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Purpose

Previous studies have suggested that cholesterol may influence thyroid function. Since statins are widely used for their cholesterol-lowering effect, we aimed to assess the association between statin use and thyroid function, and also to explore the role of the cholesterol-lowering effect in it.



Methods

We performed a retrospective cohort study derived from REACTION study. Eligible subjects receiving statin therapy were included in the statin group, and sex-, age-, total cholesterol (TC)-, and thyroid function-matched participants without lipid-lowering therapy were included in the control group. The median follow-up time was three years. Outcomes of thyroid function were evaluated at the end of follow-up. We used multivariable regression models to assess the association between statin use and outcomes of thyroid function, and also performed mediation analyses to explore the role of cholesterol in it.



Results

A total of 5,146 participants were screened, and 201 eligible subjects in the statin group and 201 well-matched subjects in the control group were analyzed. At the end of follow-up, TC and thyroid-stimulating hormone (TSH) levels in the statin group were lower than those in the control group (both p < 0.05), and the percentage of euthyroid subjects was higher in the statin group (88.06% vs. 76.12%, p = 0.002). The incidence rate of subclinical hypothyroidism (SCH) in euthyroid subjects was lower in the statin group (6.29% vs. 14.86%, p = 0.009), and the remission rate among subjects with SCH was higher in the statin group (50.00% vs. 15.38%, p = 0.008). In multivariable regression analyses, statin use was independently associated with lower TSH levels and higher odds to be euthyroid (OR 2.335, p = 0.004) at the end of follow-up. Mediation analyses showed the association between statin use and TSH levels were mediated by TC changes during follow-up.



Conclusion

Statin use was associated with benefits of thyroid function, and TC changes serve as a mediator of the association between statin use and TSH levels. Further studies are needed to clarify the possible underlying mechanism.





Keywords: statin, thyroid function, thyroid-stimulating hormone, total cholesterol, mediation analysis



Introduction

Hypothyroidism is a common pathological condition of thyroid hormone deficiency, including overt hypothyroidism (OH) and subclinical hypothyroidism (SCH) (1). In China, the prevalence of SCH has significantly increased from 3.22% in 1999 to 16.7% in 2011 (2). The most frequent cause of SCH is Hashimoto’s thyroiditis in iodine-sufficient areas (3). However, risk factors contributing to the increasing prevalence of SCH remain unclear.

In recent years, studies have revealed the emerging role of the disturbance of lipid metabolism in the development of hypothyroidism (4–9). Our previous prospective observational study found that high baseline total cholesterol (TC) level was a risk factor of progression to OH in patients with SCH (10), which suggested that cholesterol may influence thyroid function. It is known that SCH is associated with an increased risk of cardiovascular disease (11, 12), and cholesterol is a key element in the development of cardiovascular disease (13). If cholesterol-lowering therapy can benefit thyroid function, we can not only find a possible way to relieve the disease burden of SCH, but also provide additional evidence that cardiovascular mortality and morbidity can be reduced by the proper control of cholesterol levels.

Statins are widely used due to their ability to lower cholesterol in clinical practice. Besides, statins also have pleiotropic actions such as anti-inflammatory and immunomodulatory properties (14, 15). Only a few studies have investigated the effects of statins on thyroid function, and the results were inconsistent (16–18). A reason for these findings could be due to small sample sizes that were limited to hospital-based patients only. It still remains inconclusive whether statin use is associated with improved thyroid function in the general population. We believe that it is worth clarifying this relationship, as well as investigating whether this is mediated by the cholesterol-lowering function of statins.

In this population-based retrospective cohort study, we aimed to assess the association between statin use and thyroid function, as well as to explore the role of the cholesterol-lowering effect in it.



Materials and Methods


Study Design and Participants

This study involves retrospective analyses of the population derived from the community-based REACTION study, which was a prospective observational cohort study in China investigating the epidemiology of metabolic diseases in residents aged 40 years or older (19). The study protocol was approved by the ethics committee of Shanghai Jiao Tong University, and all participants provided written informed consent before data collection.

In this study, data were obtained from participants who enrolled in REACTION study in Ningyang County, Shandong Province between April 2011 and July 2017. We included 5,146 participants who had more than one visit during the study period and assessed for eligibility. As our primary focus was the relationship between statin use and the outcome of thyroid function, we excluded subjects using the following exclusion criteria: (1) Missing vital data, such as age, sex, body mass index (BMI), or thyroid function; (2) self-report history of thyroid tumor, thyroidectomy, or radioactive iodine therapy; (3) intake of medications that influence thyroid function or serum lipids except statins (including thyroid hormone, antithyroid drugs, amiodarone, lithium, β-adrenergic blockers, fibrates, and steroid hormone) within the past 3 months; and (4) complications or conditions that affect thyroid status or lipid metabolism, such as pregnancy, lactation, severe liver dysfunctions (either alanine aminotransferase (ALT) or aspartate aminotransferase (AST) higher than 100 U/L), renal dysfunction (creatinine higher than 105 µmol/L and an estimated glomerular filtration rate (eGFR) generated from simplified MDRD equation below 60 ml/min), or malignant tumor (4).

Participants who had statin therapy (including atorvastatin, fluvastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin, and simvastatin) during the follow-up period were defined as the statin group. Considering non-random treatment allocation and potential confounding covariates, we used baseline sex-, age-, TC-, and thyroid function-matched participants without lipid-lowering therapy as the control group (1:1 match). Ultimately, 201 participants in the statin group and 201 participants in the control group were included in the final analysis. The selection process is illustrated in Figure 1.




Figure 1 | The flowchart of enrollment.





