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Background: Current therapeutic measures for thyroid dysfunction are limited
and often accompanied by adverse effects. The use of lipid-lowering drugs like
statins has recently been associated with lower thyroid eye diseases risk.

Objective: To investigate the implications of genetically proxied lipid-lowering
drugs on thyroid dysfunction.

Methods: In this drug-target Mendelian randomization (MR) study, we utilized
genetic variants within drug target genes associated with low-density lipoprotein
(LDL) or triglyceride (TG), derived from a genome-wide association study (GWAS)
meta-analysis (N < 188,577), to simulate lifelong drug interventions. Genetic
summary statistics for thyroid dysfunction outcomes were retrieved from GWAS
datasets of Thyroid Omics Consortium (N < 54,288) and UK Biobank (N = 484,598).
Inverse-variance-weighted MR (IVW-MR) method was performed as primary
analysis, followed by validation in colocalization analysis. A subsequent two-step
MR analysis was conducted to identify biomarkers mediating the identified drug-
outcome association.

Results: In [VW-MR analysis, genetic mimicry of 3-hydroxy-3-methylglutarylcoenzyme
reductase (HMGCR) inhibitors (e.g. statins) was significantly associated with lower risk of
hyperthyroidism in two independent datasets (ORy, 0.417 per 1-mmol/L lower in LDL-C;
95% Cl 0.262 to 0.664; P; _ 2.262 x 10™* OR, 0.996; 95% Cl 0.993-0.998; P, _ 0.002).
Two-step MR analysis revealed eighteen biomarkers linked to genetic mimicry of
HMGCR inhibition, and identified insulin-like growth factor 1 (IGF-1) levels mediating
2.108% of the negative causal relationship between HMGCR inhibition
and hyperthyroidism.
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Conclusion: This study supports HMGCR inhibition as a promising therapeutic
strategy for hyperthyroidism and suggests its underlying mechanisms may
extend beyond lipid metabolism. Further investigations through laboratory
studies and clinical trials are necessary to confirm and elucidate these findings.

KEYWORDS

thyroid, hyperthyroidism, statin, 3-hydroxy-3-methylglutarylcoenzyme reductase,
blood lipids, drug target, genetics, Mendelian randomization

1 Introduction

Thyroid dysfunction, encompassing hypothyroidism and
hyperthyroidism, manifests as a prevalent health concern and an
endocrine system disorder observed among adults, especially with a
higher prevalence among women (1). This condition is
characterized by deviations in the levels of serum thyroid
stimulating hormone (TSH) and can manifest as overt or
subclinical forms, characterized by abnormal TSH levels with or
without accompanying symptoms, as well as abnormal and normal
free thyroxine (FT4) levels, respectively. Notably, dyslipidemia is
widely recognized to be frequently encountered in individuals with
thyroid dysfunction, indicating an inherent association between
thyroid hormone and lipid metabolism (2-4). Hyperthyroidism is
characterized by lower levels of low-density lipoprotein cholesterol
(LDL-C), triglycerides (TG), and total cholesterol (TC), alongside
higher levels of high-density lipoprotein cholesterol (2, 5). On the
other hand, both overt and subclinical hypothyroidism are linked to
elevated TC and LDL-C levels. Similarly, TSH levels are observed to
be connected to higher levels of TC, LDL-C, and TG, while free
thyroxine has been shown to reduce cholesterol levels (2, 4, 6).

Studies have provided evidence supporting the significant
impact of thyroid hormone on the heart and cardiovascular
system (7). Some commonly observed manifestations of thyroid
dysfunction have long been recognized as the results from the
physiological effects of thyroid hormone on the cardiovascular
system, including resting heart rate, left ventricular systolic force,
atherosclerosis, systemic vascular resistance, and blood volume. In
the management of cardiovascular disease, lipid-lowering drugs,
such as statins, are commonly recommended for prescription with
the aim of regulating atherosclerosis (8, 9). Given the established
relationship between thyroid dysfunction and cardiovascular
disease, it not uncommon for application of lipid-lowering
perturbation in patients with thyroid-related cardiovascular disease.

However, the risks and benefits associated with lipid-lowering
drugs in patients with thyroid dysfunction remain uncertain. A
series of retrospective cohort studies and clinical trials have
demonstrated that utilization of statin medication correlates with
the restoration of thyroid function, a diminished occurrence of
thyroid nodules, reduced thyroid volumes, and decreased thyroid
autoimmunity in dyslipidemic patients, but the thyroid statuses of
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the study populations included in these investigations were varied
(10-13). Conversely, a recent meta-analysis involving a large cohort
of over 4 million subjects treated with statins and another
retrospective analysis reported that hypothyroidism is a risk
factor for statin intolerance (14, 15).

