 0.26 to 0.64 and OR = 0.45, 95% CI 0.29 to 0.69,
respectively; P < 0.001), whereas it was significantly higher in the highest TSH tertile in
women (OR = 1.81, 95% CI 1.15 to 2.84, P = 0.031) (Table 5). The OR for high HOMA-IR was
significantly lower in the highest and second highest fT4 tertiles in men (OR = 0.47, 95% CI
0.29 to 0.78 and OR = 0.47, 95% CI 0.28 to 0.78, respectively; P = 0.003), but not in women

(P =0.476). There were no differences in the risk of high HOMA-IR with respect to TSH ter-
tiles in men and women (P = 0.207 and P = 0.297, respectively).

Discussion

The present study demonstrates that in a representative cohort of the Korean population,
based on data from the KNHANES 2015, the TyG index was associated with low-normal thy-
roid function in non-diabetic, euthyroid adults. While it was negatively associated with fT4 in
men, it was positively associated with TSH in women. These observations remained statisti-
cally significant after adjusting for confounding factors. Furthermore, the lowest fT4 tertile in
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Table 4. Baseline characteristics according to fT4 tertiles by sex.

T1 T2 T3 p?
(a) Men n =253 n=233 n =255

fT4 range (ng/dL) 0.90-1.21 1.22-1.35 1.36-1.75

Age (years) 475+ 13.8 41.1 +14.3° 37.4 + 14.0%¢ <0.001
BMI (kg/mz) 25.0£3.5 244+34 24.0 + 3.4° 0.003
Waist circumference (cm) 87.4+89 85.7+9.3 84.4+9.2° 0.001
Current smoker 84 (30.1) 102 (36.6) 93 (36.5) 0.050°
Current alcohol drinker 183 (72.3) 187 (80.3) 185 (72.5) 0.074°
PA (> MET 600 minute/week) 31(12.3) 38 (16.3) 44 (17.3) 0.252°
TSH (mIU/L) 2.50+1.24 2.28 + 1.07 2.35+1.18 0.114
Fasting plasma glucose (mg/dL) 98.6 £ 11.1 94.4 +9.3° 94.8 +9.5° <0.001
Insulin (mIU/L) 9.6 +9.5 82+7.0 7.9 +5.4° 0.020
HbAlc (%) 5.49 +0.33 5.42 +0.30° 5.36 +0.31° <0.001
Total cholesterol (mg/dL) 197.7 £ 35.2 189.9 + 32.2¢ 187.7 +32.9° 0.002
Triglycerides (mg/dL) 190.5 £ 158.7 150.3 + 106.4° 137.3 £ 103.7° <0.001
HDL cholesterol (mg/dL) 46.6 £ 11.4 48.5+11.0 48.7+t11.4 0.083
LDL cholesterol (mg/dL) 119.7 £ 32.6 116.2 £ 28.5 115.7 £ 31.0 0.297
BUN (mg/dL) 149 +£3.7 14.1 +3.6° 14.1 +3.4° 0.013
Creatinine (mg/dL) 0.95£0.13 0.96 £ 0.12 0.98 + 0.12¢ 0.023
AST (U/L) 268 £17.2 23.9 +10.2° 22.1 +8.4° <0.001
ALT (U/L) 29.3£28.8 26.6 £ 23.0 253+£222 0.174
hsCRP (mg/L) 1.47 £2.51 1.13 £2.03 0.80 + 0.94° 0.001
TyG index 4.80 £ 0.34 4.69 +0.30° 4.64 +0.30° <0.001
HOMA-IR 2.44 £ 2.80 1.96 + 1.88° 1.88 + 1.39° 0.006

