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Abstract

Hypothyroidism and hyperthyroidism are observationally associated with sex hormone 

concentrations and sexual dysfunction, but causality is unclear. We investigated whether TSH, 

fT4, hypo- and hyperthyroidism are causally associated with sex hormones and sexual function. 

We used publicly available summary statistics from genome-wide association studies on TSH 

and fT4 and hypo- and hyperthyroidism from the ThyroidOmics Consortium (N≤54,288). 

Outcomes from UK Biobank (women≤194,174/men≤167,020) and ReproGen (women≤252,514) 

were sex hormones (sex hormone binding globulin [SHBG], testosterone, estradiol, free androgen 

index [FAI]) and sexual function (ovulatory function in women: duration of menstrual period, 

age at menarche and menopause, reproductive lifespan, and erectile dysfunction in men). 

We performed two-sample Mendelian randomization (MR) analyses on summary level, and 

unweighted genetic risk score (GRS) analysis on individual level data. One SD increase in TSH 

was associated with a 1.332 nmol/L lower (95% CI: -0.717,-1.946;p=2x10-5) SHBG and a 0.103 

nmol/l lower (-0.051,-0.154;p=9x10-5) testosterone in two-sample MR, supported by the GRS 
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approach. Genetic predisposition to hypothyroidism was associated with decreased and genetic 

predisposition to hyperthyroidism with increased SHBG and testosterone in both approaches. The 

GRS for fT4 was associated with increased testosterone and estradiol in women only. The GRS for 

TSH and hypothyroidism were associated with increased and the GRS for hyperthyroidism with 

decreased FAI in men only. While genetically predicted thyroid function was associated with sex 

hormones, we found no association with sexual function.

Keywords

Mendelian randomization; thyroid function; SHBG; testosterone; reproductive lifespan; erectile 
dysfunction

Introduction

Normal thyroid function is important for normal sexual function. Thyroid hormones have 

direct effects on ovaries, testis and corpora cavernosa via specific nuclear receptors that 

regulate development and metabolism of these tissues (1–3). Additionally, thyroid hormones 

regulate bioavailability of sex hormones by increasing the concentrations of hepatic nuclear 

factor 4α, which in turn increases sex hormone binding globulin (SHBG) transcription and 

consequently SHBG concentrations (4). Since SHBG binds testosterone with higher affinity 

than estradiol, thyroid dysfunction may cause an imbalance in concentrations of bioavailable 

sex hormones and lead to ovulatory and erectile dysfunction. Inversely, estrogen therapy is 

known to increase thyroxin binding globulin concentrations (5), and consequently increase 

the need for thyroid hormone in hypothyroid women on estrogen therapy (6). Finally, an 

indirect effect on the gonads via an interaction between the hypothalamic-pituitary-thyroid 

axis and the hypothalamic-pituitary gonadal axis through prolactin has also been suggested 

(7).

Epidemiologically, both hypothyroidism and hyperthyroidism are associated with changes 

in concentrations of sex hormones (SHBG, testosterone and estradiol) in both sexes, 

ovulatory function (menstrual irregularities, menarche and menopause) in women, and 

erectile dysfunction in men (7–12).

Replacement therapy with thyroid hormones in patients with hypothyroidism causes SHBG, 

free testosterone, and prolactin to return to normal concentrations (3, 9), and sexual 

dysfunction to resolve (7, 11, 12). Taken together, this evidence supports the hypothesis that 

thyroid hormones may be causally associated with sex hormone concentrations and sexual 

function in the general population. However, this can only be determined by randomized 

controlled trials (RCTs). Since it is not feasible to perform RCTs in the general population 

(including euthyroid individuals), the Mendelian randomization (MR) approach can serve 

as a proxy to investigate if the observed associations between thyroid function and sex 

hormones and sexual function are causal.