Data Collection

The data collection process has been described in the previous study (4). Briefly, all investigators went through a training program successfully to minimize instructor variability. Data collection was conducted at local health stations near the participants’ residential area. Trained investigators obtained information on demographic characteristics, medical history (including statin use), and other essential information from a well-established questionnaire through a face-to-face interview. Weight and height were measured in kilograms and centimeters, respectively. BMI was calculated by dividing weight by the square of the height. Blood pressure was measured three times using an electronic sphygmomanometer (HEM-7117; Omron, Kyoto, Japan) after 5 min rest, and the average of the three measurements was calculated. Above data were collected at baseline and each follow-up.

Blood samples were collected between 0800 h and 1000 h after at least 10-h fasting. Thyroid-stimulating hormone (TSH), free thyroxine (FT4), free triiodothyronine (FT3), antithyroglobulin antibody (TgAb), and thyroperoxidase antibody (TPOAb) were measured by chemiluminescence methods (Cobas E610, Roche, Basel, Switzerland). The serum lipid profile, hepatic function, and renal function were measured using the ARCHITECT ci16200 Integrated System (Abbott, Illinois, USA). Fasting plasma glucose (FPG) was measured within 2 h using the glucose oxidase method. The intra-assay and interassay coefficients of variation were always below 5% for all of the above parameters.



Main Exposure and Study Outcomes

The exposure was statin use during follow-up. The primary outcome was thyroid status at the end of the follow-up. The laboratory reference ranges were 0.27–4.2 μIU/mL for TSH, 12–22 pmol/L for FT4, and 3.1–6.8 pmol/L for FT3. The reference range for TPOAb was 0–34 IU/L and for TgAb was 0–115 IU/L. Euthyroidism was defined as serum TSH, FT4, and FT3 levels within the reference ranges. SCH was defined as TSH >4.2 μIU/mL and FT4 levels within a reference range. OH was defined as TSH >4.2 μIU/mL and FT4 levels <12 pmol/L. The secondary outcome was serum TSH levels at the end of follow-up.



Statistical Analysis

Continuous variables were expressed as means ± standard deviations (SD) or medians (interquartile ranges). Categorical variables were summarized as numbers (percentage). Differences of continuous variables between different groups were compared by using Student’s t-test or the Mann–Whitney test. For the comparison of measurements at baseline and follow-up, the Paired t-test and Wilcoxon matched-pair signed-rank test were employed. Differences of categorical variables were tested by using the chi-square test. We used logistic regression models to assess the relationship between statin use and thyroid status. We further used linear regression models to examine the relationship between statin use and log-transformed serum TSH levels at the end of follow-up. The potential confounders that may affect thyroid function were all adjusted in both the multivariate logistic regression models and the linear models, including age, sex, thyroid autoimmunity, BMI, SBP, FPG, ALT, and eGFR.

A mediation analysis was performed to examine whether the association of statin use with TSH levels was mediated by TC changes. Supplementary Figure 1 shows the mediation model. A mediation effect was established when the model met Baron and Kenny’s principles (20): 1) the independent variable, statin use, significantly influenced the mediator, which is changes of TC in this model (path a); 2) the mediator significantly influenced the dependent variable, TSH levels at the end of follow-up (path b); 3) the independent variable significantly influenced the dependent variable when the mediator was not controlled (path c); 4) when path a and b were controlled, the significant relation was attenuated (partial mediation) or no longer significant (complete mediation) (path c’). Sobel test (21) was used to examine if the indirect effect was statistically significant.

A p-value < 0.05 was considered to indicate statistical significance, and all testing was two-sided. Confidence intervals (CIs) are reported as two-sided 95%. All statistical analyses were performed using SPSS version 24.0 for Windows.




Results

Figure 1 summarized the screening process of this study. A total of 5,146 participants were assessed for eligibility. Based on the self-reported medical history and biochemical measurements, 1832 participants were excluded according to our exclusion criteria. Among eligible participants, 201 of them used statins during the follow-up period and were identified as the statin group, including euthyroid subjects (n = 175) and subjects with SCH (n = 26) at baseline. The control group included 201 sex-, age-, TC- and thyroid function-matched subjects without lipid-lowering therapy. The median follow-up time of the study population was three years.


Baseline Characteristics of Subjects in the Statin Group and the Control Group

Table 1 presents the baseline characteristics of the participants in the statin group and the control group. Age, sex, TC, FT4, TSH, and thyroid antibodies were well matched between the two groups. Low-density lipoprotein cholesterol (LDL-C), FPG, ALT, AST, and follow-up time were comparable between the statin group and the control group. FT3, BMI, systolic blood pressure (SBP), and diastolic blood pressure (DBP) were lower in the control group, and eGFR was lower in the statin group (all p < 0.05). For the comorbidities, there are more people accompanied with cardiovascular disease (CVD), hypertension (HT), and diabetes mellitus (DM) in the statin group compared with the control group. Accordingly, the proportion of hypoglycemic medication use is also higher in the statin group (all p < 0.05). The characteristics of subjects in the statin group and the control group after follow-up were provided in Supplementary Table 1.


Table 1 | Baseline characteristics of subjects in the statin group and the control group.





Changes in TC Levels and Thyroid Function in the Statin Group and the Control Group

To evaluate the cholesterol-lowering effects of statin, we first analyzed the changes in serum TC levels during follow-up to see if there were any differences between the statin group and the control group. In the control group, serum TC levels increased from 5.73 ± 1.23 mmol/L to 6.03 ± 1.13 mmol/L (p < 0.001), while in the statin group, serum TC levels reduced from 5.83 ± 1.55 mmol/L to 4.95 ± 1.05 mmol/L (p < 0.001). At the end of follow-up, serum TC levels were significantly lower in the statin group than those in the control group (p < 0.001) (Figure 2A). At the same time, the percentage of normal thyroid function in the statin group was higher than that in the control group at the end of follow-up (88.06% vs. 76.12%, p = 0.002) (Figure 2B). As a more sensitive marker of thyroid dysfunction, the serum TSH levels in the control group elevated significantly during the follow-up period (p < 0.001) while remained steady in the statin group (p = 0.820) (Figure 2C). Accordingly, the serum TSH levels at the end of follow-up were significantly lower in the statin group compared with the control group (2.32 [1.72] μIU/mL vs. 2.61 [2.43] μIU/mL, p = 0.007) (Figure 2C).