(b) Women n =246 n =248 n=247

fT4 range (ng/dL) 0.90-1.14 1.15-1.26 1.27-1.72

Age (years) 44.0 + 139 414+ 153 38.5+ 14.1° <0.001
BMI (kg/mz) 233+£3.6 23.0+ 3.5 22.3 +3.2° 0.004
Waist circumference (cm) 78.3+8.9 77.5+9.1 75.6 + 8.6° 0.002
Current smoker 16 (6.5) 14 (5.6) 11 (4.5) 0.606°
Current alcohol drinker 126 (51.2) 108 (43.5) 119 (48.2) 0.228°
PA (> MET 600 minute/week) 38 (15.4) 28 (11.4) 32 (13.0) 0.390°
TSH (mIU/L) 2.68 £ 1.31 249 +1.19 2.41 +1.20° 0.044
Fasting plasma glucose (mg/dL) 93.0+9.2 91.9+9.1 90.8 +7.5° 0.014
Insulin (mIU/L) 7.6+54 7.3+4.6 7.2+52 0.643
HbAlc (%) 545+ 0.34 5.37 +0.30° 5.35+0.31° <0.001
Total cholesterol (mg/dL) 192.8 + 34.4 191.7 + 31.9 186.5 + 33.5 0.080
Triglycerides (mg/dL) 105.1 £ 64.2 97.8 £ 54.0 92.1 +57.8° 0.049
HDL cholesterol (mg/dL) 548 +13.4 549+ 11.5 58.0 + 13.2¢ 0.006
LDL cholesterol (mg/dL) 115.8 £ 30.9 116.2 £ 29.6 109.3 + 31.0¢ 0.020
BUN (mg/dL) 13.1£3.8 13.1£3.8 124+3.4 0.063
Creatinine (mg/dL) 0.71 £0.12 0.71 £0.10 0.72 £0.10 0.285
AST (U/L) 20.1+£7.6 193 +£6.7 18.6 + 5.8° 0.048
ALT (U/L) 16.0 £ 11.2 15.8 £10.8 14.6 £ 8.2 0.275
hsCRP (mg/L) 1.34 £3.22 1.17 £2.09 1.04 £2.10 0.419
TyG index 4.52 £0.29 4.48 £0.27 4.45 +0.25° 0.032

(Continued)
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Table 4. (Continued)

T1 T2 T3

HOMA-IR

1.78 £ 1.34 1.68 +1.17 1.63 +1.33 0.450

Values are presented as mean + standard deviation or n (%). T1, the first tertile; T2, the second tertile; T3, the third tertile.
*P values for these trends were generated by ANOVA.

PP values for these trends were generated by chi-square test.

°P<0.05 vs. T1 in the post-hoc analysis
4p<0.05 vs. T2 in the post-hoc analysis

https://doi.org/10.1371/journal.pone.0254630.t004

men and the highest TSH tertile in women were significantly associated with the risk of a high
TyG index.

The TyG index, which is a product of fasting triglycerides and glucose, is a recently pro-
posed surrogate marker of IR [14, 15]. Not only is it more cost-effective in a real-world clinical
setting, it has also been reported to outperform HOMA-IR in the prediction of incident car-
dio-metabolic diseases, such as T2DM, non-alcoholic fatty liver disease (NAFLD), and cardio-
vascular diseases [16-18, 23-25]. To the best of our knowledge, this is the first study to
examine the association between the TyG index and thyroid function.

We investigated this relationship according to sex in non-diabetic, euthyroid adults. Similar
to previous studies [14, 26], the TyG index showed a positive correlation with HOMA-IR, a
traditionally used surrogate marker of IR. In men, we observed a negative association between

A Men B Women
P=0.167 P=0.557 COT P=0.010 P=0.143 =Tl
4.80 2.60+ = 4.60 1.90+ =T
2.40- - T3 4.55- ab 1.80- - R
4.70
o o
< 2.20+ (;4.50- & 1.704
F 4.60- 3 P z
T 2.00 4.454 I 1.60-
4.50 +~ 1.80 + 440 + 1.50 +
ooll L 1NN NN ool LI NN oo ool L 1NN NN
™ T2 T3 ™M T2 T3 ™M T2 T3 M T2 T3
TSH tertiles TSH tertiles TSH tertiles TSH tertiles
P=0.001 P=0.006 P=0.687 P=0.692
4.80 2.60 4.60 1.90+
a a 2.40 4.55- 1.804
4,70
x x
) & 220 a (0 4.50 X 1707
i:‘ 4,60+ = a .:‘ =
. o (o]
£ 2.00 i L 4.45- T 1.60
4.50 + 1.80 ~ 4.40 +~ 1.50 +
ooll L N0 W ool L L 1NN NN 0.0 0.0
™M T2 T3 ™ T2 T3 ™M T2 T3 I T2 T3
fT4 tertiles fT4 tertiles fT4 tertiles fT4 tertiles