The aim of this study was to examine whether thyrotropin (thyroid stimulating hormone 

[TSH]) and thyroxine (free tetraiodothyronine [fT4]) concentrations, hypothyroidism and 

hyperthyroidism are causally associated with sex hormone concentrations (SHBG, total 
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testosterone, total estradiol, free androgen index [FAI]), ovulatory function in women 

(duration of menstrual cycle, age at menarche and menopause and reproductive lifespan) and 

erectile dysfunction in men. For this purpose, we employed the two-sample MR approach 

using publicly available summary level data from published genome wide association 

studies (GWAS) including the ThyroidOmics Consortium, UK Biobank and ReproGen. 

Additionally, we verified our findings using a genetic risk score (GRS) approach on 

individual level data in the UK Biobank.

Methods

In MR studies, randomization is by genetic variants, whereas it is by treatment and placebo 

in randomized controlled trials. According to Mendel’s first and second laws of inheritance, 

genetic variants are established at conception and inherited independently of potential 

confounders, thus circumventing reverse causation and confounding, and allowing causal 

inference (13).

For this study, we used genetic variants associated with lifelong thyroid function to examine 

the potential causal effect of these genetic variants on sex hormone concentrations and 

sexual function in population-based studies. As the effects of these genetic variants on 

thyroid function in pregnant women are unknown, we refrained from examining pregnancy 

related outcomes.

For detailed description of the studies included, see Supplemental Methods. Briefly, we 

identified 60 SNPs and one indel (in 41 loci) associated with TSH, 31 SNPs (in 21 

loci) associated with fT4, and 8 SNPs (in 8 loci) associated with (subclinical) hypo- and 

hyperthyroidism each (14). In an additional GWAS from 23andMe, we included data on 

overt hypothyroidism (15). Thyroid function was reflected by TSH and fT4 concentrations 

as exposures on a continuous scale and hypo-and hyperthyroidism as binary exposures. For 

binary exposures, we could only test the causal null hypothesis, because the causal estimates 

do not have a clear interpretation (16).

Outcomes were sex hormones (SHBG, total testosterone, total estradiol and FAI) and sexual 

function, defined as ovulatory function in women (duration of menstrual period, age at 

menarche and menopause, and reproductive lifespan) and erectile dysfunction in men. We 

extracted summary statistics for sex-stratified and sex-combined, as well as for crude and 

standardized (rank-based inverse normal transformed ["irn"]) continuous outcomes when 

available.

We used the UK Biobank to perform two-sample MR analyses on summary statistics data 

and GRS for thyroid function on individual level data, as thyroid function testing was 

not performed in the UK Biobank (Figure 1). The association with age at menarche and 

menopause were replicated by two-sample MR analyses in ReproGen (N=69,360-252,514 

women).

Kjaergaard et al. Page 4

Eur J Epidemiol. Author manuscript; available in PMC 2022 July 02.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Statistical analysis

Analyses were performed using Stata 13.1 (StataCorp, Texas, USA, www.stata.com) and R 

version 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria, www.R-project.org). 

The effect allele was defined as the allele associated with increased level of TSH and fT4 

levels, and increased risk of hypo- or hyperthyroidism (exposure). Thus, all β-coefficients 

for the SNP-exposure associations were positive. We then aligned the β-coefficients for 

the SNP-outcome association to the effect allele of the SNP-exposure association (data 

harmonization). Thus, the causal effect is estimated as change in outcome per one unit 

change of the respective exposure.

Strength of the genetic instruments was calculated as F= β2
exposure/SE2

exposure.

We performed sex-combined and sex-stratified analyses by using two-sample MR approach 

on summary level data, as well as GRS approach on individual level data.

We considered p<0.005 (0.05 divided by 9 outcomes: SHBG, testosterone, estradiol, FAI, 

duration of menstrual cycle, age at menarche, age at menopause, reproductive lifespan, 

erectile dysfunction) as the significance level threshold. However, as p-value mixes the 

estimated effect size with its’ estimated precision, and considering the large number 

of statistical test performed, we evaluated each result with a p<0.005 individually by 

considering the effect size (β), standard error, biological plausibility and removal of outlier 

SNPs (see MR-PRESSO below).

Two-sample MR—Two-sample MR analyses with summary data were performed by the 

freely available mrrobust Stata package (17). The main analysis was the inverse variance 

weighting (IVW) method, which requires that all SNPs are valid instrumental variables. The 

overall causal estimate was determined as inverse variance weighted (multiplicative) random 

effects meta-analysis (IVW-RE) applied across the individual causal estimates (Wald ratio 

estimates of the SNP-outcome and SNP-exposure association) and their standard errors (18). 