Randomized controlled clinical trials (RCTs) encounter
challenges when studying thyroid-related diseases, primarily due
to the requirement for adequate sample size and long-term follow-
up (16). Consequently, it is imperative to investigate the potential
causal link between lipid-lowering drugs and thyroid dysfunction
through a robust approach that can provide valuable insights into
the potential clinical effects of these drugs. Mendelian
randomization (MR) emerges as a novel approach in this context,
utilizing naturally randomized genetic variation in the gene
encoding the protein drug target to effectively minimize the
influence of unnoticed confounding factors, address potential
reverse causality, and ultimately provide evidence comparable to
that of RCTs (17). By utilizing genomic profile of individual patient,
MR enables us to select medications that are more likely to improve
outcomes in certain populations, while considering the side effects
and adverse outcomes (18).

In the present study, our aim was to examine the impacts of
perturbing four genetically proxied lipid-lowering drug targets on
thyroid dysfunction outcomes (i.e. hyperthyroidism and
hypothyroidism) and thyroid function traits (ie. TSH and FT4).
Therefore, a two-sample Mendelian randomization (MR) study was
conducted utilizing openly accessible summary data from genome-
wide association studies (GWAS) within European populations.

2 Materials and methods
2.1 Study design and ethics

The outline of this study design is illustrated in Figure 1. First,
we gained instrumental variables as genetic proxies for the
therapeutic effect of four lipid-lowering drugs. Second, a drug-
target MR was conducted to assess the causal impacts of drug
perturbation on hype and hypothyroidism. Third, we performed
colocalization analyses to validate the robustness of the significant
MR results. Finally, we evaluated the MR associations of the
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FIGURE 1

Outline for the Mendelian randomization study design. ANGPTL3, angiopoietin-like 3; HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; GWAS,
genome-wide association study; IV, instrumental variable; IVW-MR, inverse-variance-weighted Mendelian randomization; LDL-C, low-density
lipoprotein cholesterol; LPL, lipoprotein lipase; PCSK9, proprotein convertase subtilisin/kexin type 9; MAF, minor allele frequency; TG, triglyceride.

identified target, HMGCR, with five categories of biomarkers,
and subsequently identified the mediators to explore the
possible underlying mechanisms from HMGCR inhibition
to hyperthyroidism.

The ethical approvals of the utilized GWAS studies were
obtained from the respective ethical review committees, and the
ethics statement can be found in the original publications. Detailed
information regarding the data source of this study can be obtained
in Supplementary Table S1. This study was reported in reference to
Strengthening the Reporting of Observational Studies in
Epidemiology Using MR guidelines (19) (Supplementary Table S2).

2.2 Genetic proxies of lipid-lowering drugs

Summary-level genetic statistics of LDL-C and TG originated
from the GWAS meta-analysis of lipid traits performed by the
Global Lipids Genetics Consortium (GLGC) (20), which covered
1.7 million European participants. Genetic correlation was
calculated through linear regression, adjusting for age, genomic
principal components, and sex within each individual study,
followed by meta-analysis across all included studies.

In this MR analysis, two licensed lipid-lowering drug classes, 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR)
inhibitors and proprotein convertase subtilisin/kexin type 9
(PCSK9) inhibitors, were included due to their primary
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pharmacological action of reducing LDL-C levels. For drug targets
primarily involved in reducing TG, angiopoietin-like 3 (ANGPTL3)
and lipoprotein lipase (LPL) were selected, considering their status as
licensed or investigational therapeutics. Information regarding the
pharmacological targets, mechanisms of action and corresponding
encoding genes was obtained from the DrugBank database (https://
go.drugbank.com/). Based on the predominant lipid-lowering effects
of these drug targets that were identified in previous reviews (21-23)
and the DrugBank database, the lipid-lowering effects of HMGCR
and PCSK9 inhibition were assessed using genetically proxied LDL-
C-lowering variants, while the lipid-lowering effects of ANGPTL3
inhibition and LPL activation were examined using genetically
proxied TG-lowering variants.

Referring to similar methods in previous drug-target MR
studies (24-26), in inverse variance-weighted Mendelian
randomization (IVW-MR) analysis, cis-variants were chosen as
proxies for the therapeutic effects of HMGCR, PCSK9, ANGPTL3
inhibition, and LPL activation, meeting the following criteria:
(i) significant association with the pertinent lipid traits while
presenting no association with the corresponding outcome
(at P<5x107®); (ii) location within +100 kb of the target gene;
(iii) limited linkage disequilibrium (r*< 0.3) with other variants
within the same region, in reference to PLINK software (27) and
phase 3 of 1000 genomes data (28), to avoid multicollinearity; (iv)
strand-correction for non-palindromic SNPs and exclusion of
palindromic ones, to avoid ambiguity in identifying the effect alleles.
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2.3 Data source for thyroid dysfunction
and thyroid function traits

We obtained summary-level genetic data for thyroid
dysfunction from two independent GWASs. A meta-analysis of
GWASs in European population conducted by Thyroid Omics
Consortium was selected as the discovery dataset (29). This
GWAS meta-analysis comprised a substantial sample size,
including up to 1,840 hyperthyroidism cases, 3,440
hypothyroidism cases, and 49,983 controls with TSH levels within
the reference range. Hyper- and hypothyroidism were clearly
defined by TSH levels that deviated below and above the cohort-
specific reference range (29), respectively. Overt and mild
subclinical hyper- and hypothyroidism patients were included.
Participants who disclosed the usage of thyroid medication or
had a past record of thyroid surgery were not included in the
study cohort. Genetic statistics for TSH and FT4 were also obtained
from this GWAS meta-analysis. No sample overlap was reported
between the GWAS of the GLGC and the Thyroid
Omics Consortium.

