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Context

Several observational studies have found that hypothyroidism is associated with diabetes and its microvascular complications. However, the cause and effect have not been clarified.





Objective

The aim of the study was to examine the causality of such associations by a Mendelian randomization study.





Methods

Two-sample Mendelian randomization analysis was conducted to investigate the associations. Summary statistics for hypothyroidism were from the UK Biobank, and diabetes and its microvascular complications were from the largest available genome-wide association studies. MR–Egger, weighted median, inverse variance weighted, simple mode and weighted mode were used to examine the causal associations, and several sensitivity analyses were used to assess pleiotropy.





Results

Inverse variance weighted estimates suggested that hypothyroidism was associated with type 1 diabetes and type 1 diabetes with renal complications (β= 9.059926, se= 1.762903, P = 2.76E-07 and β= 10.18375, se= 2.021879, P = 4.73E-07, respectively) but not type 2 diabetes and type 2 diabetes with renal complications. In addition, hypothyroidism was positively associated with severe nonproliferative diabetic retinopathy and proliferative diabetic retinopathy (β= 8.427943, se= 2.142493, P = 8.36E-05 and β= 3.100939, se= 0.74956, P=3.52E-05, respectively).





Conclusions

The study identified the causal roles of hypothyroidism in diabetes and its microvascular complications. Hypothyroidism can lead to type 1 diabetes, type 1 diabetes with renal complications, severe nonproliferative diabetic retinopathy and proliferative diabetic retinopathy.
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Introduction

Diabetes is a growing public health problem with high health care costs and morbidity. According to data reported by the International Diabetes Federation (IDF), China has the largest number of diabetic patients, with an estimated 141 million adults living with the disease in 2021 and a projected 174.4 million by 2045 (1). Diabetic microvascular complications are the most common complications of diabetes, mainly diabetic kidney disease and diabetic retinopathy. Diabetic kidney disease (DKD) is the most common cause of chronic kidney disease (CKD) and end-stage renal disease (ESRD) worldwide and leads to enormous labor and societal costs (2, 3). Proteinuria and reduced renal function are significant clinicopathological features of DKD in diabetic patients (4). Typical pathological features include impaired endothelial cell function, podocyte disease, glomerular mesangial expansion, basement membrane thickening, tubular sclerosis and tubular interstitial fibrosis (5). Fibrosis, oxidative stress and apoptosis are the major contributing factors in the pathophysiology of renal injury in DKD (6). Diabetic retinopathy is the leading cause of blindness in diabetic patients and is further divided into nonproliferative retinopathy (NPDR) and proliferative retinopathy (PDR). Diabetic retinopathy is caused by metabolic abnormalities (7). Typical pathophysiology includes a thickened retinal capillary basement membrane, increased vascular permeability, tissue ischemia release of various vasoactive substances and neovascularization (8). NPDR is typically characterized by microaneurysm formation and small dilatation of retinal blood vessels, while PDR is characterized by neovascularization.

Hypothyroidism is a systemic hypometabolic syndrome caused by various causes of hypothyroid hormoneemia or thyroid hormone resistance (9). The pathology is characterized by the accumulation of mucopolysaccharides in the tissues and skin, which manifests as mucinous edema. The diagnosis of hypothyroidism depends on elevated serum TSH levels. The main causes of hypothyroidism are autoimmune impairment, thyroid destruction, iodine overdose and the use of antithyroid medications. Hypothyroidism causes pericardial effusion by increasing epicardial vascular permeability and decreasing albumin lymphatic drainage, leading to effusion in the pericardial cavity (10). Treatment of hypothyroidism is aimed at restoring normal thyroid function.