The IVW-RE takes into account the heterogeneity between the individual variants’ causal 

(ratio) estimates and provides the combined mean effect (19). We assessed the heterogeneity 

between the individual causal estimates with the I2 statistics, ranging from 0% to 100%, 

where high pleiotropy is a sign that one or more SNPs are likely to be pleiotropic (20–22). I2 

is calculated as [100% x (Q-df)/Q], where Q is the Cochran’s Q statistics and df is degrees 

of freedom. While the Cochran’s Q statistics is sensitive to the number of variants included 

(calculated as the difference between the variants’ effect sizes and the combined effect size, 

which is then squared, weighted and summed), the I2 is not.

Sensitivity MR analyses included: weighted median, MR Egger (simulation extrapolation 

[SIMEX] adjusted) and MR-PRESSO (Mendelian Randomization Pleiotropy RESidual Sum 

and Outlier) regression analyses. The weighted median provides reliable estimates if at least 

50% of the weight comes from valid genetic variants (23). MR Egger provides pleiotropy 

robust estimates in cases where even fewer than 50% of the genetic variants are valid (24). 

However, the trade-off is the large confidence intervals. Because MR Egger assumes no 

measurement error (NOME), the results can be biased when this assumption is violated. 

We quantified the NOME violation by I2
GX (range: 0%-100%, decreases with increasing 
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NOME violation), an adaptation of the I2 statistics from the field of meta-analysis (24). 

Furthermore, we adjusted for potential violations by using the bootstrapped SIMEX method 

(24). Finally, we examined horizontal pleiotropy by MR-PRESSO by MRPRESSO package 

in R (25). MR-PRESSO detects horizontal pleiotropy (by MR-PRESSO global test), corrects 

for horizontal pleiotropy via outlier removal, and tests whether there is a significant 

distortion in the causal estimates before and after outlier removal (by MR-PRESSO bias 

test). Outlier removal results in narrower confidence intervals.

Genetic risk score—To verify the findings from the two-sample MR approach based 

on summary statistics from an automated GWAS on numerous (>4,000) outcomes, we 

employed the GRS approach, a fixed-effect analysis, on individual level data. We generated 

an unweighted GRS using the different sets of genetic variants as described below. 

Thus, although the estimate sizes between the two-sample MR and the unweighted GRS 

approach are not directly comparable, the directions of the associations are. The GRS 

was standardized using the "scale" function in R, and the alleles were aligned to the 

increasing allele for each thyroid trait. Next, for these GRS, we performed linear regression 

for continuous (SHBG, testosterone, estradiol, FAI, duration of menstrual cycle, age at 

menarche and menopause, and reproductive lifespan) and logistic regression for erectile 

dysfunction, the only binary outcome. The analyses were adjusted for age, sex (for sex-

combined only), 40 principal components, batch, BMI, and smoking, as all can affect 

thyroid hormone concentrations. Importantly, when we excluded BMI and smoking from the 

model, the results remained similar.

Stratification of TSH and fT4 variants—Autoimmune diseases in general have been 

associated with sex hormone concentrations (26). Therefore, we stratified TSH SNPs based 

on the presence or lack of their association with autoimmune thyroid disease (AITD) 

to investigate whether observed associations were caused directly by thyroid function or 

indirectly by autoimmunity, independent of thyroid hormone concentrations (Supplemental 

Table 1). AITD SNPs were defined as those associated with thyroperoxidase antibodies 

(TPOAb) (27), Hashimoto’s thyroiditis (28) and Graves’ disease (14).

Furthermore, because local tissue availability of thyroid hormones may be different from 

systemic plasma concentrations, we stratified fT4 SNPs based on their location within or 

outside DIO1 and DIO2 genes that regulate the bioavailability of active thyroid hormones. 

The stratifications should also decrease the heterogeneity within the sets of genetic variants.