Figure 2 | The changes of total cholesterol levels and thyroid function in the statin group and the control group in total population (A–C), euthyroid subjects at baseline (D–F) and subjects with subclinical hypothyroidism (SCH) at baseline (G–I). (A) Changes of serum total cholesterol levels from baseline to the end of follow-up in each group in total population. (B) The percentage of subjects with euthyroidism at the end of follow-up in each group in total population. (C) Changes of serum thyroid-stimulating hormone (TSH) levels from baseline to the end of follow-up in each group in total population. (D) Changes of serum total cholesterol levels from baseline to the end of follow-up in each group in euthyroid subjects at baseline. (E) The incidence rate of SCH during follow-up in each group in euthyroid subjects at baseline. (F) Changes of serum TSH levels from baseline to the end of follow-up in each group in euthyroid subjects at baseline. (G) Changes of serum total cholesterol levels from baseline to the end of follow-up in each group in subjects with SCH at baseline. (H) The remission rate of SCH during follow-up in each group in subjects with SCH at baseline. (I) Changes of serum TSH levels from baseline to the end of follow-up in each group in subjects with SCH at baseline. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control group. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the baseline.



We further did subgroup analyses according to the thyroid status of subjects at baseline. In both euthyroid subjects and subjects with SCH at baseline, serum TC levels were significantly lower in the statin group than those in the control group at the end of follow-up (Figures 2D, G). Among subjects with normal thyroid function at baseline, the incidence rate of SCH during follow-up was significantly lower in the statin group compared with the control group (6.29% vs. 14.86%, p = 0.009) (Figure 2E). Also, the TSH levels were significantly lower in the statin group than the control group at the end of follow-up (p < 0.001) (Figure 2F). Among subjects with SCH at baseline, the remission rate of SCH was 50% in the statin group during follow-up, while it was only 15.38% in the control group (p = 0.008) (Figure 2H). Consistently, the serum TSH levels in the statin group significantly reduced from 4.97 (1.54) μIU/mL to 4.19 (1.52) μIU/mL during follow-up, which did not have a significant change in the control group (5.2 [1.46] μIU/mL to 5.66 [2.95] μIU/mL) (Figure 2I). Besides, there were two subjects in the control group and one subject in the statin group developed OH during follow-up. Together, subjects in the statin group had better outcomes of thyroid function than the control group in both euthyroid and SCH subjects.



Association Between Statin Use and the Outcomes of Thyroid Function

To evaluate the relationship between statin use and the outcomes of thyroid function and if it was independent of confounding factors, we utilized the logistic regression models. As presented in Table 2, subjects with statin use had higher odds of normal thyroid function at the end of follow-up compared with the control group (OR 2.314, 95%CI 1.354–3.953, p = 0.002). The results were similar after adjusting for age, sex, thyroid autoimmunity, BMI, SBP, FPG, ALT, and eGFR at baseline (OR 2.335, 95%CI 1.313–4.152, p = 0.004) and further adjustment for the presence of CVD and follow-up time (OR 2.510, 95%CI 1.380–4.564, p = 0.003) (Table 2).


Table 2 | Logistic regression analysis of statin use and normal thyroid function at the end of follow-up.



We also performed logistic regression analysis with normal thyroid function as dependent variable and statin use as independent variable in euthyroid subjects and subjects with SCH at baseline, respectively. We found that statin use was significantly associated with normal thyroid function at the end of follow-up in both subgroups (Table 2). After adjusting for confounding factors, the association remained significant. Compared with individuals without statin use, the odds of maintenance of normal thyroid function for statin use increased 2.416-fold in euthyroid subjects, and the odds of normalization of thyroid function increased 7.066-fold for statin use in subjects with SCH at baseline after adjustment for potential confounders (Table 2). The results remained similar after further adjustment for the presence of CVD and follow-up time. These results suggested that statin use was independently associated with a better chance of normal thyroid function at the end of follow-up in both SCH and euthyroid participants at baseline.



Linear Regression Analysis of Statin Use and Serum TSH Levels at the End of Follow-Up

As TSH is a more sensitive marker of thyroid dysfunction, we further performed linear regression analysis to examine the relationship between statin use and serum TSH levels at the end of follow-up. We found that statin use was negatively associated with log-transformed TSH levels at the end of follow-up (p < 0.006). After adjustment for age, sex, thyroid hormone, TSH, thyroid autoimmunity, BMI, SBP, FPG, ALT, and eGFR at baseline, statin use was independently and negatively associated with the log-transformed TSH levels at the end of follow-up (p = 0.002) (Table 3). The results remained similar after further adjustment for the presence of CVD and follow-up time (Table 3).


Table 3 | Linear regression analysis of statin use and log-transformed thyroid-stimulating hormone (TSH) levels at the end of follow-up.



Similar results are achieved in the subgroup analysis of euthyroid subjects at baseline. In the multivariable models, statin use was negatively associated with the log-transformed TSH level at the end of follow-up (p = 0.014 in model 1 and p = 0.035 in model 2) (Table 3). In subjects with SCH at baseline, statin use also suggested the trend of a negative association with serum log-transformed TSH levels at the end of follow-up (Table 3). These results demonstrated that statin use was associated with a decrease in TSH levels, even in euthyroid subjects.



