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Context

Thyroid hormone influences glucose homeostasis through central and peripheral regulations. To date, the link between sensitivity to thyroid hormones and prediabetes remains unknown. We aimed to investigate the association between thyroid hormones sensitivity and risk of prediabetes in both general and euthyroid populations.



Methods

Participants with serum free triiodothyronine (FT3), free thyroxine (FT4), and thyrotropin (TSH) measurements from the health checkup programs of the First Hospital of China Medical University were collected. We measured the parameters representing central and peripheral sensitivities to thyroid hormones (central sensitivity, assessed by calculating Thyroid Feedback Quantile-based Index (TFQI), TSH Index (TSHI), and Thyrotroph Thyroxine Resistance Index (TT4RI); peripheral sensitivity, evaluated by FT3/FT4 ratio). Associations between thyroid hormones sensitivities and risk of prediabetes were assessed with logistic regression.



Results

A total of 4378 participants (mean age ± SD, 49 ± 11 years) were included, with 1457 (33%) subjects had prediabetes. The risk of prediabetes was negatively associated with levels of TSHI (odds ratio [OR] 0.91; 95% confidence interval [CI], 0.85–0.97), TT4RI (OR 0.91; 95% CI, 0.84–0.99) and Parametric TFQI (PTFQI) (OR 0.89; 95% CI, 0.83–0.95) among all subjects. The association remained significant in euthyroid subjects and euthyroid subjects with negative thyroid autoimmunity. Higher FT3/FT4 ratio was associated with a mild increased risk of prediabetes (95% CI 1.09; 1.02–1.16). Compared with subjects in the lowest quartile of PTFQI, those in the highest quartile had lower risk of prediabetes (0.70; 95% CI, 0.58–0.84).



Conclusions

Decreased central sensitivity to thyroid hormones is associated with lower risk of prediabetes. This demonstrates the complex interaction between thyroid system and glucose metabolism. Future studies are warranted to confirm our findings and underlying mechanisms.
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Introduction

Prediabetes is a condition of intermediate hyperglycemia below the diagnostic threshold of type 2 diabetes mellitus (T2DM). Higher risk for nephropathy and cardiovascular disease has been found in patients with prediabetes, suggesting the pathogenic effects of impaired glucose may start at this early stage of diabetes (1).With aging, urbanization and changes in lifestyles, the population of prediabetes has been rising worldwide. The prevalence of prediabetes in China has increased from 15.5% in 2008 (2) to 35.2% in 2017 (3), which has become a major burden for public health.

Nearly 70% of patients with prediabetes will develop diabetes eventually (4). To prevent and treat diabetes in early stage, many studies aimed to find risk factors for prediabetes and diabetes. Thyroid hormone is an important regulator of glucose and lipid metabolism. It is well established that patients with thyroid disorders were more likely to develop obesity, metabolic syndrome and diabetes than healthy individuals (5). Both hypothyroidism and hyperthyroidism has been suggested to be associated with diabetes (6–8). Furthermore, even variations of thyroid function within normal range might be associated with development and progression of diabetes (9). These contradictory findings from previous studies suggest there are more complex pathophysiologic mechanisms linking the relationship between thyroid hormones and glucose metabolism.

The homeostasis of thyroid system can be achieved through the coordination of negative feedback regulation in the central nervous system, and a set of iodothyronine deiodinase (DIO) and thyroid hormone receptor (THR) in peripheral target organs (5). Recently, a study suggests that reversible central thyroid hormone resistance, which existed both in thyroid hormone overproduction and deficiency, was related to risks of diabetes and diabetes-related mortality (10). It is uncertain whether changes of sensitivity to thyroid hormones impact the development of prediabetes. Therefore, in this population-based study, we aimed to assess the associations of sensitivity to thyroid hormones with the risk of prediabetes in the general and euthyroid subjects.



Methods


Study Population

7,688 participants with thyroid function measurements in health checkup programs of the First Hospital of China Medical University from January 2017 to December 2018 were included consecutively. Among 4,976 individuals with complete baseline information, subjects with incorrect data (n = 5) and known diabetes (n = 593) were excluded.



Assessment of Thyroid Function

Serum free triiodothyronine (FT3), free thyroxine (FT4), thyrotropin (TSH), and thyroid peroxidase antibodies (TPOAb) were measured with the automated immunochemiluminescent assay (ICMA) kits (Abbott, IL, USA). The reference ranges of TSH, FT4 and FT3 were 0.35 to 4.94 mIU/L, 9.01 to 19.05 pmol/L, and 2.63 to 5.70 pmol/L, respectively. Euthyroid was defined as having FT3, FT4 and TSH within normal ranges, and without known thyroid disease history. Thyroid autoimmunity was defined as TPOAb ≥ 5.61 IU/ml.