Fig 1. TyG index and HOMA-IR in (A) men and (B) women according to TSH tertiles and fT4 tertiles. Data are adjusted for confounders
including age, BMI, waist circumference, smoking status, alcohol consumption, physical activity (>MET 600 minute/week), menopause (in
women), and hsCRP. Data are expressed as least square mean + standard error. The P values for trends were generated by analysis of
covariance (ANCOVA). *P < 0.05 vs. the lowest tertile (T1) by ANCOVA. ®P < 0.05 vs. the second lowest tertile (T2) by ANCOVA.

https://doi.org/10.1371/journal.pone.0254630.9001
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Table 5. Odds ratio for high TyG index and HOMA-IR with respect to TSH or fT4 tertiles by sex.

Men Women
OR (95% CI) p? OR (95% CI) P
(a) High TyG index

TSH tertiles 0.286 0.031
T1 Ref Ref
T2 1.16 (0.75-1.81) 1.25(0.79-1.99)
T3 1.43 (0.92-2.24) 1.81 (1.15-2.84)

T4 tertiles <0.001 0.202
T1 Ref Ref
T2 0.45 (0.29-0.69) 0.73 (0.48-1.13)
T3 0.41 (0.26-0.64) 0.69 (0.44-1.08)

(b) High HOMA-IR

TSH tertiles 0.207 0.297
T1 Ref Ref
T2 1.39 (0.85-2.27) 1.18 (0.74-1.88)
T3 1.55 (0.94-2.56) 1.44 (0.91-2.29)

T4 tertiles
T1 Ref 0.003 Ref 0.476
T2 0.47 (0.28-0.78) 0.77 (0.49-1.22)
T3 0.47 (0.29-0.78) 0.79 (0.50-1.26)

P was generated by multiple logistic regression analysis after adjusting age, BMI, waist circumference, current
smoker, current alcohol drinker, physical activity (>MET 600 minute/week), menopause (in women), and hsCRP.
High TyG and HOMA-IR were defined as each values in the highest quartile for both sex.

https://doi.org/10.1371/journal.pone.0254630.1005

fT4 levels and the TyG index in both unadjusted and adjusted analyses. In contrast, women
exhibited a positive association between the TyG index and TSH, regardless of adjustment.
However, the negative correlation we found between fT4 concentrations and TyG index in
women in our unadjusted analysis disappeared after adjusting for confounding factors. These
findings indicate that although the components of thyroid function related to the TyG index
differ between sexes, there is an independent association between the TyG index and low-nor-
mal thyroid function in both men and women.

We observed that male subjects in the lowest T4 tertile had a higher TyG index compared
with those in the higher fT4 tertiles after adjusting for confounding factors. In women, subjects
in the highest TSH tertile had a higher TyG index compared with those in the lower TSH ter-
tiles after adjusting for confounders. We further investigated the risk of IR, defined as the high-
est quartile of TyG index, with respect to TSH and T4 tertiles. The lowest fT4 tertile in men
and the highest TSH tertile in women showed a significantly increased risk of a high TyG
index. Taken together, our findings suggest a strong association between low-normal thyroid
function and IR in terms of the TyG index.