Mediation Analysis of TC Changes in the Relationship Between Statin Use and TSH Levels at the End of Follow-Up

Since previous studies suggested that cholesterol may influence thyroid function and we already found an association between statin use and benefits of thyroid function, we performed a mediation analysis to test if TC changes mediated the relationship between statin use and TSH levels at the end of follow-up. In the crude model, the total effect of statin use on TSH levels is significant (p = 0.006), and mediation analysis showed the effect was indirect and completely mediated by TC changes (p = 0.024) (Table 4). After adjustment for age, sex, thyroid hormone, TSH, thyroid autoimmunity, BMI, SBP, FPG, ALT, and eGFR at baseline, the results were similar (Table 4, Figure 3): the total effect of statin use on log-transformed TSH levels at the end of follow-up is significant (path c, βTol = -0.061, p = 0.002). Statin use also significantly associated with TC changes (path a, β1 = -1.182, p < 0.001), and TC changes significantly associated with log-transformed TSH levels at the end of follow-up (path b, β2 = 0.032, p = 0.001). After adjustment for TC changes, the direct effect of statin use on log-transformed TSH levels at the end of follow-up was no longer significant (path c’, p = 0.201). The result of Sobel test suggested a significant indirect effect (βInd = −0.038, p = 0.001). According to Baron and Kenny’s principals, these results indicated a complete mediation effect of TC changes in the relationship between statin use and TSH levels at the end of follow-up. A similar mediation effect was also found in euthyroid subjects at baseline (Supplementary Figure 2 and Supplementary Table 2).


Table 4 | Mediation analysis of total cholesterol changes in the relationship between statin use and log-transformed thyroid-stimulating hormone (TSH) levels at the end of follow-up.






Figure 3 | The mediation effect of total cholesterol changes in the relationship between statin use and log-transformed thyroid-stimulating hormone (TSH) levels at the end of follow-up. The independent variable was statin use, the dependent variable was serum TSH levels at the end of follow-up, and the mediator was the changes of serum total cholesterol levels during follow-up. Age, sex, free triiodothyronine, free thyroxine, thyroid stimulating hormone, thyroid autoimmunity, body mass index, systolic blood pressure, fasting plasma glucose, alanine aminotransferase and evaluated glomerular filtration rate at baseline were adjusted in the analysis. In path a, the mediator was regressed onto the independent variable. In path b, the dependent variable was regressed onto the mediator. In path c, the dependent variable was regressed onto the independent variable without the adjustment of mediator. In path c’, the dependent variable was regressed onto the independent variable with the adjustment of mediator. **p < 0.01 and ***p < 0.001.






Discussion

In our present study, we investigated whether statin use is associated with a beneficial effect on thyroid function in a community-based population. We found that the percentage of euthyroid subjects was higher in the statin group at the end of follow-up. In multivariable regression analyses, statin use was independently associated with normal thyroid function and lower TSH levels at the end of follow-up. Furthermore, the mediation analysis showed that the relationship between statin use and lower TSH levels was mediated by TC declines. Collectively, our results suggest that statin use is indeed associated with benefits of thyroid function, and TC changes serve as a mediator.

The prevalence of SCH has significantly increased in China in the past decades (2), which suggests the importance of identifying the potential risk factors. At the same time, dyslipidemia is also a concerning problem in the world (22). Both SCH and hypercholesteremia increase the risk of cardiovascular events (3, 22), and these two conditions can present simultaneously in many cases (3). Evidence from animal study has suggested that hypercholesteremia could influence thyroid function (23), and our previous population study also found that higher TC level was an independent risk factor of progression to OH in SCH patients (10). If the control of TC levels could also benefit thyroid function, this could be important to clinical practice and may be valuable to our management strategy of hypothyroidism. On the basis of previous studies, we found that the cholesterol-lowering effect of statin was associated with better outcomes of thyroid function in both SCH and euthyroid subjects. Our findings provide additional evidence for the hypothesis that the disturbance of lipid metabolism may cause thyroid dysfunction, and stress the importance of controlling TC levels. SCH (including mild SCH) was related to a higher risk of cardiovascular events and mortality, even after adjusting for other cardiovascular risk factors including LDL-C (12). LDL-C is a known independent risk factor for cardiovascular diseases. If LDL-C lowering agents, like statins, can not only lower LDL-C levels, but also maintain normal thyroid function, this study may provide additional evidence for the use of statins to prevent cardiovascular disease. Additionally, it may provide novel mechanisms that statins lowering the risk of cardiovascular disease, which are through the management of thyroid function.

To our knowledge, this is the first study exploring the relationship between statin use and thyroid function in a community-based population and analyzing the role of cholesterol-lowering effects played in it. So far, the few studies that have investigated the relationship between statin therapy and thyroid function are only focused on patients with Hashimoto’s thyroiditis. A clinical trial by Sevim Gullu, et al. included 21 patients with SCH aged between 28 and 48 years, and they also found an improvement in the thyroid function after Simvastatin treatment for eight weeks (16). However, Robert Krysiak, et al. did not found significant changes in thyroid function after the treatment of statins (17, 18). The impact of these studies was limited by their small sample size and study population, which was only patients with Hashimoto’s thyroiditis but not the general population. Different from these previous hospital-based studies, our study is a community-based retrospective study in the general population. Taking that hypothyroidism is a chronic disease, the absolute change of TSH levels during follow-up was modest since nearly 90% of our study subjects were euthyroid at baseline. However, the percentage of normal thyroid function in the statin group was significantly higher than that in the control group at the end of follow-up, indicating that the change of TSH was clinically significant. Our results showed that statin use was independently associated with normalization of thyroid function in subjects with SCH at baseline, which were similar to Sevim Gullu’s study. Also, in subjects who were euthyroid at baseline, we found that statin use was independently associated with the maintenance of euthyroidism, which represents a lower risk of progression to SCH.