Baseline and Other Measurements

Body weight, height, waist circumference (WC), and blood pressure were measured according to standard protocols. Body mass index (BMI) was calculated by dividing body weight in kg by the square of height in meters. Hypertension was defined by self-report of hypertension or elevated blood pressure (systolic blood pressure ≥ 140 mm Hg or diastolic blood pressure ≥ 90 mm Hg).

Venous blood samples were collected in the morning between 7:00 am and 10:00 am after an 8- to 12-h fast, and then promptly centrifuged and analyzed. The concentrations of total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), fasting plasma glucose (FPG), and glycosylated hemoglobin (HbA1c) were determined by enzymatic methods on the Automatic Biochemical Analyzer. Dyslipidemia was defined as TG ≥ 1.7 mmol/L or TC ≥ 5.2 mmol/L or LDL ≥ 3.4 mmol/L or HDL ≤ 1.0 mmol/L. Prediabetes was defined as impaired fasting glucose (IFG, FPG 5.6 mmol/L to 6.9 mmol/L) or HbA1c 5.7% to 6.4% (11).



Indices of Thyroid Hormone Sensitivity

Central indices of thyroid hormone sensitivity included TSH index (TSHI), TSH T4 resistance index (TT4RI), Thyroid Feedback Quantile-based Index (TFQI), and Parametric Thyroid Feedback Quantile-based Index (PTFQI). TSH index, TSHI = ln TSH (mIU/L) + 0.1345 * FT4 (pmol/L) (12). TSH T4 resistance index, TT4RI = FT4 (pmol/L) * TSH (mIU/L) (13). TFQI and PTFQI were calculated using the algorithm developed by Laclaustra et al. (10). FT3/FT4 ratio was calculated to evaluate the peripheral thyroid hormone sensitivity.



Statistical Analysis

Continuous variables with normal distribution were expressed as mean ± SD, and those with skewed distribution were described as median (interquartile ranges, IQRs). Categorical variables were expressed as number of events and percentages. Comparisons between characteristics of participants with and without prediabetes were conducted using the independent samples t-test or Mann-Whitney U test.

We investigated the odds ratio (OR) of prediabetes with per SD change of indices of thyroid hormone sensitivity in three adjusted models. Model 1 was adjusted for age and gender; model 2 was adjusted for age, gender and BMI; model 3 was adjusted for age, gender, BMI, WC, hypertension, and dyslipidemia. Variables in the multivariable models represent the most common confounding or mediating factors of the association between resistance to thyroid hormone and prediabetes. Additionally, we performed the following sensitivity analysis: restricting analyses to euthyroid participants; excluding participants with thyroid dysfunction and thyroid autoimmunity. Stratification by gender, age categories (cutoff age 60 years) and BMI groups (divided by BMI < 24.0, 24.0 ≤ BMI < 28 or BMI ≥ 28.0) was performed.

Next, we compared the risk of IFG, HbA1c 5.7% to 6.4% and overall prediabetes across quartiles of indices of thyroid hormone sensitivity using the logistic regression analysis, with the first quartile as the reference group. The results of logistic regression analysis were expressed as odds ratio (OR) and 95% confidence interval (CI). P-values < 0.05 were considered significant. Statistical analyses were conducted using IMB SPSS, version 26 and STATA version 16 for Windows.




Results


Baseline Characteristics

Baseline characteristics of 4,378 eligible participants are presented in Table 1. The prevalence of prediabetes was 33%. The mean age of included participants was 49 years and 53% were men. Compared to participants with normoglycemia, participants with prediabetes were more likely to be older, men, with higher prevalence of hypertension and dyslipidemia. Participants with prediabetes tended to have higher BMI, WC, and FT3/FT4, while the levels of TSHI, TT4RI, and PTFQI were significantly lower.


Table 1 | Baseline characteristics of participants with normoglycemia and prediabetes.





Association of Sensitivity to Thyroid Hormones With the Risk of Prediabetes

The adjusted association between prediabetes with resistance to thyroid hormone indices was shown in Table 2. Higher level of TSHI, TT4RI, and PTFQI were associated with lower levels of prediabetes. With per SD increase of TSHI, TT4RI, and PTFQI, the odds ratio of prediabetes was 0.91 (95% CI, 0.85–0.97), 0.91 (95% CI, 0.84–0.99), and 0.89 (95% CI, 0.83–0.95), respectively. The association remained significant after adjustments for age, gender, BMI, WC, hypertension, and dyslipidemia. There was no significant association between the level of TFQI and prediabetes. Increased FT3/FT4 ratio was associated with higher risk of prediabetes (OR, 1.09; 95% CI, 1.02–1.16), whereas the association was insignificant in the fully-adjusted model.