For the replication analyses, data were extracted from an
additional GWAS dataset of 484,598 UK Biobank participants
aged 0 to 70 years (30). The GWAS comprised 3,731
hyperthyroidism cases and 23,497 hypothyroidism cases. Cases
were defined based on a self-reported disease hierarchical
structure, whereby hyperthyroidism was defined as
hyperthyroidism or thyrotoxicosis (code 1225 in field 20002), and
hypothyroidism was defined as hypothyroidism or myxedema (code
1226 in field 20002). Participants entered self-reported disease
information validated by interview at baseline with a trained
nurse. Although the sample size and number of cases in this
dataset were relatively larger compared to the discovery dataset,
the definition criteria in this dataset were relatively less precise. This
GWAS was performed using linear mixed models with adjustments
for potential confounders such as sex, age, body mass index (BMI),
and other relevant factors as covariates in the analysis. The methods
employed for genotyping and quality control in the UK Biobank
study have been previously outlined (31).

2.4 IVW-MR analysis

We applied the multiplicative random-effects IVW-MR method
to estimate the effects of genetically proxied inhibitors of HMG-
CoA, PCSK9, ANGPTL3 and activators of LPL on hyper- and
hypothyroidism (32). Estimates of MR were reported as odds ratios
(OR) that corresponded to a deviation in the risk for the thyroid
dysfunction endpoint per 1-SD decrease in the respective
lipid fraction.

The validity of causal estimation in MR study hinges upon the
satisfaction of three key assumptions (33). First, the genetic
instrumental variables (IVs) should exhibit a strong association
with the exposure of interest. Second, genetic IVs affect the outcome
only through their effect on the exposure. Third, genetic IVs are
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independent of confounding factors that influence the outcome
of interest.

We estimated the F statistic for each drug target IV to mitigate
the potential for weak instrument bias. Calculated by the formula:

F = beta® /se*

IV with F-statistic exceeding 10 was considered to be indicative
of sufficient IV strength for analysis (34). Moreover, the statistical
power for the MR analysis was computed utilizing an online tool,
namely mRnd (https://shiny.cnsgenomics.com/mRnd/) (35). To
further examine the validity of the IVs for drug targets, positive
control analyses were conducted utilizing coronary artery disease
(CAD) as the positive control outcome, based on the established
therapeutic effect of lipid-lowering therapy in this context.
Summary-level data for CAD were procured from the CARDIo-
GRAMplusC4D dataset (predominantly European ancestry, 60,801
cases, 123,504 controls) (36).

To address potential confounding and evaluate the robustness
of MR results, we employed a variety of sensitivity analyses. First, to
assess the heterogeneity within IVs, the Cochran’s Q test was
performed with a significance threshold of p< 0.05 (32). Second,
to account for directional horizontal pleiotropy, the MR-Egger
regression method was applied, of which intercept term at
p< 0.05 indicates an estimate of the directional pleiotropic effect
(32). Third, the weighted median and mode methods were
performed to further examine the robustness of the inverse
variance-weighted estimates to uncorrelated horizontal pleiotropy
(37). Finally, leave-one-out analyses were employed to assess the
impact of single SNPs in drug-target proxies on the overall causal
estimates (38).

Additionally, we also investigated the impact of genetically
proxied lipid-lowering drugs on thyroid hormones to further
examine observed findings on thyroid dysfunction outcomes.

Bonferroni-corrected significance levels of P-value< 0.0125
(4 drug targets, 0.05/4) were utilized to adjust for multiple testing
of MR. Analyses of MR were performed in R program (v4.2.2) using
the TwoSampleMR (v0.5.6) (39).

2.5 Bayesian colocalization analysis

For further examination of the drug targets that exhibited
statistical significance for the thyroid dysfunction risk among MR
analysis, Bayesian colocalization analysis was employed as an
extension sensitivity analysis of MR. By using the coloc method
with default priors setting (40), it enabled assessment for whether
identified associations in MR were due to linkage disequilibrium,
and provided the posterior probability for five hypotheses on
whether an individual variant is shared between two traits. A
posterior probability of hypothesis 4 (PP.H4) exceeding 80%
signifies the potential presence of a shared causal variant affecting
both the expression of the target gene and the risk of thyroid
dysfunction. The R package coloc (v5.2.1) was used for Bayesian
colocalization analyses (40).

frontiersin.org


https://shiny.cnsgenomics.com/mRnd/
https://doi.org/10.3389/fendo.2024.1331031
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Huang et al.