Thyroid dysfunction (TD) and diabetes mellitus (DM) are the two most common chronic endocrine disorders with different prevalences in different populations (11). Studies have reported an increased prevalence of diabetes and its complications in patients with hypothyroidism and vice versa (12). Whether there is a causal relationship between hypothyroidism and diabetes mellitus and its complications deserves further investigation. Mendelian randomization is a recently emerged method for exploring causal relationships. It avoids artificial random grouping and uses genetic variation significantly associated with exposure as an instrumental variable (IV) to infer the causal relationship between exposure and outcome. The genotype corresponding to an individual’s IV locus reflects the level of exposure, and the parental alleles are randomly assigned to the offspring during the deceleration division; thus, the MR method is also known as a “natural randomized controlled trial” and avoids confounding bias and reverse causation, which are common in observational studies. MR has been widely used to explore causal relationships between diseases. In this study, a two-sample MR analysis was performed using genome-wide association study (GWAS) summary statistics from the UK Biobank and FinnGen consortium to assess the causal relationship between hypothyroidism and diabetes and its microvascular complications.





Materials and methods




Data sources

Genetic variants for hypothyroidism were obtained from the UK Biobank (ID: ukb-a-77). Type 1 diabetes(T1DM) (ID: finn-b-E4_DM1_STRICT), type 2 diabetes(T2DM) (ID: finn-b-E4_DM2_STRICT), type 1 diabetes with renal complications(T1DM- REN) (ID: finn-b-E4_DM1REN), type 2 diabetes with renal complications(T2DM- REN) (ID: finn-b-E4_DM2REN), severe nonproliferative diabetic retinopathy(NPDR) (ID: finn-b-DM_BCKGRND_RETINA_NONPROLIF) and proliferative diabetic retinopathy(PDR) (ID: finn-b-DM_RETINA_PROLIF) were from the FinnGen consortium. After setting to P < 5 × 10−8 and clump=TRUE, r2 = 0.001, kb=10000 to remove SNPs that were in linkage disequilibrium, the remaining SNPs were used for MR analysis.





Statistical analysis

In this study, multiple methods of MR analysis, including MR–Egger regression, weighted median, inverse variance weighted (IVW), simple mode and weighted model, were used to examine whether there was a causal association between hypothyroidism and diabetes and its microvascular complications.

After we calculated the MR results, sensitivity analysis was carried out, which was mainly tested from the following three aspects (1): Heterogeneity test: This mainly tests the differences between SNPs. If SNPs differ greatly from each other, they may have high heterogeneity. The random effects model was used to estimate the MR effect size (2). Pleiotropy test: Pleiotropy mainly tests whether multiple SNPs have horizontal pleiotropy. It is often expressed by the intercept term of the MR Egger method. If the intercept term is very different from 0, it indicates the existence of horizontal pleiotropy (3). Leave-one-out sensitivity test: This test is mainly used to calculate the MR results of the remaining SNPs after the removal of SNPs one by one. If the MR results estimated by other SNPs after the removal of a certain SNP are very different from the total results, it indicates that the MR results are sensitive to the SNP.

The above data were analyzed using R (version 4.0.2) and the TwoSampleMR package.






Results




GWAS of hypothyroidism in UK Biobank participants

There are 10,894,596 SNPs associated with hypothyroidism in the UK Biobank. When set to P < 5 × 10−8 and clump=TRUE, r2 = 0.001, kb=10000 to remove SNPs that were in linkage disequilibrium, 83 SNPs were used for MR analysis (Table 1).


Table 1 | The 83 SNPs associated with hypothyroidism from a GWAS involving UK Biobank participants.







MR analyses

The cause-effect of hypothyroidism on T1DM, T2DM, T1DM-REN, T2DM-REN, NPDR and PDR were estimated by MR analyses (Table 2). Scatter plots (Figure 1) and forest plots (Figure 2) were used to visualize the results of the analysis.


Table 2 | MR estimates for the association between hypothyroidism and diabetes mellitus and its microvascular complications.






Figure 1 | Scatter plot of the causal relationship between hypothyroidism and diabetes mellitus and its microvascular complications.






Figure 2 | Forest plot of the causal relationship between hypothyroidism and diabetes mellitus and its microvascular complications.







