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Background: Observational studies have reported associations between thyroid function, encompassing free thyroxine, thyroid-
stimulating hormone, hyperthyroidism, and hypothyroidism, and female-specific cancers such as endometrial, breast, ovarian, and
cervical cancers. However, the causal relationship remains unclear.

Objective: The researchers aimed to explore the causal relationship between thyroid function and female-specific cancers, while also
investigating the role of sex hormones (total testosterone and estradiol) as potential mediators in this association.

Methods: Initially, the researchers preformed bidirectional two-sample (T-S) Mendelian randomization (MR) analysis using sum-
mary-level Genome-wide association studies to investigate the causal relationship between thyroid function and female-specific
cancers. Subsequently, the researchers employed mediation MR analysis to assess the potential role of sex hormones as intermediaries
in this relationship. The robustness of the findings of this study was further validated through a series of sensitivity analyses. Lastly,
the researchers conducted bioinformatics analyses to explore underlying mechanisms, leveraging potentially relevant genes.
Results: Bidirectional T-S MR analyses indicated that hypothyroidism reduces the risk of endometrial cancer (OR: 0.33, P = 0.002)
and breast cancer (OR: 0.48, P < 0.001). Mediation MR analyses further suggested that hypothyroidism may lower the risk of both
endometrial and breast cancers by decreasing levels of total testosterone.

Conclusion: The researchers established the causal relationship between thyroid function and female-specific cancers, offering novel
perspectives for the early prevention and intervention of endometrial and breast cancer. Furthermore, the researchers investigated the
mediating role of sex hormones in the association between hypothyroidism and these cancers, providing valuable insights for future
mechanistic research.
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Introduction
The thyroid, a vital endocrine organ and the largest gland of the endocrine system in the human body,'” serves a

3 while also

multifaceted regulatory function, encompassing bodily growth, development, and energy metabolism,
participating in the feedback mechanisms of the hypothalamus and pituitary gland.* Thyroid dysfunction could result

in major harm to the body. Studies have shown that thyroid disorders are associated with various cancers and even impact

International Journal of Women’s Health 2025:17 3913-3927 3913
Received: 9 July 2025 © 2025 Gao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at httpx / Iwww.dovepress.com/terms.php
A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati li nc/4.0/). By accessing the work

Accepted: 10 October 2025
Published: 27 October 2025

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-3681-4095
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Gao et al

Graphical Abstract

= /\ hypothyroidism
|
! |
total
testosterone

breast cancer endometrial cancer

the survival of patients with cancer. A prospective study indicates that patients with hypothyroidism exhibit a decreased
risk of prostate cancer,” while another controlled clinical study suggests that hypothyroidism is linked to a reduced risk of
colorectal cancer.’

Epidemiological studies have revealed that the prevalence of thyroid dysfunction is significantly higher in females
than in males’ and that the thyroid gland influences the female reproductive system both directly and indirectly through
pleiotropic mechanisms.®® A prospective database study demonstrated that patients with endometrial cancer diagnosed
with hypothyroidism experienced improved overall survival, cancer-specific survival, and recurrence-free survival.'’
However, the relationship between thyroid function and female-specific cancers requires further investigation. Female-
specific cancers primarily encompass endometrial cancer, breast cancer, ovarian cancer, and cervical cancer.'' Among
these, endometrial cancer, breast cancer, and ovarian cancer are classified as hormone-sensitive tumors.'? These cancers
are seriously affecting the health of females all over the world. According to the oncology database GLOBOCAN, the
incidence of female breast, cervical, endometrial, and ovarian cancers ranks first, fourth, sixth, and eighth globally,
respectively.'> Furthermore, breast, cervical, and ovarian cancers are the primary causes of cancer-related fatalities
among women, ranking first, fourth, and eighth worldwide.'* Unfortunately, the early diagnosis of female-specific
cancers remains a considerable challenge, with over 60% of patients being diagnosed at advanced stages and a five-
year overall survival rate of less than 30%.'> Therefore, early identification of protective and risk factors for these
cancers is essential for effective prevention and timely intervention.

Mendelian randomization (MR) study, as a research method widely used in recent years, explores the causal
relationship between exposure and control through single nucleotide polymorphisms (SNPs), which can minimize the
influence of different confounding factors on the results.'® Given that the causal relationship between thyroid function
and female-specific cancers remains unclear, this study aims to explore this relationship through bidirectional two-sample
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MR (T-S MR) analysis. Additionally, the researchers examine the potential role of sex hormones as mediators in the
association between thyroid function and female-specific cancers using mediation MR analysis. Furthermore, the
researchers predicted the potential pro-cancer mechanisms and regulatory pathways through which androgens influence
breast and endometrial cancers via bioinformatic analysis. This offers novel strategies for the early prevention and
hormonal therapy of female-specific cancers.

Material and Methods
Study Design of MR Study

The researchers employed a bidirectional T-S MR study to investigate the effect of thyroid function—specifically hyperthyr-
oidism, hypothyroidism, serum thyroid-stimulating hormone (TSH), and serum free thyroxine (FT4) levels—on the risk of
developing female-specific cancers, including breast, endometrial, ovarian, and cervical cancer. Additionally, we explored the
potential mediating role of sex hormones, namely total testosterone and estradiol, using mediation MR analysis (Figure 1). To
confirm the validity of the study, three assumptions needed to be met:'” 1) there must be a strong link between the instrumental
variables (I'Vs) and thyroid function; 2) the IVs must not be linked to any possible confounders of female-specific cancers or
thyroid function; and 3) thyroid function should be the sole pathway through which the independent variables impact the
outcome variables (Figure 1). This study followed the STROBE-MR guidelines'® (Table S1).