2.6 Lipid traits, the risk of thyroid
dysfunction outcomes and thyroid
function traits

Considering the existing evidence linking lipids to thyroid
function and thyroid diseases, as documented in prior studies (2,
3, 5), to investigate whether the association between genetic proxies
of lipid-lowering drugs and thyroid dysfunction risk was
independent of lipid-lowering effect, we additionally assessed the
potential association between LDL-C and TG levels and the risk of
thyroid dysfunction, as well as their association with thyroid
function traits by using genome-wide significant variants
characterized by low pairwise correlations (threshold r’< 0.001).

2.7 Biomarker-wide association and
mediation analysis

Furthermore, we conducted a two-step MR analysis to identify
mediator variables mediating the causal relationship between
genetic mimicry of drug perturbation and thyroid dysfunction
outcomes. Firstly, we evaluated the MR association of identified
genetically proxied drug perturbations with five common
biomarker categories, covering serum and urine biochemical (41),
hematological (42), inflammatory (43), hemodynamic (44) and
glycemic traits (45, 46) (Supplementary Table S1). Bonferroni-
corrected significance levels of P-value< 4.55E** (0.05/110) were
used to adjust for multiple testing. Subsequent mediation analyses
were performed to explore the pathophysiological pathways
underlying the identified drug-outcome association. The details of
the GWAS data source for these biomarkers are provided in the
Supplementary Table S1. In this two-step MR analysis, the direct
effect of exposure on outcome was measured by 30 - 1 x B2 (47),
wherein 0 represents the causal impact of the exposure on the
outcome, PB1 denotes the causal effect of the exposure on the
mediator, B2 represents the causal effect of the mediator on the
outcome, and B1 x B2 denotes the mediating effect from the
exposure to the outcome. The assessment of indirect effects and
mediated proportions was carried out using the “Product of

10.3389/fendo.2024.1331031

coefficients” method, with standard errors for the indirect effects
derived through the delta method (47).

3 Results

3.1 Genetic instruments selection for
drug targets

We selected 8 SNPs to proxy the LDL-C-lowering effect via
HMGCR inhibition, 13 SNPs for LDL-C-lowering via PCSK9
inhibition, 5 SNPs for TG-lowering via ANGPTL3 inhibition, and
21 SNPs for TG-lowering via LPL activation (Table 1,
Supplementary Table S3). All the genetic IVs exhibited F statistics
exceeding 30, indicating a low likelihood of the results being
influenced by weak instrument bias. Furthermore, as
demonstrated in positive control analyses, almost all genetically
proxied drug targets exhibited significant associations with a
reduced risk of coronary artery disease (Figure 2), ensuring the
validity of the used IVs. Regarding ANGPTL3, which did not align
with the above pattern but was consistent with previous MR studies
(23, 48), we therefore conducted additional analysis into the
association of genetically proxied ANGPTL3 inhibition with a
previously reported pertinent biomarker, C-reactive protein (48),
and observed a statistically significant outcome.

3.2 Lipid-lowering drug targets and the risk
of thyroid dysfunction outcomes

For hyperthyroidism, as shown in the IVW-MR analysis,
genetically proxied inhibition of HMGCR was significantly
associated with a decreased risk in both the discovery dataset (OR,
0.417 per 1-mmol/L lower in LDL-C; 95% CI 0.262 to 0.664; P =
2262 x 10 (Figure 3A) and the replication dataset (OR, 0.996; 95%
CI 0.993 to 0.998; P = 0.002) (Supplementary Table S4). While no
other significant results were observed in the discovery dataset for
hyperthyroidism, the replication dataset indicated additional
significant associations, including genetically proxied ANGPTL3

TABLE 1 Summary information of lipid-lowering drug and corresponding targets.

Primary

pharmacological
action

Drug Encoding Gene

Reduced LDL-C

Reduced TG

Drug target Drug class : nSNP  Mean F
g targ 9 example gene? region®
HMG-CoA hr5:74632993-
HMG-CoA reductase . 0_ K Statins HMGCR ar 8 149
reductase inhibitors 74657941
Proprotein convertase Proprotein convertase chr1:55505221
\Y : -
p, . . subtilisin/kexin type Evolocumab PCSK9 13 167
subtilisin/kexin type 9 . 55530525
9 inhibitors
Angi ietin-lik Angi ietin- lik tei hr1:63063191-
nglOpOl'C in-like nglop()l'e m' '1 e protein Evinacumab ANGPTL3 chr 5 192
protein 3 3 inhibitors 63071984
hr8:19796764-
Lipoprotein lipase Investigational target NA LPL ar 21 209
19824770

*Genes that encode pharmacologic targets of these drugs were identified utilizing the DrugBank database (https://go.drugbank.com/). "Based on GRCh37/hg19 by NCBL. LDL-C, low-density

lipoprotein cholesterol; SNPs, single nucleotide polymorphisms; TG, triglyceride.
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OR (95% CI) P value
Coronary heart disease
HMGCR 0.687 (0.615, 0.768) —— 3.426<10""
PCSK9 0.597 (0.524, 0.679) —— 6.579x10"%
ANGPTL3 0.979 (0.795, 1.206) —_— 0.844
LPL 0.643 (0.588, 0.702) —— 1.394x10%
C-reactive protein
ANGPTL3 0.833 (0.797, 0.870) - 4.090x107¢
|
0.5 1 1.5
« Decrease risk Increase risk —
FIGURE 2