Sets of genetic variants used in this study—We included a total of ten different 

sets of genetic variants: three for TSH (all variants and variants stratified by presence/

absence of association with AITD), three for fT4 (all variants and variants stratified by their 

location within or outside DIO1 and DIO2 genes), two for hypothyroidism (subclinical from 

ThyroidOmics and overt from 23andMe GWAS) and two for hyperthyroidism (all variants 

and variants excluding FOXE1 rs925488, a pleiotropic SNP with questionable directionality, 

as the effect allele was associated (directly or indirectly through LD) with increased risk of 

both hypo- and hyperthyroidism) (Supplemental Figure 1).
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Results

Summary measures for SHBG, total testosterone, total estradiol, FAI, duration of menstrual 

cycle, age at menarche and menopause, reproductive lifespan, erectile dysfunction, and GRS 

are shown in Supplemental Table 3.

TSH and sex hormones

One SD increase in genetically predicted TSH was associated with 1.332 nmol/L lower 

SHBG (β=-1.332, 95% CI:-0.717,-1.946; p=2x10-5) and 0.103 nmol/L lower (β=-0.103, 

95% CI:-0.051,-0.154; p=9x10-5) total testosterone concentrations (Figure 2, Supplemental 

Figure 2, Supplemental Table 4).The results were similar in sex-stratified analyses for raw 

and standardized SHBG, and for standardized testosterone (Supplemental Table 4, Figure 2, 

Supplemental Figure 2). However, the association with raw testosterone was substantially 

stronger in men than in women (Supplemental Table 4, Figure 3 and Supplemental Figure 

2). The estimates were robust to inclusion of only no-AITD SNPs (Supplemental Tables 5-6, 

Figure 3, Supplemental Figure 2) and MR sensitivity analyses (Supplemental Tables 5-6).

Overall, these findings were supported by the GRS approach (Supplemental Table 7, Figure 

4). However, while the two-sample MR showed little evidence for association with estradiol 

in either sex, the GRS for TSH was associated with decreased estradiol in women, but not in 

men (Supplemental Table 7, Figure 4). Furthermore, the GRS for TSH was associated with 

increased FAI in men, but not in women (Supplemental Table 7, Figure 4).

fT4 and sex hormones

One SD increase in genetically predicted fT4 was not associated with concentrations of 

SHBG, testosterone or estradiol in any MR analyses (Figures 2 and 3, Supplemental Figures 

2 and 3, Supplemental Tables 8-10).

GRS for fT4 (N=31) was not associated with SHBG, but was nominally associated with 

increased testosterone, estradiol and FAI, all in women only (and not in men, Supplemental 

Table 13, Figure 4). Stratification by fT4 DIO1 and DIO2 variants, diluted the association 

with testosterone for DIO1 and DIO2 variants (N=7), and estradiol for fT4 excluding DIO1 
and DIO2 variants (N=24, Supplemental Table 11).

Hypothyroidism and sex hormones

Genetic predisposition to hypothyroidism was associated with decreased SHBG and total 

testosterone concentrations (p=0.001 for SHBG, p=0.361 for raw testosterone, and p=0.015 

for standardized testosterone) in sex-combined, and similar in sex-stratified analyses 

(Supplemental Table 12, Figure 2, Supplemental Figure 2). However, for testosterone, the 

association was more evident in women than in men. In men, the results were inconsistent 

as weighted median and MR-Egger showed a possible causal association, but this was 

not supported by the main analysis (IVW-RE) or MR-PRESSO (Supplemental Table 12). 

Furthermore, the sensitivity analysis using SNPs associated with overt hypothyroidism 

showed no associations with testosterone concentrations in men (Supplemental Table 13).
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Overall, these findings were supported by the GRS approach (Figure 4, Supplemental Table 

14). Furthermore, the GRS for hypothyroidism was associated with decreased FAI in women 

and increased FAI in men (Supplemental Table 14, Figure 4).

Hyperthyroidism and sex hormones

Genetic predisposition to hyperthyroidism was associated with increased SHBG 

concentrations in men only, and particularly when the pleiotropic FOXE1 rs925488 was 

excluded from the analyses (Supplemental Tables 15-16, Figure 2). In addition, genetic 

predisposition to hyperthyroidism was associated with increased testosterone in women 

only (Supplemental Tables 15-16, Figure 2), and supported by the sensitivity analyses 

(Supplemental Tables 15-16).