Hypothyroidism and type 1 diabetes

In the IVW MR analysis, the beta value (β) of T1DM for hypothyroidism was 9.059926 (SE= 1.762903; P = 2.76E-07). The heterogeneity test showed that Q pval was much less than 0.05, which indicated strong heterogeneity among these SNPs. Therefore, inverse variance weighted (multiplicative random effects) was used to estimate the MR effect size. According to the results of the random effects model, pval < 0.05 indicates that there is a causal relationship between hypothyroidism and T1DM, and b > 0 indicates that the risk of developing type 1 diabetes increases with increasing hypothyroidism. There was no significant difference between MR–Egger’s Egger intercept and 0 (pval > 0.05), so we can believe that there is no horizontal pleiotropy. All lines are on the right of 0 (Figure S1); regardless of which SNP is removed, it will not have a fundamental impact on the result. The leave-one-out result indicates that the MR result is actually robust.





Hypothyroidism and type 2 diabetes

The beta value (β) of T2DM for hypothyroidism was 0.05664379 (SE= 0.3902611; P = 0.8845977) in the IVW MR analysis. The results of the random effects model showed that pval > 0.05, which indicates that there is no causal relationship between hypothyroidism and T2DM. The leave-one-out result indicates that the MR result is actually robust (Figure S1).





Hypothyroidism and type 1 diabetes with renal complications

The MR analysis of the causal relationship between hypothyroidism and T1DM-REN showed that β was 10.18375 (SE= 2.021879; P = 4.73E-07). The random effects model was used because the Q pval was much less than 0.05 in the heterogeneity test. The result (b= 10.18375, pval = 4.73443e-07) further confirmed the causal relationship between hypothyroidism and T1DM-REN in the random effects model. The risk of developing type 1 diabetes with renal complications increases with increasing hypothyroidism. The pleiotropy test (pval = 0.9676508) proved that there is no horizontal pleiotropy. The MR result is actually robust through the leave-one-out test.





Hypothyroidism and type 2 diabetes with renal complications

The assessment of causality between hypothyroidism and T2DM-REN was somewhat similar to that of T1DM (β, -1.842231; SE, 2.440639; P = 0.45269264) in the MR Egger analysis. There was no heterogeneity among these SNPs for Q pval = 0.1757848. The MR result that there is no causal relationship between hypothyroidism and T2DM-REN is actually robust through the leave-one-out test.





Hypothyroidism and severe nonproliferative diabetic retinopathy

The MR analysis of the causal relationship between hypothyroidism and severe nonproliferative diabetic retinopathy (NPDR) showed that β was 8.427943 (SE= 2.142493; P = 8.36E-05). The random effects model was used for the Q pval = 0.001614884 in the heterogeneity test. The result (β= 8.427943, pval = 8.364543e-05) further confirmed the causal relationship between hypothyroidism and NPDR in the random effects model. The pleiotropy test (pval = 0.3267986) proved that there is no horizontal pleiotropy. The MR result is actually robust through the leave-one-out test.





Hypothyroidism and proliferative diabetic retinopathy

The assessment of causality between hypothyroidism and PDR was somewhat similar to that of NPDR (β, 3.100939; SE= 0.74956; P = 3.52E-05) in the IVW MR analysis. The pleiotropy test (pval = 0.4498041) proved that there is no horizontal pleiotropy. The result (b= 3.100939, pval = 3.518571e-05) further confirmed the causal relationship between hypothyroidism and NPDR in the random effects model. The leave-one-out result indicates that the MR result is actually robust (Figure S1).





Sensitivity analyses

We mainly test from the following three aspects: 1) heterogeneity test, 2) pleiotropy test, and 3) leave-one-out sensitivity test. The heterogeneity test of these six MR results showed that only SNPs of T2DM-REN had no heterogeneity (Table S1). Therefore, inverse variance weighted (multiplicative random effects) was used to estimate the MR effect size. The pleiotropy test showed that only SNPs of T2DM-REN have horizontal pleiotropy (Table S2). The leave-one-out sensitivity test showed that there was no significant difference between the estimated MR results and the total results of other IVs after removing each IV (Figure S1).