Table 2 | Association between indices of thyroid hormone sensitivity and prevalence of prediabetes.



The association between TSHI, TT4RI and prediabetes was more significant among euthyroid participants and negative thyroid autoimmunity. Besides, TFQI was negatively associated with the risk of prediabetes in euthyroid participants with negative thyroid autoimmunity (OR, 0.92; 95% CI, 0.85–0.99) in the fully adjusted model. Stratification analyses for gender, age, and BMI categories did not show significantly differential risks of prediabetes (Pfor interaction for all analyses > 0.05) (Supplementary Table 1).



Association of Prediabetes With Sensitivity to Thyroid Hormones in Quartiles

The prevalence of elevated HbA1c and overall prediabetes decreased significantly across quartiles of PTFQI (Figure 1). Compared with the lowest quartile of PTFQI, the risks of elevated HbA1c and overall prediabetes in participants with highest quartile of PTFQI were 0.70 (95% CI, 0.57–0.86) and 0.70 (95% CI, 0.58–0.84), respectively. However, there was no significant association between IFG and quartiles of PTFQI. Increased quartiles of TSHI, TT4RI, and TFQI were also associated with lower risk of IFG, elevated HbA1c, and overall prediabetes to different extent (Supplementary Tables 2–4). Neither individual events of prediabetes nor overall prediabetes were associated with quartiles of FT3/FT4 ratio (Supplementary Figure 1).




Figure 1 |  The association between quartiles of PTFQI and risk or prediabetes. Logistic regression model; models are adjusted for age, gender, BMI, WC, hypertension and dyslipidemia.






Discussion

In this population-based cross-sectional study, we found decreased central thyroid hormone sensitivity (increased TSHI, TT4RI, and PTFQI) were associated with lower risk of prediabetes. The relationship remained consistent after excluding participants with thyroid dysfunction and thyroid autoimmunity. In addition, increased peripheral thyroid hormone sensitivity (increased FT3/FT4 ratio) was correlated to higher risk of prediabetes, while the correlation was insignificant after adjusting for multiple confounding factors. To our knowledge, this is the first study evaluating the association between sensitivity to thyroid hormones and prediabetes.

Thyroid hormones have profound effects on the regulation of glucose homeostasis (5). Most of previous studies found increased prevalence of T2DM and prediabetes among subjects with hypothyroidism (6, 9, 14–16). A 7-year prospective study of Korean population reported that the risk of T2DM was positively related with the level of TSH, while negatively associated with the level of T3 and FT4 (14). Decreased level of FT4 within normal range was one of risk factors for hyperglycemia and insulin resistance (16). However, a study of Germany and Danish population suggested that the level of thyroid hormones were positively associated with prevalent and incident T2DM (7). Two cross-sectional studies reported a positive correlation between the level of FT4 and FPG (17, 18). Inconsistency in previous studies highlights that TSH or thyroid hormone levels alone maybe insufficient to explain the relationship between thyroid system and glycemic dysregulation.

Circulating thyroid hormones are regulated by the hypothalamus–pituitary–thyroid (HPT) axis through a negative feedback mechanism. Dysregulation of HPT axis often coexisted with metabolic syndrome or diabetes, a condition well-known in the elderly population (19). In 2009, Jostel et al. first proposed the calculation of TSHI for estimating the sensitivity of pituitary to thyroid hormones (20). Impaired HPT sensitivity to thyroid hormones has been suggested to be related to multiple unfavorable clinical outcomes, including obesity (21), T2DM (10, 22), and decreased estimated glomerular filtration rate (eGFR) (22). In 2019, Laclaustra et al. reported the association between TFQI and the risk of diabetes, obesity and diabetes-related deaths prospectively (10). These finding provides explanations for the association of both hyperthyroidism and hypothyroidism with metabolic disease. Consistently, a recent cross-sectional study suggests that decreased sensitivity to thyroid hormones were positively related to the level of adipocyte fatty acid-binding protein (A-FABP) (23). However, to our knowledge, there has been no study focusing on the relationship between sensitivity to thyroid hormones and the risk of prediabetes. Contrary to most previous studies, our result showed decreased sensitivity to thyroid hormones has a protective effect on prediabetes, which was consistent in subgroup analyses among different age, gender, and BMI categories. A cross-sectional study in China also found a negative association between HbA1c and TSHI, though it did not reach statistical significance (24). The contradictory results from the aforementioned studies could be attributed to differences in age, gender, ethnicity, and iodine status of study population. Taken all into consideration, these evidences suggest the potential role of sensitivity to thyroid hormones in the development of metabolic disease.