Overall, these findings were supported by the GRS approach (Supplemental Table 17, 

Figure 4). However, while the two-sample MR showed no association with testosterone in 

men, the GRS (excluding FOXE1 rs925488) for subclinical hyperthyroidism was associated 

with increased testosterone in men (Supplemental Table 17). Furthermore, the GRS for 

subclinical hyperthyroidism was associated with decreased FAI in men (and possibly barely 

increased FAI in women, Supplemental Table 17, Figure 4).

Thyroid function and sexual function

Overall, genetically predicted thyroid function was not robustly associated with sexual 

function in neither the UK Biobank, nor ReproGen (Supplemental Tables 4-16).

However, TSH SNPs associated with AITD (N=15) were associated with decreased age at 

menopause in the IVW-RE analysis (β=-0.395, 95% CI: -0.650,-0.139, p=0.003) and the 

GRS approach (p=0.001), but not in other sensitivity analyses (Supplemental Tables 5 and 

7).

The GRS for fT4 (all 31 variants) was associated with increased age at menopause 

(p=3x10-6). Stratification analyses abrogated the association for DIO1 and DIO2 variants 

(p=0.705, N=7), and augmented the association for all other fT4 excluding DIO1 and DIO2 
variants (p=2x10-7, N=24, Supplemental Table 11).

Likewise, only the GRS for fT4 excluding DIO1 and DIO2 variants (N=24) was associated 

with increased reproductive lifespan (p=0.002, Supplemental Table 11). These associations 

were driven by rs4954192, rs55679545 and rs12907106 (Supplemental Table 10), and 

excluding these SNPs (from all fT4, as well as no-DIO1 and DIO2 fT4 variants) resulted in 

no apparent association with age at menopause or reproductive lifespan in both approaches 

(data not shown).

Discussion

This is the first study using genetic variation to investigate the causality between thyroid 

function and sex hormone concentrations and sexual function. We showed that genetically 

predicted thyroid function was associated with sex hormone concentrations, but not with 

sexual function.
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Genetically increased TSH and genetic predisposition to hypothyroidism were associated 

with decreased concentrations of SHBG in both sexes. Other associations were sex-specific: 

genetic predisposition to hyperthyroidism was associated with increased SHBG in men 

and increased testosterone in women, and genetic predisposition to hypothyroidism was 

associated with decreased testosterone in women. While these findings were directionally 

consistent, the findings for fT4 differed between the two approaches: genetically predicted 

fT4 was not associated with sex hormones in the two-sample MR approach, but was 

associated with increased concentrations of testosterone and estradiol (in women only) in 

the GRS approach.

Our findings are in line with the epidemiological association between thyroid hormones 

and SHBG concentrations. Mechanistically, increased thyroid hormone concentrations 

increase hepatic metabolism and hepatocyte nuclear factor-4α concentrations (4). This 

stimulates the SHBG promoter to increase SHBG transcription, and consequently results in 

increased SHBG concentrations (4). SHBG inhibits testosterone and estradiol by binding 

to them and thereby decreasing their bioavailability. When fT4 increases (and TSH 

correspondingly decreases), SHBG concentration increases. Consequently, further down the 

pathway, the total testosterone and estradiol concentrations increase in order to maintain 

an appropriate bioavailability of these hormones. Thus, due to vertical pleiotropy, genetic 

variants associated with SHBG, should also be associated with testosterone and estradiol 

concentrations. Since testosterone binds to SHBG with stronger affinity than estradiol, this 

might explain why genetically predicted TSH was associated with testosterone in both sexes 

and both approaches, but only associated with estradiol in women in the GRS approach. 

This may illustrate the vertical pleiotropy, i.e. the observational association between thyroid 

function and estradiol could be secondary to the association with SHBG.