As statins are known to have not only a cholesterol-lowering effect but also pleiotropic actions, we used mediation analysis to further explore if the cholesterol-lowering effect mediated the association between statin use and thyroid function in our study. Since serum TSH level is a more sensitive marker of thyroid state, we used TSH levels at the end of follow-up as the dependent variable. The results of the mediation analysis indicated a complete mediation effect of TC changes in the relationship between statin use and TSH levels at the end of follow-up. In our subgroup analysis of euthyroid subjects at baseline, TC changes still serve as a mediator of the association between statin use and TSH levels at the end of follow-up. In one study from Robert Krysiak, et al., which included euthyroid women with plasma lipids within the reference range, there were no differences found in TSH and free thyroid hormones between atorvastatin-treated women and atorvastatin-naïve women (18). This result does not conflict with our findings, and it implies that cholesterol changes may be necessary for the relationship between statin use and thyroid function, as the plasma lipids in their participants remained at similar levels during the study period. In the subgroup of subjects with SCH at baseline, we did not perform mediation analysis because the statin use did not significantly associate with low TSH levels at the end of follow-up when the mediator was not controlled yet (p = 0.053). However, the lack of statistical significance in this subgroup analysis should be taken with caution, as this is likely due to the insufficient sample size of subjects with SCH at baseline in our study. Besides, we also compared the changes of thyroid autoantibodies in the statin group and the control group after follow-up. Although in the statin group TgAb titer reduced after follow-up, there are no significant changes in the positivity rates for TgAb/TPOAb during follow-up in both the statin group and the control group (data not shown). Collectively, these suggest TC changes serve as a mediator of the association between statin use and TSH levels.

Increasing evidence has shown that the disturbance of lipid metabolism might play a role in the pathogenesis of thyroid dysfunction (5–8, 24). As one kind of lipid components, cholesterol might also affect thyroid function, just like saturated fats. Ayuob et al. have reported the negative impact of high cholesterol diet on thyroid function and structural changes in rats, which could be ameliorated by the administration of grape juice accompanied with amelioration of hypercholesterolemia (23). However, the underlying mechanism is still not clear. Previous studies found that excess cellular cholesterol could induce endoplasmic reticulum (ER) stress (25, 26), which is related to the development of hypothyroidism (24, 27). A possible explanation is that ER stress can down-regulate the expression of key genes involved in thyroid hormone synthesis in FRTL-5 thyrocytes (28). In our animal study, we found that LDL receptor and Niemann-Pick C1-like1 (NPC1L1), both of which are crucial cholesterol receptors, were expressed in the thyroid glands of SD rats, and high cholesterol diet could influence thyroid function by inducing ER stress (data not shown). Thus, ER stress could be one potential mechanism between cholesterol and thyroid function. Other possible mechanisms involved in this pathological process might include mitochondrial oxidative stress, and so on. Further investigations are essential to clarify the effect and potential mechanisms of cholesterol and cholesterol-lowering effects on thyroid function.

Our study has several strengths. First, this is the first study exploring the relationship between statin use and thyroid function in a community-based cohort. Second, our study innovatively found that statin use is associated with benefits of thyroid function and TC changes serve as a mediator. Finally, our finding has potential meaning to clinical practice and may be valuable to our management strategy of hypothyroidism. Still, our study has some limitations which need to be pointed out. First, it is important to note that due to the nature of an observational study, causal relationships cannot be established. Although we have used baseline matched control and multivariable model to adjust for the known confounding factors, we cannot exclude the unknown confounding factors and potential reverse causation. Randomized controlled trials and basic research are needed to further clarify the effect of statin on thyroid function and the underlying mechanisms. Also, since this is not a randomized controlled trial and creatine kinase was not measured, we do not suggest using statin monotherapy for patients with hypothyroidism to correct their thyroid function before more evidence on its safety and efficacy has been obtained. Second, the definition of hypothyroidism is based on a single thyroid function test, without a second confirmatory finding of elevated TSH levels. As the serum TSH concentration can be transiently elevated, some of our participants may have been misclassified. Although the intra-assay and inter-assay coefficients of variation were below 5% for all parameters in our study, and our blood samples were collected between 8 a.m. and 10 a.m. after at least 10-h fasting, we should also keep in mind that assay variation or diurnal variation may influence the results to some extent. Last, although our study population was derived from a large community-based study, the sample size of our study population is still relatively small because statin use in the community-based population is limited. Besides, as detailed information on statin use was not available in this retrospective cohort study, further study is needed to give a better insight into the relationship between statin use and thyroid function.

In conclusion, this retrospective study demonstrated that statin use was independently associated with better outcomes of thyroid function, and TC changes serve as a mediator of the association between statin use and TSH levels at the end of follow-up. The obtained results provide some evidence that controlling serum TC levels may benefit thyroid function in the general population, which may have implications for the role of cholesterol in the etiology of SCH and put more emphasis on the importance of cholesterol-lowering therapy in subjects with a high risk of developing SCH. More studies are needed to further clarify the effect of cholesterol-lowering therapy on thyroid function and the underlying mechanisms.



Data Availability Statement

The data sets presented in this article are not readily available because the ethical approval obtained for this study prevents the human data being shared publicly to protect patients’ privacy. Requests to access the data sets would be passed to the ethics committee who will decide whether they can access the data directly. Requests to access the data sets should be directed to JZ, jjzhao@sdu.edu.cn.



Ethics Statement

The studies involving human participants were reviewed and approved by the ethics committee of Shanghai Jiao-Tong University. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

JZ, MZ, and LG contributed to conception and design of the study. YWa, SM, SS, YWu, ZW, and QiuL organized the database. YWa, QiL, ZY, and MZ performed the statistical analysis. YWa wrote the first draft of the manuscript. QiL, JZ, MZ, and LG contributed to manuscript revision. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by grants from the National Key Research and Development Program of China (2017YFC1309800) and the National Natural Science Foundation (81430020, 81922016, 81900793, 81600604, and 91957209).