Positive control analysis for genetic instruments selected in Inverse-
variance-weighted Mendelian randomization analysis. ANGPTL3,
angiopoietin-like 3; HMGCR, 3-hydroxy-3-methylglutaryl CoA
reductase; LPL, lipoprotein lipase; PCSK9, proprotein convertase
subtilisin/kexin type 9; OR, odds ratio

inhibition linked to a reduced risk of hyperthyroidism (OR, 0.995 per
1-mmol/L lower in TG; 95% CI 0.992 to 0.998; P = 0.002), and
genetically proxied LPL activation associated with an increased risk of
hyperthyroidism (OR, 1.003; 95% CI 1.001 to 1.005; P = 4.150 x 107,
However, IVW-MR analyses did not demonstrate any significant link
between genetically mimicry of PCSK9 inhibition and
hyperthyroidism risk.

10.3389/fendo.2024.1331031

For hypothyroidism, genetically proxied ANGPTL3 inhibition
demonstrated significant associations with a reduced risk in the
discovery dataset (OR, 0.495 per 1-mmol/L lower in TG; 95% CI
0.308 to 0.796; P = 0.004) (Figure 3B), but this association did not
replicate in the independent replication dataset (OR, 1.002; 95% CI
0.994 to 1.010; P = 0.638) (Supplementary Table S5). In the
replication dataset, there was a trend towards an increased risk of
hypothyroidism for genetically proxied inhibition of HMGCR (OR,
1.008 per 1-mmol/L lower in LDL-C; 95% CI 1.001 to 1.014; P =
0.019) and a trend in a decreased risk of hypothyroidism for
genetically proxied inhibition PCSK9 (OR, 0.995; 95% CI 0.990 to
1.000; P = 0.031). However, these tendencies did not survive after
multiple-testing adjustments. In addition, genetic mimicry of LPL
activation exhibited neutral effects on hypothyroidism risk in
both datasets.

The alternative MR analyses were generally in line with the
results in IVW-MR (Supplementary Tables S4, S5). Sensitivity
analyses did not reveal any significant evidence of heterogeneity
in the Cochran’s Q test (Supplementary Table S6), bias from
horizontal pleiotropy in MR-Egger intercept (Supplementary
Table S6), or substantial influence of any outlier SNP on the

A Drug Target Method SNP OR (95% CI) Hyperthyroidism P value
HMGCR Inverse variance weighted 8 0.417 (0.262, 0.664) —— E 2.26x10%

Weighted median 8 0.427 (0.243, 0.752) — E 0.003

Weighted mode 8 0.437(0.219, 0.872) —_— i 0.051

PCSK9 Inverse variance weighted 13 0.934 (0.626, 1.394) —0—%— 0.739
Weighted median 13 1.062 (0.654, 1.726) —l——— 03807

Weighted mode 13 1.059 (0.635, 1.766) —e—— 0830

ANGPTL3 Inverse variance weighted 5 0.907 (0.497, 1.657) —e——— 0751
Weighted median 5 0.831 (0.419, 1.647) —0—'4) 0.595

Weighted mode 5 0.811 (0.386, 1.704) — e 3 0610

LPL Inverse variance weighted 21 1.276 (0.945, 1.725) —é—.—) 0.112
Weighted median 21 1.139 (0.778, 1.666) —%—Q—) 0.504

Weighted mode 21 1.145 (0.768, 1.706) —i'—) 0.514

I T T 1
0.2 0.6 1 1.5
Odds Ratios
B  Drug Target Method SNP OR (95% CI) Hypothyroidism P value

HMGCR Inverse variance weighted 8 1.511(0.938, 2.435) —|:—0—) 0.090
Weighted median 8 1.536 (0.957, 2.464) -'—0—) 0.075
Weighted mode 8 1.547(0.912, 2.622) ——e—) 0.149
PCSK9 Inverse variance weighted 13 1.389(0.977, 1.975) ————) 0.067
Weighted median 13 1.160 (0.796, 1.691) —_—t 0.440

Weighted mode 13 1.152 (0.745, 1.781) —%—07 0.537

ANGPTL3 Inverse variance weighted 5 0.495 (0.308, 0.796) —— 3 0.004
Weighted median 5 0.575 (0.330, 1.000) —Q—é 0.050

Weighted mode 5 0.578 (0.333, 1.004) —O—é 0.124

LPL Inverse variance weighted 21 0.980 (0.786, 1.223) —d:— 0.859
Weighted median 21 1.156 (0.847, 1.577) —é—o— 0.360

Weighted mode 21 1.227(0.859, 1.754) E—‘— 0.273

FIGURE 3

Odds Ratios

Inverse-variance-weighted Mendelian randomization association of genetically proxied lipid-lowering drugs with the risk of hyperthyroidism (A) and
hypothyroidism (B). Data are represented as odds ratios (ORs) with 95% confidence intervals (error bars). An OR less than 1.000 indicates a
decreased risk of disease associated with lipid-lowering drug intervention. The associations were considered significant after correcting for multiple
testing (p< 0.05/4). ANGPTLS3, angiopoietin-like 3; HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; LPL, lipoprotein lipase; PCSK9, proprotein

convertase subtilisin/kexin type 9.
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overall estimate in the leave-one-out analyses (Supplementary Table
S7) for the above results.