Discussion

Various observational studies have found some interaction between hypothyroidism and diabetes (13, 14). The prevalence of diabetes and its microvascular complications is higher in patients with hypothyroidism than in the general population (15). However, the causal relationship has not been reported. In this study, the causal relationship was analyzed by a Mendelian randomization study, including hypothyroidism and type 1 diabetes, type 2 diabetes, type 1 diabetes with renal complications, type 2 diabetes with renal complications, severe nonproliferative diabetic retinopathy and proliferative diabetic retinopathy.

T1DM is a group of diseases that develop as a result of absolute insulin deficiency due to autoimmune beta cell destruction. In addition, immune function plays an important role in the pathogenesis of hypothyroidism. Joint susceptibility genes identified for T1DM and autoimmune thyroid diseases, including hypo- or hyperthyroidism, are HLA class II genes, PTPN22, CTLA-4 and FOXP3. Candidate genes with joint risk for AITD and T1D are IL-1RA, IL-4, MICA, TNF-α, TG, IL2RA/CD25, VNTR (insulin), ERBB3, CLEC16A and CD40 (16). In our analyses of the causal effect of hypothyroidism on T1DM, there are 78 SNPs involving 56 genes listed below: PDE8B, TNFRSF11B, MIR1208, SPATA13, ILDR1, TPO, AGO2, EDARADD, C12orf42, CPT1C, LOC107986195, PNPT1, NOD2, MIR3681HG, IQCN, LINC00824, VAV3, LOC105373724, C1QTNF6, HORMAD2, VDAC1, NCR3, LOC105372548, MACIR, LOC101927745, LOC107986913, SH2B3, TLR3, PLEKHA1, TNFRSF18, CLNK, LINC02265, ELMO1, ACAP1, EFCAB13, LOC105376819, BACH2, PHTF1, IL21-AS1, LOC105378414, RAB5B, ARID5B, LINC02357, STAT4, AHI1-DT, FLT3, RTKN2, RAD51B, RASGRP1, MAF, TG, PLGRKT, PTCSC2, SH2D2A, SASH1 and LPP. Our analysis revealed additional the above 56 susceptibility genes with one gene previously descibed (TG). This suggests that both are extremely similar in immunogenetics. Our findings reveal a causal relationship between hypothyroidism and T1DM. The limitation of the study is that subclinical hypothyroidism is more frequent than overt disease and is often asymptomatic and thus, undiagnosed and the genetic variants associated with it remain poorly characterized. Our analysis only covered cases with diagnosed hypothyroidism. GWAS data including subclinical hypothyroidism should be addressed in future studies.

On the other hand, T2DM develops as a result of a relative lack of insulin due to insulin resistance (17). Some studies have reported an increased risk of T2DM in patients with hypothyroidism (18, 19). Serum TSH levels were positively correlated with the degree of hyperglycemia and insulin resistance (20–22). In addition, the Rotterdam Study, a large prospective cohort study, also showed that higher TSH levels and lower FT4 levels were associated with the risk of T2DM. In contrast, high and high-normal thyroid function may prevent the development of T2DM (23). Leptin levels were found to correlate with TSH levels and were elevated in patients with hypothyroidism (24). TSH stimulates leptin secretion in adipose tissue (25, 26), increases hepatic glucose output by increasing glucose transporter protein (GLUT) 2 expression in the liver, and stimulates endogenous glucose production by increasing gluconeogenesis and glycogenolysis to reduce hepatic sensitivity to insulin (27). More importantly, TSH decreases beta cell insulin secretion and synthesis, thereby increasing blood glucose. Moreover, increased inflammatory markers in serum, which characterized with T2DM (28), have been reported as a feature of hypothyroidism (29). This suggests that the inflammatory response is enhanced in both hypothyroidism and diabetic patients, and current research suggests that the two interact through inflammation. This is consistent with our result that there is no causal relationship between hypothyroidism and T2DM.