Acknowledgments

We appreciate the help and support of all the participants and staff in the study.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2021.578909/full#supplementary-material



References

1. Chaker, L, Bianco, AC, Jonklaas, J, and Peeters, RP. Hypothyroidism. Lancet (2017) 390(10101):1550–62. doi: 10.1016/s0140-6736(17)30703-1

2. Shan, Z, Chen, L, Lian, X, Liu, C, Shi, B, Shi, L, et al. Iodine Status and Prevalence of Thyroid Disorders After Introduction of Mandatory Universal Salt Iodization for 16 Years in China: A Cross-Sectional Study in 10 Cities. Thyroid Off J Am Thyroid Assoc (2016) 26(8):1125–30. doi: 10.1089/thy.2015.0613

3. Biondi, B, Cappola, AR, and Cooper, DS. Subclinical Hypothyroidism: A Review. JAMA (2019) 322(2):153–60. doi: 10.1001/jama.2019.9052

4. Zhao, M, Tang, X, Yang, T, Zhang, B, Guan, Q, Shao, S, et al. Lipotoxicity, a potential risk factor for the increasing prevalence of subclinical hypothyroidism? J Clin Endocrinol Metab (2015) 100(5):1887–94. doi: 10.1210/jc.2014-3987

5. Zhao, M, Zhang, X, Gao, L, Song, Y, Xu, C, Yu, C, et al. Palmitic Acid Downregulates Thyroglobulin (Tg), Sodium Iodide Symporter (NIS), and Thyroperoxidase (TPO) in Human Primary Thyrocytes: A Potential Mechanism by Which Lipotoxicity Affects Thyroid? Int J Endocrinol (2018) 2018:4215848. doi: 10.1155/2018/4215848

6. Zhang, X, Chen, W, Shao, S, Xu, G, Song, Y, Xu, C, et al. A High-Fat Diet Rich in Saturated and Mono-Unsaturated Fatty Acids Induces Disturbance of Thyroid Lipid Profile and Hypothyroxinemia in Male Rats. Mol Nutr Food Res (2018) 62(6):e1700599. doi: 10.1002/mnfr.201700599

7. Shao, SS, Zhao, YF, Song, YF, Xu, C, Yang, JM, Xuan, SM, et al. Dietary high-fat lard intake induces thyroid dysfunction and abnormal morphology in rats. Acta Pharmacol Sin (2014) 35(11):1411–20. doi: 10.1038/aps.2014.82

8. Lee, MH, Lee, JU, Joung, KH, Kim, YK, Ryu, MJ, Lee, SE, et al. Thyroid dysfunction associated with follicular cell steatosis in obese male mice and humans. Endocrinology (2015) 156(3):1181–93. doi: 10.1210/en.2014-1670

9. El-Sayed, SM, and Ibrahim, HM. Effect of high-fat diet-induced obesity on thyroid gland structure in female rats and the possible ameliorating effect of metformin therapy. Folia Morphol (Warsz) (2020) 79(3):476–88. doi: 10.5603/FM.a2019.0100

10. Li, X, Zhen, D, Zhao, M, Liu, L, Guan, Q, Zhang, H, et al. Natural history of mild subclinical hypothyroidism in a middle-aged and elderly Chinese population: a prospective study. Endocr J (2017) 64(4):437–47. doi: 10.1507/endocrj.EJ16-0549

11. Moon, S, Kim, MJ, Yu, JM, Yoo, HJ, and Park, YJ. Subclinical Hypothyroidism and the Risk of Cardiovascular Disease and All-Cause Mortality: A Meta-Analysis of Prospective Cohort Studies. Thyroid Off J Am Thyroid Assoc (2018) 28(9):1101–10. doi: 10.1089/thy.2017.0414

12. Rodondi, N, den Elzen, WP, Bauer, DC, Cappola, AR, Razvi, S, Walsh, JP, et al. Subclinical hypothyroidism and the risk of coronary heart disease and mortality. Jama (2010) 304(12):1365–74. doi: 10.1001/jama.2010.1361

13. Stone, NJ, Robinson, JG, Lichtenstein, AH, Bairey Merz, CN, Blum, CB, Eckel, RH, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation (2014) 129(25 Suppl 2):S1–45. doi: 10.1161/01.cir.0000437738.63853.7a

14. Bedi, O, Dhawan, V, Sharma, PL, and Kumar, P. Pleiotropic effects of statins: new therapeutic targets in drug design. Naunyn Schmiedebergs Arch Pharmacol (2016) 389(7):695–712. doi: 10.1007/s00210-016-1252-4

15. Mach, F. Statins as immunomodulatory agents. Circulation (2004) 109(21 Suppl 1):Ii15–7. doi: 10.1161/01.CIR.0000129502.10459.fe

16. Gullu, S, Emral, R, Bastemir, M, Parkes, AB, and Lazarus, JH. In vivo and in vitro effects of statins on lymphocytes in patients with Hashimoto’s thyroiditis. Eur J Endocrinol (2005) 153(1):41–8. doi: 10.1530/eje.1.01941

17. Krysiak, R, Kowalcze, K, and Okopień, B. The effect of statin therapy on thyroid autoimmunity in patients with Hashimoto’s thyroiditis: A pilot study. Pharmacol Rep PR (2016) 68(2):429–33. doi: 10.1016/j.pharep.2015.11.005

18. Krysiak, R, Szkrobka, W, and Okopien, B. Atorvastatin potentiates the effect of selenomethionine on thyroid autoimmunity in euthyroid women with Hashimoto’s thyroiditis. Curr Med Res Opin (2019) 35(4):675–81. doi: 10.1080/03007995.2018.1541314

19. Ning, G, and Reaction Study, G. Risk Evaluation of cAncers in Chinese diabeTic Individuals: a lONgitudinal (REACTION) study. J Diabetes (2012) 4(2):172–3. doi: 10.1111/j.1753-0407.2012.00182.x