3.3 Lipid-lowering drug targets and thyroid
function traits

As illustrated in Figure 4, genetic mimicry of LPL activation was
significantly associated with the increased level of FT4 within
reference range (B = 0.098; 95% CI 0.041 to 0.156; P = 0.001),
partially supporting the observed detrimental effect of genetically
proxied LPL activation on hyperthyroidism risk above. Suggestive
evidence demonstrated a decreased tendency of TSH within
reference range for genetic mimicry of HMGCR inhibition
(B = -0.115; 95% CI -0.205 to -0.025; P = 0.013), and an
increased tendency of TSH within reference range for genetic
mimicry of LPL activation (B = 0.064; 95% CI 0.011 to 0.117; P =
0.018) and ANGPTLS3 inhibition (B = 0.140; 95% CI 0.021 to 0.259;
P = 0.021). Genetically proxied PCSK9 inhibition demonstrated
neutral effects on thyroid function, which was consistent with the
above results.

10.3389/fendo.2024.1331031

3.4 Colocalization analysis of genetically
proxied HMGCR inhibition
with hyperthyroidism

Bayesian colocalization analyses were further conducted to
assess the probability of sharing the same causal variant within
the given locus between genetically proxied inhibition of HMGCR
and hyperthyroidism (Supplementary Table S8). Although the
posterior probability of shared causal variants within + 500kb
windows of the HMGCR gene region (PP.H4 = 7.576% in
discovery dataset; PP.H4 = 0.022% in replication dataset) was
low, the probability of colocalization conditional on the presence
of a causal variant for hyperthyroidism [PP.H4/(PP.H3 + PP.H4)]
exceeded 75% (82.980% in discovery dataset; 75.124% in replication
dataset), providing suggestive evidence for colocalization.

3.5 Lipid traits were not associated with
thyroid dysfunction risk or thyroid function

In order to determine whether the impacts of lipid-lowering
drug targets on the studied outcomes were mediated by their lipid-

FIGURE 4

A Drug Target Method SNP Effect (95% CI) FT4 P value
HMGCR Inverse variance weighted 8 -0.024 (-0.122, 0.073) —OE— 0.624
Weighted median 8 -0.032 (-0.155, 0.091) —O—E— 0.608
Weighted mode 8 -0.027 (-0.187, 0.134) —Oi— 0.755
PCSK9 Inverse variance weighted 12 0.069 (-0.018, 0.155) —;—I— 0.118
Weighted median 12 0.041 (-0.057, 0.139) —é—o— 0.414
Weighted mode 12 0.058 (-0.051, 0.167) —é—.— 0.319
ANGPTL3 Inverse variance weighted 5 -0.009 (-0.133, 0.116) —d:‘— 0.892
Weighted median 5 0.016 (-0.129, 0.161) —é-.— 0.828
Weighted mode 5 0.017 (-0.144, 0.179) —5—07 0.844
LPL Inverse variance weighted 21 0.098 (0.041, 0.156) i — 7.26x10™
Weighted median 21 0.088 (0.011, 0.165) i —_— 0.026
Weighted mode 21 0.084 (-0.007, 0.176) E—O— 0.085
I I 1
-0.2 0 02
Effect Size
B Drug Target Method SNP Effect (95% CI) TSH P value
HMGCR Inverse variance weighted 8 -0.115 (-0.205, -0.025) —eo— 5 0.013
Weighted median 8 0.121(-0229,-0.012)  ¢—e———! 0.029
Weighted mode 8 -0.118 (-0.249, 0.013) (—o—i 0.120
PCSK9 Inverse variance weighted 12 0.047 (-0.027, 0.120) —i—o— 0.212
Weighted median 12 -0.009 (-0.107, 0.089) —05— 0.863
Weighted mode 12 -0.021 (-0.127, 0.085) —0—;— 0.707
ANGPTL3 Inverse variance weighted 5 0.140 (0.021, 0.259) i —e— 0.021
Weighted median 5 0.150 (0.016, 0.283) i —e—)  0.028
Weighted mode 5 0.149 (0.003, 0.296) E—O—) 0.117
LPL Inverse variance weighted 21 0.064 (0.011,0.117) 5 — 0.018
Weighted median 21 0.077 (0.005, 0.150) 3—0— 0.038
Weighted mode 21 0.083 (-0.002, 0.168) E—O— 0.090
T I 1
0.2 0 0.2
Effect Size

Inverse-variance-weighted Mendelian randomization association of genetically proxied lipid-lowering drugs with levels of free thyroxine (FT4)