FAI is approximately the inverse of SHBG in women, who normally have very low 

testosterone concentrations. Thus, we could expect that hypothyroidism was associated 

with increased and hyperthyroidism with decreased FAI in women, i.e. the inverse of 

the association with SHBG. Surprisingly, the GRS approach showed the exact opposite: 

hypothyroidism was associated with decreased FAI in women and increased FAI in men, and 

vice versa for hyperthyroidism. Furthermore, our findings were directionally consistent and 

in opposite directions between the sexes, as the GRS for TSH was associated with increased 

FAI in men, and GRS for fT4 was associated with increased FAI in women. However, the 

usefulness of FAI is debated. FAI can be misleading when SHBG concentrations are low, 

and is mostly used to examine androgen status in women, but not in men, and in clinical 

studies (29).

Another surprising finding was the lack of association between genetically predicted fT4 

and sex hormones using the two-sample MR approach. In contrast, using the GRS approach, 

we found that fT4 was associated with increased concentrations of testosterone (driven by 

no-DIO1 and DIO2 variants, N=24) and estradiol (driven by DIO1 and DIO2 variants, N=7) 

in women only, suggesting that fT4 SNPs may influence concentrations of testosterone and 

estradiol through other pathways than SHBG in women.
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A possible explanation for the discrepant findings for TSH and fT4 with the two-sample 

MR approach could be that TSH is a much more sensitive biomarker than fT4 in detecting 

small changes in the set point of the hypothalamic–pituitary–thyroid axis, as suggested by 

previous studies (30–32). Additionally, the TSH and fT4 SNPs do not overlap. The fact 

that the fT4 SNPs have a much weaker association with TSH levels means that they do 

not play a central role in the hypothalamic–pituitary–thyroid axis, but rather determine fT4 

concentrations in other ways, such as by peripheral thyroid hormone metabolism by DIO1, 

DIO2 and AADAT. Furthermore, the proportion of genetic variance explained by the genetic 

variants is higher for TSH than fT4 concentrations (9.4% versus 4.8%).

In accordance with this, we observed an association between genetic predisposition 

to hypothyroidism and decreased SHBG concentrations in both sexes and genetic 

predisposition to hyperthyroidism and increased SHBG concentrations in men. Interestingly, 

the associations between genetic predisposition to hypothyroidism and decreased 

testosterone and between genetic predisposition to hyperthyroidism and increased 

testosterone concentrations were more evident in women, than in men. This can possibly 

be explained by women having much higher SHBG and lower testosterone concentrations 

than men. Another possible explanation could be gene-by-sex interaction, since both hypo- 

and hyperthyroidism are more prevalent in women than in men. However, while the 

ThyroidOmics Consortium meta-GWAS investigated and rejected gene-by-sex interaction 

for TSH and fT4, it did not investigate this for hypo- and hyperthyroidism.

While we found no association between genetically predicted thyroid function and ovulatory 

function, a previous British case-control study of 178 women reported an association for 

Hashimoto’s thyroiditis (80% of cases were hypothyroid) with decreased age at menarche, 

increased age at menopause and increased reproductive lifespan (8). Indeed, the only 

associations we cannot completely exclude were in the opposite direction, that is, TSH 

AITD SNPs with decreased age at menopause, and fT4 (no-DIO1 and DIO2) SNPs with 

increased age at menopause. Furthermore, a Greek case-control study of 144 women found 

no association between subclinical hypothyroidism and duration of menstrual cycle, age at 

menopause and reproductive lifespan, but suggested that early menarche may be a risk factor 

for subclinical hypothyroidism (10).

We found no association between genetically predicted thyroid function and erectile 

dysfunction in either approach. This is in disagreement with a previous report of an 

association between (overt) hyperthyroidism and erectile dysfunction (7). However, since 

we only examined the effect of normal and subclinical variation in thyroid function, 

our findings do not necessarily extend to more severe phenotypes. Thus, we cannot 

exclude that (untreated) overt hyperthyroidism is associated with erectile dysfunction. 

Indeed, proposed mechanisms linking thyroid function to erectile dysfunction include 

hyperthyroidism-associated anxiety and impairment of the nitric oxide-dependent relaxation 

of the corpora cavernosa (through thyroid hormone binding to its associated receptors in the 

genitourinary tract) (1, 12).