20. Baron, RM, and Kenny, DA. The moderator-mediator variable distinction in social psychological research: conceptual, strategic, and statistical considerations. J Pers Soc Psychol (1986) 51(6):1173–82. doi: 10.1037//0022-3514.51.6.1173

21. Sobel, ME. Some New Results on Indirect Effects and Their Standard Errors in Covariance Structure Models. Sociol Method (1986) 16:159–86. doi: 10.2307/270922

22. Jellinger, PS, Handelsman, Y, Rosenblit, PD, Bloomgarden, ZT, Fonseca, VA, Garber, AJ, et al. American Association of Clinical Endocrinologists and American College of Endocrinology Guidelines for Management of Dyslipidemia and Prevention of Cardiovascular Disease. Endocr Pract (2017) 23(Suppl 2):1–87. doi: 10.4158/EP171764.APPGL

23. Ayuob, NN, El-Hawwary, AA, Huwait, EA, Mubarak, WAE, and Balgoon, MJ. Red grape juice protects the rat thyroid gland against hypercholesterolemic changes. Ultrastructural and biochemical evidences. Rom J Morphol Embryol = Rev Roum Morphol Embryol (2019) 60(3):921–9.


24. Zhang, X, Shao, S, Zhao, L, Yang, R, Zhao, M, Fang, L, et al. ER stress contributes to high-fat diet-induced decrease of thyroglobulin and hypothyroidism. Am J Physiol Endocrinol Metab (2019) 316(3):E510–8. doi: 10.1152/ajpendo.00194.2018

25. Feng, B, Yao, PM, Li, Y, Devlin, CM, Zhang, D, Harding, HP, et al. The endoplasmic reticulum is the site of cholesterol-induced cytotoxicity in macrophages. Nat Cell Biol (2003) 5(9):781–92. doi: 10.1038/ncb1035

26. Li, Q, Liu, Z, Guo, J, Chen, J, Yang, P, Tian, J, et al. Cholesterol overloading leads to hepatic L02 cell damage through activation of the unfolded protein response. Int J Mol Med (2009) 24(4):459–64. doi: 10.3892/ijmm_00000253

27. Park, S, You, KH, Shong, M, Goo, TW, Yun, EY, Kang, SW, et al. Overexpression of ERp29 in the thyrocytes of FRTL-5 cells. Mol Biol Rep (2005) 32(1):7–13. doi: 10.1007/s11033-004-3069-3

28. Wen, G, Ringseis, R, and Eder, K. Endoplasmic reticulum stress inhibits expression of genes involved in thyroid hormone synthesis and their key transcriptional regulators in FRTL-5 thyrocytes. PloS One (2017) 12(11):e0187561. doi: 10.1371/journal.pone.0187561



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Wang, Li, Yuan, Ma, Shao, Wu, Wang, Li, Gao, Zhao and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2021.578909_cover.jpg
, frontlers
n Endocrinology

Statin Use and Benefits of Thyroid
Function: A Retrospective Cohort
Study





OEBPS/Images/fendo-12-578909-g001.jpg
| Assessed for eiginiy (n = 5146 )|

masng i aa (= 544

orradoacive ocee Darapy (1= 55)

|
1
| oty o, iy
|

more i one v (n+ 3314)

Stainuzo o satn vse
awing oowsp auing ol
L]
Paicipant wihout pie-
Towing thrapy (1 +3113)
1 matchaa by basotne
(] 300,30, choestero ana
o uncion
v
“Statin group (n=201) Controlgroup (=201 |

| - i of modcatan ot e iy cton
| s et i et et
ity
Comphcations orconsans s i st
1o i e v < 572)
Y
Ergive paricpants who





OEBPS/Images/fendo-12-578909-g003.jpg
L I ——

St ne e ot
ot
o shesaral
changes
S N,
4
pane: Denpendentvarati:
. “TSH lovels at the end.
‘Statin use of follow-up






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Statin Use and Benefits of Thyroid Function: A Retrospective Cohort Study

      

        		

          Purpose

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Study Design and Participants

          



          		

            Data Collection

          



          		

            Main Exposure and Study Outcomes

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Baseline Characteristics of Subjects in the Statin Group and the Control Group

          



          		

            Changes in TC Levels and Thyroid Function in the Statin Group and the Control Group

          



          		

            Association Between Statin Use and the Outcomes of Thyroid Function

          



          		

            Linear Regression Analysis of Statin Use and Serum TSH Levels at the End of Follow-Up

          



          		

            Mediation Analysis of TC Changes in the Relationship Between Statin Use and TSH Levels at the End of Follow-Up

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
8 se oR 95% Cl of OR pvalue
St uso ntotal populaton
Univasiablo model 0839 0273 2314 13643958 0002
Moo model 1 o088 0208 233 1318-4.162 0004
Moo modol 2 0920 0305 2510 1.380-4.564 0003
Statn uso n eulyroid subects
Univariable model 0956 0377 2602 1202-6.48 oont
Muitariotso model 1 oss2 039 2416 1.116-5230 0025
Mutiario modal 2 0949 o410 2582 11565770 o2t
Stans use n subjocts with SCH
Univariable modsl 1705 0670 5500 1.478-20.481 o001t
Mutarios model 1 1955 0964 7066 1.068-46.758 0013
Mutiarioo modol 2 2177 1059 8821 1.106-70377 0010

Dopendent var: normel ok uncton e e o folowrp; 1 = maitenino of nrma o exton i utyOK SURCts;

sci

normatzaton of hyrodcton nsuecs it

Cata ar0cooficont (8), conesponcing standrd oror (S8 00 at (OR, 95% confdanco ol (C) of OR, and sgnfcanco (o vabo).
Mutaratlomockl 1 adusted 0 basa age, 5, o autoimunty, body s ncex ystok:bood ressure,estng plasma gcoss, g amotonsieaso, and stmited

gomontr fvaton ate:

AR i & s athur-sitnedl ST saion s smtibousssveitssms sl Aoliasvas s





OEBPS/Images/table4.jpg
B SE p value

Crude modef*
Total efect 0027 0006
Direct efiect 0031 0214
Indirect eflect 0016 0024
Multivarable model”

Total efect 0020 0002
Direct eflct 0022 0201
Ingirect eflect 0012 0001

TSH, thyroid stmulatng hormone.
Data are costicients (8), corrssponding standard enor (SE), and signfcance (o value.
*Depencent variablo: TSH lvels a theenc of folowup; indpenciont variabe: s1a e
mecsating varabl: changes of tofal chosterol.