(A) and thyroid stimulating hormone (TSH) (B). Data are represented as effect sizes with 95% confidence intervals (error bars). An effect size less than
0.000 indicates a decreased effect of the trait associated with lipid-lowering drug intervention. The associations were considered significant after
correcting for multiple testing (p< 0.05/4). ANGPTL3, angiopoietin-like 3; HMGCR, 3-hydroxy-3-methylglutaryl CoA reductase; LPL, lipoprotein
lipase; PCSK9, proprotein convertase subtilisin/kexin type 9
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lowering effects, we conducted additional IVW-MR analyses to
assess the association between lipid traits and the above thyroid-
related outcomes. A total of 75 independent SNPs associated with
LDL-C and 53 SNPs associated with TG were identified as IVs to
genetically proxy the reduction in lipid traits (Supplementary
Tables S9, S10). Neither IVW-MR nor any alternative MR
method revealed any causal effect of LDL-C or TG on the risk of
thyroid dysfunction outcomes or thyroid function traits
(Supplementary Tables S11-S13).

3.6 Causal association of genetically
proxied HMGCR inhibition with multiple
categories of biomarkers

To investigate the underlying mechanisms of the identified drug
target, HMGCR, in relation to hyperthyroidism, we further utilized
two-step MR method. We extended to explore the relationship
between genetically proxied HMGCR inhibition and 110
biomarkers classified into 5 categories. Detailed information
regarding the data sources for the biomarkers is listed in
Supplementary Table S11. After multiple-testing adjustment, we
found genetic mimicry of HMGCR inhibition was associated with
elevated levels of 7 biomarkers and reduced levels of 11 biomarkers,
mainly in serum biochemistry and hematological traits (Figure 5,
Supplementary Table S14). In the second step, among these 18
biomarkers, we observed IGF-1 exhibiting a significant mediating
role between HMGCR inhibition and hyperthyroidism risk
(mediation proportion: 2.108%; 95% CI 0.173% to 4.389%;
P = 0.038) (Figure 6, Supplementary Table S15).

10.3389/fendo.2024.1331031

4 Discussion

This study explored the causal relationships between four lipid-
lowering drug targets and thyroid dysfunction risk. We found
significant evidence supporting HMGCR inhibition as a
promising therapeutic target for hyperthyroidism, validated across
two independent datasets. Interestingly, lipid traits exhibited a
neutral impact on all thyroid-related outcomes, and the
remaining lipid-lowering drug targets did not present compelling
evidence to be beneficial for hyperthyroidism. Taken together, our
results suggest that the mechanism for the therapeutic effect of
HMGCR inhibition on hyperthyroidism may be independent of its
lipid-lowering action. Moreover, two-step MR analyses revealed
that the risk-reducing effect of HMGCR inhibition on
hyperthyroidism was partially mediated by lowering the levels of
insulin-like growth factor 1 (IGF-1). Additionally, our study also
provided suggestive evidence for the potential therapeutic use of
ANGPTL3 inhibitors for both hypothyroidism and
hyperthyroidism, while showing that LPL activation was related
to increasing hyperthyroidism risk. To our knowledge, this is the
first MR study to investigate the association of lipid-lowering drug
targets with the risk of thyroid dysfunction.

Statins, a class of drugs predominantly targeting HMGCR, have
emerged as potential candidates for the therapeutic intervention of
Graves’ orbitopathy (GO), an autoimmune extrathyroidal
manifestation in ~25-30% of Graves’ disease (GD) patients (49).
A retrospective study by Stein et al. involving a large cohort of
newly-diagnosed GD patients provided compelling evidence for the
potential therapeutic effects of statins in preventing and treating GO
(50). This observation was further supported by another recent
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Inverse-variance-weighted Mendelian randomization association of genetically proxied 3-hydroxy-3-methylglutaryl CoA reductase (HMGCR)
inhibition with levels of 110 biomarkers. The drug-biomarker associations survived after multiple testing were colored in the plot. CTACK, cutaneous
T-cell attracting chemokine; IGF-1, insulin-like growth factor 1; SHBG, sex hormone-binding globulin.
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IGF-1
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Exposure 4 Mediated proportion (%) \ Outcome
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FIGURE 6

Two-step Mendelian randomization analysis of the effect of 3-
hydroxy-3-methylglutaryl CoA reductase (HMGCR) inhibition on
hyperthyroidism via potential mediators. IGF-1, insulin-like growth
factor 1; OR, odds ratio.

retrospective study, in which statin intervention in newly diagnosed
patients with GD may decrease the risk of GO (51). Moreover,
Lanzolla et al. further conducted a phase 2 randomized clinical trial
demonstrating the beneficial effects of atorvastatin, a statin, when
added to an intravenous glucocorticoid regimen for GO in
hypercholesterolemic patients with GD (52). Notably, beyond
their association with GO, statins have also exhibited promise in
reducing the risk of other autoimmune disorders, including
rheumatoid arthritis (53) and multiple sclerosis (54). The
cumulative evidence from these studies suggests that HMGCR,
the primary target of statins, could serve as a therapeutic target
for patients with hyperthyroidism. However, due to their limited
sample size, this speculation needs to be validated in more extensive
studies to determine its applicability in individuals with
hyperthyroidism, irrespective of orbital involvement. Interestingly,
our two-step MR analyses identified that IGF-1 served as a mediator
for the protective effect of HMGCR inhibition on hyperthyroidism.
This mediation effect provides a plausible mechanistic insight into
the observed therapeutic effects in MR analyses, as it aligns with the
overexpression of IGF-1 receptors (IGF-1R) observed in individuals
with thyroid eye disease (TED) (55). An anti-IGF-1R antibody,
teprotumumab, has recently been shown to be effective in
attenuating various TED manifestations in a phase II clinical trial
(56), further supporting the potential therapeutic significance of
targeting HMGCR in hyperthyroidism.