In order to compare the TyG index to traditional methodologies, we examined the associa-
tion between HOMA-IR and thyroid function. Interestingly, HOMA-IR did not show signifi-
cant associations with TSH or T4 in either men or women using multiple linear regression
analyses. However, in men, the lowest T4 tertile showed a higher HOMA-IR compared with
higher {T4 tertiles after adjusting for confounding factors. Similar to the TyG index, we further
evaluated the risk of high HOMA-IR (defined as the highest quartile of HOMA-IR) with
respect to TSH and fT4 tertiles. The lowest fT4 tertile in men correlated with an increased risk
of high HOMA-IR, whereas no such relationships were observed in women. These findings
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differ from those of previous studies, which reported a significant association of both TSH and
T4 with HOMA-IR [11, 12]. The discrepancy between the current study and others may be
due to several reasons. First, whilst ours was conducted on a Korean population, the subjects
of aforementioned previous studies were Dutch [11] and Mexican [12]. Interestingly, two stud-
ies conducted on Koreans showed a significant association of TSH with metabolic syndrome,
but not with HOMA-IR, in euthyroid women, suggesting possible ethnic differences in this
context [4, 7]. Pancreatic beta cell dysfunction has a greater contribution to the development
of type 2 diabetes in Asians compared to other ethnicities [27, 28]. Therefore, when the degree
of metabolic dysfunction is similar, the serum insulin level in Asians is relatively low. This may
be the reason for inconsistent results from studies of Koreans and other ethnic groups on the
association of thyroid function with HOMA-IR. Second, we included only euthyroid subjects,
in contrast to a previous study that included subjects with subclinical hypothyroidism, as well
as euthyroidism [12]. Third, there are methodological differences in measuring TSH and fT4,
and regarding the reference ranges across the studies. Finally, we analyzed men and women
separately due to different baseline characteristics between sexes, whereas previous studies
analyzed all study participants after adjusting for age and sex. These differences across studies
might elicit discordant results for the association between thyroid function and HOMA-IR.
Given our results, we nevertheless speculate that the TyG index could be a stronger indicator
for assessing IR with respect to thyroid function, as compared with HOMA-IR. However, fur-
ther studies will be needed to validate our findings, particularly the relative association
between TyG index and HOMA-IR in the assessment of thyroid function.

The relationship between low-normal thyroid function and metabolic dysfunction has been
previously reported. Some studies have shown that components of metabolic syndrome are
associated with high TSH [4-7], while others have found associations with low fT'4 [8-10] or
both [11, 12]. In addition, low-normal thyroid function is associated with incident T2DM
[29]. These findings may be explained by the direct biological effects of TSH and fT'4 on glu-
cose and lipid metabolism: TSH directly stimulates gluconeogenesis [30], cholesterol synthesis
[31, 32], de novo lipogenesis in hepatocytes [33], and leptin secretion in adipocytes [34], while
low T4 directly causes decreased glucose utilization in skeletal muscles [35-37] and adipocytes
[35, 37]. However, the relative contribution of TSH and T4 to metabolic dysfunction has not
been fully elucidated.

A recent study has reported that the association between mild elevation in TSH and lipid
levels varies with menopausal status [38]. In premenopausal women, TSH showed a significant
positive relationship with total cholesterol, LDL cholesterol, and triglycerides, whereas in post-
menopausal women, TSH showed a significant positive relationship only with triglycerides.
Because our study investigated the association between TSH and triglyceride-based TyG
index, we adjusted for menopausal status as a covariate in the multivariate analyses. Therefore,
our results are likely independent of women’s menopausal status.

This study has some limitations. First, due to the cross-sectional design of the study we
could not determine the causality of low-normal thyroid function using the TyG index. Sec-
ond, the classification of IR (indicated as high TyG index or HOMA-IR), defined as the highest
quartile of TyG index and HOMA-IR in each sex, may be arbitrary. Although there are no def-
inite cut-off values for IR and previous studies used a similar classification [26, 39-41], our
results might be biased by the non-definite classification of IR. Further, in order to clearly con-
firm the usefulness of the TyG index, its associations with subclinical and overt thyroid dys-
function should be evaluated in future studies.

Taken together, this study shows that low-normal thyroid function was associated with a
higher TyG index in euthyroid Korean adults. Particularly the relationship between the differ-
ent components of low-normal thyroid function and the TyG index were found to differ
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according to sex, namely fT'4 in men and TSH in women. Our findings suggest that the TyG
index is a good surrogate marker of IR in evaluating its relationship with thyroid function.
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