“Muttiariatlo model was adjusted or basalage, sex,free iodothyronine, 69 tyrorine,
tryroi-stmuating hormone, thyroid autoimmunty, body mass index, syStokc: blood
pressure, festng plasma gucose, alanine amiotransierase, and estimated gomentar
reping





OEBPS/Images/table3.jpg
Statn use ntoal popuiaion
Univariable modsl
Muitiariotso model 1
Muitiaritdo modol 2

Statn uso n eyroid subects
Univarablo model
Muitvariatso model 1
Mutiariabio modsl 2

St uso in subjcts with SCH
Univasablo model
Mutiaraio modol 1
Muitiarao modol 2

TSH. o stmutng hormoro.

Pata aro unstactrtaod cosficonts ), coresponing stadrd aor 56, 95% confdonco it (0 of B, standrcze conficerts (Bota), and Sicanc (p vab).

-0073
0081
0083

-00es.
-00s2
-0045.

-0108
-o31
-o116.

o027
0020
0020

00
o021
o002t

0053
0085
0071

95% ClofB

-012510-0021
0100100022
0083190013

0119100017
008310 -0011
067 10 -0.003

0214100001
0265100002
0261100028

013
011
0099

0139
0108
0002

0276
-o3a7
0208

pvalue

0006
0002
o010

0000
0014
0035
0017

ot

Mutaratlomodel 1 s acustd forbasal a, S, 199 UocUone 19 e, ok Strting PO, ok BUAGHTILERY, Ol s nde, Syl Do pressee,

ating plasma gucose, anno amiotnsioas, an estiated gomens aton rate:

ALl ot & it At Aol 557 16 aieirid o covchoamiceily clsseis ot ibltiasiss i,





OEBPS/Images/fendo-12-578909-g002.jpg
3 Controlgroup @ Statin group

3 Controlgroup @B Statin group

g
g
3
23

=e- Control group

)

<

_|.|.efo .|.|_sx ~_|-..
s, -

Y | s
RS %

— [H}= —TH —{H

mﬁ "% wﬁ

—{THt, * —TH H]
ST T4 % ST 3 e

(1wynir) sione] HSL wnies

m|.|,|,|*|

EEE I
(%) dn-moio3 Jo puo o e

wsipiohyine jo abejusdiad ayL

Follow-up

Baseline

W (uniM) SioAs] HSL winsog

& & & & o

W (%) HOS 4O o181 22uBPIoUI BYL

¥
H

S & I &
(Inoww) sjaas) 91 wnIas

O (q/10ww) S|eAd| 91 Wnieg

Follow-up.

(wynir) siene] HSL winses

T (%) HOS 4o oje1 uoIssIwol BYL

T4
T3 & 2

&
G (q/loww) S|9Ad] 91 WNIBS

Follow-up

Baseline





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/table1.jpg
Characteristics Control Group p value®

Age yeas), mean + SD %25
Sex. n 65) 0690
Ml partcpants 97626% 101 (025%)

Femdo partcipants. 104 (6174%) 100 (40.75%)

TC (mo, mean + SO 5832185 573123 0479
LOL-G (mmo), ean + SD 3482119 3432099 0645
FT, (omolL), mean + SD 4942064 479:058 0016
FT, (ool mean + SD 1676225 1645204 0151
TSH (uUm), median (OR) 2140189 21718 099
Posiive TgAOTPORD, 3] 167o6%  15746% 0852
BMI (/). mean + SO 2667203 20952347 <0001
SBP (mm Ho), mean = SO 1480622061 1405822124 <0001
DB (m Hg), mean + SO 867521221 821821242 0004
FPG (mmol1), mean = SO 693:238  681:23 0617
ALT (UL, mean = S 19902881 18212888 0056
AST (U, mean = SD 2249:801 22632725 0850

GFR (mlmin/1.7307), mean = 10161+ 1781 106721866 0005
sD

CVD, n (%) 39(1940%  8@98%) <0001
HT, 0 (%) o7(4826%)  67(333% 0002
DM, n (%) WVUB2T%)  66(E284%) 0006
Hypogycemic medication,n (%) 34 (16.92%)  16(7.96% 0007
Time (years), median (OR) 271(118)  278(128 0069

TC, totalcholesteol LDL:C low-densiy poproten cholestero; T foe riodothyronine;
FT,. foe thyrorine; TSH, thyroid stimulting hormone; ToAb, anihyrogobun antbody;
TPOAD, thyroperonidase antbody: B, body mess index: SBP, systoic bood pressure
DBP, diastolic blood pressure; FPG, fasting plasma glucose; ALT, alanine
aminotransforase; AST, aspartate aminotiansierase; eGF, estimated glomeruar
Aation rate; CVD, cardiovascular discase; HT, hypertension; DM, diabetos molius;
SO, standard deviation; 10R, interquartie range.

“Posite TgAb/TPOAD was defined s serum TPOABITg Ab highar than thef uppe s
of referrce ranges.

*Continuous variables were compared by usng Student's Ltes or the Mann-Whitney
est, and categorica variables by using the chisquare test. A p value < 0.05 were
conalianci abntans