In addition to diabetes itself, the complications of diabetes are also worth exploring. Regarding the most significant microvascular complications of diabetes, this study found a causal relationship between hypothyroidism and type 1 diabetes with renal complications but not with type 2 diabetes with renal complications. Our results are in agreement with many previously reported studies (30). Diabetic kidney disease is the leading cause of end-stage renal failure. Given the diversity of cell populations within the kidney and the various physiological roles of the kidney, the development of diabetic kidney disease is complex (31), and it is difficult to determine the mechanisms by which hypothyroidism plays a role. However, there is growing evidence that hypothyroidism has detrimental effects on renal structure during development (32) and adulthood (33, 34), including altered renal weight ratio (35) and reduced area of glomerular basement membrane thickening and expansion of the thylakoid matrix (36, 37). Hypothyroidism directly or indirectly exacerbates renal dysfunction in the diabetic state, including 1. altering the renin-angiotensin-aldosterone system (RAAS) (38–41) and affecting renal tubular ion transport (42–44). 2. affecting renal basement membrane outer chloride channel protein expression, resulting in impaired tubulo-glomerular feedback (39). 3. affecting cardiac output. 4. decreasing synthesis and activity of renal vascular dilators (i.e., nitric oxide, adrenomedullin) leads to intrarenal vasoconstriction, which reduces renal perfusion (45). A large body of evidence also suggests that inflammation plays a key role in the development and progression of diabetic complications (46). Immune response cells including innate and adaptive immunity are involved in diabetic nephropathy (47). Inflammatory factor expression and immune response triggered by hypothyroidism also work in the development of diabetic nephropathy. In summary, hypothyroidism leads to a decrease in glomerular filtration rate (GFR), renal plasma flow (RPF) and glomerular transcapillary hydrostatic pressure, aggravating renal dysfunction in the diabetic state (48, 49). Furthermore, there is a causal relationship between hypothyroidism and both nonproliferative and proliferative retinopathy. Thyroxine is an important regulator of neurodevelopment. In the retina, TH is essential for retinal development, photoreceptor differentiation and cone optin expression and regulates photoreceptor survival in healthy and disease conditions (50). In diabetes, the internal blood retinal barrier is the first to be damaged (51), combined with a decrease in thyroid hormones, further aggravating retinal damage. In addition, it has been found that elevated serum thyrotropin levels are associated with retinal small artery stenosis (52). Our study further confirms that hypothyroidism has an important driving role in diabetic retinopathy.

In this study, the causal relationship between hypothyroidism and diabetes mellitus and its microvascular complications was investigated by Mendelian randomization. The appropriate GWAS database was selected from a genetic perspective. Multiple analyses were also used, and the robustness and sensitivity of the data were considered. Of course, there are some limitations of this study. Regarding the staging of diabetic retinopathy, this study only started from proliferative and nonproliferative and did not subdivide whether it was type I or type II. Future studies can go deeper in this section.

In conclusion, the study reveals the causal relationship between hypothyroidism and diabetes and its microvascular complications. With the increase in hypothyroidism, the risk of developing type 1 diabetes, type 1 diabetes with renal complications, severe nonproliferative diabetic retinopathy and proliferative diabetic retinopathy increases. However, there was no effect on type 2 diabetes and type 2 diabetes with renal complications. This study provides new insights into the prevention and treatment of diabetes and its microvascular complications, suggesting that hypothyroidism is a risk factor for new-onset diabetes and antithyroid drugs can worsen diabetes mellitus and its microvascular complications. This will guide the clinical use of medications in patients with hyperthyroidism and suggest the importance of diabetes screening in patients with hypothyroidism.
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