There are several pathways that may explain the observed association between indices of central resistance to thyroid hormones and prediabetes. Firstly, thyroid hormone plays an important role in insulin signaling pathway (25).The level of FT3 and FT4 has been reported to be negatively associated with insulin resistance index (HOMA-IR), while TSH was positively associated with HOMA-IR (26, 27). In patients with hypothyroidism, impaired translocation of GLUT4 glucose transporters contributed to decreased insulin-stimulated rates of glucose transport (28). Besides, a decreased level of FT4 within the normal range was correlated with risk of insulin resistance (29, 30). Participants with decreased central sensitivity of thyroid hormones tended to have increased FT4 levels, which may decrease risk of prediabetes by improving insulin sensitivity and glucose utilization. Secondly, thyroid hormone can regulate glucose homeostasis at genetic levels by affecting transcription factors involved in adipogenesis (31), genes regulating insulin resistance (32), and beta-cell proliferation (33). Mice with resistance to thyroid hormone (RTH) exhibited impaired THR signaling, leading to reduced hepatic glucose production and reduced gluconeogenesis (34). However, this has lead to an inconsistency, as our study found that glucose tolerance is actually higher in subjects with increased central thyroid hormone resistance. Given the cross-sectional design of our study, it is possible that glucose metabolism can lead to the reversed changes in thyroid physiology, but more direct evidence is warranted in future studies. Thirdly, the cross-talk between HPT axis and glucose metabolism may also be achieved through hormonal regulation. Leptin is a hormone predominantly secreted from adipose tissue, which acts on hypothalamic appetite center to regulate the caloric intake and energy storage (35). The level of leptin has been reported to change in status of thyroid dysfunction both in animal models and human beings (36). Central thyroid hormone sensitivity may change the secretion of leptin, affecting the feeding behavior, leading to the change of adiposity, and glucose metabolism. However, the exact modulating mechanisms between central thyroid hormone sensitivity and leptin pathway are unclear.

Besides the HPT axis, the relation between thyroid function and glucose metabolism could also be modulated by peripheral DIO activity. Inactive T4 is transformed into active T3 by DIO1 in the peripheral tissues (36). In adipose tissue of obese subjects, the expression of DIO1 was upregulated through the stimulation of leptin (37). Several previous studies reported that increased FT3 and FT3/FT4 ratio were associated with unfavorable metabolic phenotypes, including higher BMI, TC, BP, and FPG (38–40). Our study found a higher conversion of FT4 to FT3 in patients with prediabetes, though it did not reach significance after adjusting for BMI, WC, dyslipidemia, and hypertension. And a large cross-sectional study in China suggested that the level of FT3 and FT3/FT4 ratio were negatively associated with the risk of T2DM, independent of multiple confounding factors (17). This discrepancy suggests the role of thyroid hormones in metabolic disorders changes with different types and stages of disease. Only a few cross-sectional studies existed investigating the association between FT3/FT4 ratio and risk of metabolic disease, and the mechanisms of regulation remained unknown.

The strengths of this study include the large number of participants and the detailed information of available covariates for adjustment analysis. We also performed secondary analyses among euthyroid participants and individuals with negative thyroid autoimmunity. However, our study has several limitations. Firstly, the cross-sectional design based on a single measurement is insufficient to establish a cause and effect relationship between sensitivity to thyroid hormones and prediabetes. Though we have adjusted for multiple confounding factors, the possibility of reverse causation and influence of medication cannot be ruled out. Secondly, the prevalence of dyslipidemia in this cohort was higher than previous studies, and may therefore not be generalizable to other populations. Thirdly, medication history of our subjects was absent. Metformin could increase the inhibitory effect of thyroid hormones on central TSH secretion by modulating the expression of THRs or DIO2 at hypothalamic-pituitary level, leading to decreased levels of TSH without significant changes of FT4 (12). It is likely that participants with prediabetes in our study have started on metformin regimens, leading to increased pituitary sensitivity in this group. However, the majority of our subjects were euthyroid, whose TSH levels were less likely to be influenced by this antidiabetic agent (12, 41). It is important to emphasize that thyroid resistance indices cannot replace the evaluation of thyroid function and THR mutation test, but rather a supplementary method to learn the association between thyroid system and other metabolic disease.

In conclusion, our study demonstrates the association between increased central resistance to thyroid hormones and lower risk of prediabetes. This study provides evidence for the significance of thyroid hormones in their interactions with glucose metabolism, while future studies are warranted to confirm these findings and underlying mechanism.
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