Our study suggests that the protective action of HMGCR
inhibitors on hyperthyroidism may be beyond their cholesterol-
lowering properties. This speculation is compatible with the
outcomes of studies conducted by Stein et al. and Nilsson et al.,
where non-statin lipid-lowering drugs did not show a significant
impact on the development of Graves™ orbitopathy (50, 51). This
protective action of statins on GO is considered to originate from
their pleiotropic actions, anti-inflammatory effects (49, 57). Statins
can function by inhibiting the mevalonate pathway, which induces a
significant reduction of protein prenylation, subsequently affecting
autophagic events and exerting a coregulatory effect on apoptosis
and unfolded protein response stress (58). Autophagic and
apoptosis programs, with their influence on the innate immune
signaling pathway, play vital roles in maintaining the inflammation
balance. Thus, through these mechanisms, statins have the potential
to modulate innate immunity and regulate the balance of
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inflammatory cells. Additionally, in-vitro studies and
experimental animal models of autoimmune diseases have
provided evidence of statins’ direct immunoregulatory effects.
They can induce tolerogenic dendritic cells, a specialized subset of
dendritic cells, and subsequently promote immune tolerance and
counteract autoimmune responses (59). Taken together, these
findings raise the possibility that the protective mechanisms of
statins for hyperthyroidism extend beyond lipid metabolism.
Further research is necessary to uncover the precise mechanisms
underlying the therapeutic impacts of statins and assess their
clinical effectiveness and safety in hyperthyroidism patients,
regardless of their serum lipid fraction.

We also found suggestive evidence supporting the potential
therapeutic use of ANGPTL3 inhibitors for both hypothyroidism
and hyperthyroidism. In contrast, LPL activation, known as the
primary action of ANGPTL3 inhibitors (60), was found to be
related to an increased risk of hyperthyroidism. This
contradictory finding finds support in genetic studies that have
demonstrated highly similar systemic metabolic effects for genetic
proxies of ANGPTL4 inhibition and LPL activation, whereas
inhibition of genetic mimicry of ANGPTL3 leads to distinct
metabolic consequences (48, 61). Further studies are warranted to
validate these findings.

The present MR study has several notable merits. Firstly,
compared to conventional clinical and experimental studies, MR
provides a more effective approach for discerning the lifelong
adverse effects of genetically determined lipid-lowering drugs on
thyroid dysfunction, as it reflects long-term impacts rather than
short-term effects on lipid levels resulting from drug treatment.
Secondly, we explored the association of lipid-lowering drug
targets with the risk of thyroid dysfunction in two independent
datasets for validation, enhancing the robustness of effect
estimates and findings. Thirdly, by employing various methods
to verify the efficacy of genetic instruments as proxies for the
investigated drugs, this study minimized confounding factors and
prevented reverse causation. Finally, the robustness was further
strengthened through the implementation of multiple sensitivity
analyses, which assessed the effectiveness of the instruments
and tested the MR assumptions, ensuring more reliable
causal inferences.

Several limitations should be considered. Firstly, the genetically
predicted effects of drugs may not fully reflect their actual clinical
therapeutic effects, potentially introducing bias. Secondly, despite
leveraging two extensive GWAS datasets for hyperthyroidism, the
limited number of hyperthyroidism cases underscores the need for
replication analyses with a larger sample size and specific
hyperthyroidism GWAS in the future. In addition, GWAS
summary data for thyroid function traits may introduce potential
survival bias that may limit the generalizability of our findings.
Fourthly, while efforts were made to minimize confounding bias
and address horizontal pleiotropy, the possibility of residual bias
cannot be completely ruled out. Lastly, as the GWAS data utilized in
this study is circumscribed to individuals of European ancestry,
caution should be exercised in extending these findings to
different populations.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1331031
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Huang et al.

5 Conclusion

Our study highlights HMGCR inhibition as a promising
therapeutic target for hyperthyroidism, and reveals a potential
mediation pathway involving the modulation of IGF-1 levels
rather than lipid metabolism. Furthermore, the study suggests
potential therapeutic implications of ANGPTL3 inhibition for
both hypothyroidism and hyperthyroidism, alongside the
observed risk increase in hyperthyroidism with LPL activation.
These findings contribute novel insights to the understanding of
lipid-lowering drug targets in thyroid dysfunction. Elucidating the
underlying mechanisms of these findings warrants further
investigation through laboratory studies and clinical trials.
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