One major strength of this study is the employment of two different approaches: the 

two-sample MR on summary level and the GRS on individual level data, showing largely 
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consistent results. Additionally, we included a sensitivity study for (well-treated) overt 

hypothyroidism, confirming our findings on subclinical hypothyroidism, as well as a 

replication study in ReproGen. Furthermore, the proportion of variance explained by the 

genetic variants for TSH and fT4 concentrations was high, suggesting high validity. Finally, 

we confirmed the observational association between thyroid function and sex hormones, 

further validating the genetic instruments used for thyroid function, and TSH in particular.

A potential limitation of our study is the restriction to individuals of European ancestry, 

meaning that our findings cannot automatically be extended to individuals of other 

ancestries. On the other hand, this also strengthened our study by decreasing the risk of 

population stratification. Another potential limitation is the lack of sex-stratified instrument-

exposure summary statistics for hypo- and hyperthyroidism, which are more prevalent in 

women than in men.

In conclusion, using both summary and individual level data from the UK Biobank, we 

found evidence to support that thyroid function is causally associated with concentrations of 

sex hormones, but not with sexual function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic diagram illustrating the study design
Thyroid function was TSH and fT4 within reference range, and subclinical hypo- and 

hyperthyroidism from ThyroidOmics meta-genome-wide association study (GWAS) and 

overt hypothyroidism from 23andMe GWAS.

Within the UK Biobank, we used summary level as well as individual level data. Summary 

level data were from the rapid UK Biobank genome-wide association study provided by the 

Neale lab at: http://www.nealelab.is/uk-biobank.

Summary level data from ReproGen consortium were extracted from: https://

www.reprogen.org/data_download.html.

SNP: single nucleotide polymorphism.
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Figure 2. Inverse variance weighted (IVW) random effects causal estimates for thyroid function 
on sex hormones
The estimates were based on summary level data on 317,694 participants (170,101 women 

and 147,593 men) from the UK Biobank (UKBB).

SNP: single nucleotide polymorphism.

GWAS: genome-wide association study, refers to the latest ThyroidOmics GWAS for TSH 

(thyroid stimulating hormone) and fT4 (free tetraiodothyronine) and subclinical hypo- and 

hyperthyroidism, and additionally 23andMe GWAS for overt hypothyroidism.

SHBG: sex hormone binding globulin. Testosterone and estradiol refer to total, and not free 

concentrations.

CI: confidence intervals.
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Figure 3. Mendelian randomization (MR) estimates for genetically increased TSH and fT4 
concentrations on sex hormones
Estimates are from inverse-variance weighted (IVW) random-effects method.

Analyses for TSH were stratified for association with autoimmune thyroid disease (AITD). 

Prior to stratification, SNPs in ABO and BCAS3 genes were excluded due to pleiotropy and 

low tissue specificity (Supplemental Figure 1). Analyses for fT4 were stratified by DIO1 and 

DIO2 genes.

SNP: single nucleotide polymorphism.

GWAS: genome-wide association study, refers to the latest ThyroidOmics GWAS.

SHBG: sex hormone binding globulin. Testosterone and estradiol refer to total and not free 

concentrations.

UKBB=UK Biobank.

CI: confidence intervals.
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Figure 4. Genetic risk score estimates for thyroid function on sex hormones
Genetic risk score was based on individual level data on concentrations of SHBG in 326,819 

participants (174,006 women and 152,813 men), testosterone in 326,631 (161,477 women 

and 165,154 men), estradiol in 56,187 (42,134 women and 14,053 men) and FAI in 298,010 

participants (146,082 women and 151,928 men) from the UK Biobank (UKBB).

GWAS: genome-wide association study, refers to the latest ThyroidOmics GWAS for TSH 

(thyroid stimulating hormone) and fT4 (free tetraiodothyronine) and subclinical hypo- and 

hyperthyroidism, and additionally 23andMe GWAS for overt hypothyroidism.

SHBG: sex hormone binding globulin. Testosterone and estradiol refer to total, and not free 

concentrations. Free androgen index (FAI)=total testosterone/SHBG.

CI: confidence intervals.
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