Data Source and IVs Selection of MR Study

Summary data related to hypothyroidism were obtained from the study by Loh et alwhich was obtained by the BOLT-LMM
Bayesian mixed model association method and included a total of 473,703 participants.'” The GWAS database associated with
hyperthyroidism was obtained from a study containing 484,598 participants, including 3731 cases of hyperthyroidism.*
Thyroid hormone-related databases were derived from a meta-analysis of pooled GWAS data, with pooled data for TSH from
54,288 participants and pooled data for FT4 from 49,269 participants.?' The data related to endometrial cancer used in this
study were obtained from the ECAC study, which included 108,979 controls and 12,906 cases.>” Data for endometrial cancer
replication analyses were derived from the UKB study that included 460,499 participants.*® Breast cancer-related data came
from a meta-analysis (122,977 breast cancer cases and 21,468 controls), which is the largest GWAS pooled data related to
breast cancer.”* Data for the breast cancer replication analyses were obtained from the Finnish database and the pooled UKB
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Figure | Flowchart of the Mendelian randomization Study. (A). Flowchart of the MR study; (B) Diagram of the MR assumptions of the association between thyroid function
and female-specific cancers; (C) lllustrative diagram for the mediation MR analysis framework.

Abbreviations: MR, mendelian randomization; TS-MR, two-sample MR; MVMR, multivariable MR; SNPs, single-nucleotide polymorphisms; \/, there must be a strong link
between the instrumental variables (IVs) and thyroid function; X, the IVs must not be linked to any possible confounders of female-specific cancers or thyroid function, and
thyroid function should be the sole pathway through which the independent variables impact the outcome variables; 01, total effect of thyroid function on the risk of female-
special cancers; 02, direct effect of thyroid function on the risk of female-special cancers; 03, direct effect of thyroid function on the sex hormones; 04, direct effect of the
sex hormones on the risk of female-special cancers.

International Journal of Women’s Health 2025:17 hetps: 3915


https://www.dovepress.com/article/supplementary_file/552719/revision-552719%20Supplementary%20Materials_1.docx

Gao et al

database, comprising 6325 cases and 73225 controls.”* The data related to ovarian cancer exploited in this study were obtained
from the OCAC GWAS study, which included 25,509 cases and 40,941 controls.?® Data on ovarian cancer for replication
analyses came from the UKB study, which included 1588 cases and 244932 controls.>® Cervical cancer data were obtained
from a study by Sakaue et al that included 460,499 participants.”> Data from cervical cancer for replication analyses were
obtained from the public database MR base (ieu-b-876). Burrows et al released the database in 2021, which included 536 cases
of cervical cancer and 198,523 controls.”® The GWAS database relating to sex hormones was derived from a combination of
three studies (CHARGE Consortium, Twins UK and EPIC-Norfolk) and is the largest GWAS database for sex hormones
currently available.”” The GWAS databases used in this study are publicly available on the IEU open GWAS project (https:/
gwas.mrcieu.ac.uk/) and the ThyroidOmics Consortium (http://www.thyroidomics.com). Databases used for analysis are

summarized in Table S2.

Initially, we selected SNPs with genome-wide significance (P < 5*10°%) that were co-matched in the exposure and
outcome databases. Subsequently, we conducted a clustering procedure with an 72 threshold of 0.001 and a clumping
window of 10,000 kb to reduce linkage disequilibrium. To eliminate horizontal pleiotropy, we excluded outlier SNPs by
MR-PRESSO analysis.”® Subsequently, we excluded SNPs associated with body mass index and waist circumference by
searching LDTrait.>>* All SNPs had F-statistics greater than 10. We determined the R? value for each SNP to explain
the variance.’'* Information on all included SNPs is summarized in Tables S3-S8.

Statistical Analysis of MR Study

Firstly, we employed a bidirectional TS-MR study to explore the causal relationship between thyroid function and female-
specific cancers. If Cochran’s Q test indicated heterogeneity, the random-effects inverse-variance weighting (IVW) method
was applied; otherwise, the fixed-effects IVW approach was used.?®* To enhance the reliability of the results, two
databases were employed for each outcome variable. Discovery and replication analyses were performed, and the results
from both analyses were combined to derive a pooled estimate through meta-analysis. Secondly, a stepwise MR analysis
was employed to explore the role of sex hormones as mediators. The coefficient product and multivariate delta methods®**°
were used to assess the mediating effect of sex hormones on the relationship between exposure and outcome.

The following methods were employed for sensitivity analyses. Initially, we performed weighted median,*® MR-Egger
regression,’’ and weighted mode analysis.*® MR-Egger regression analysis was employed to identify and adjust for
horizontal pleiotropy, while the weighted median method ensures accurate estimates despite imperfect [Vs. The weighted
mode can split SNPs into groups and determine causal effects for the largest subset. Secondly, we eliminated the influence
of individual SNPs on the test results through leave-one-out (LOO) analysis.*® Lastly, we conducted MR-PRESSO analysis
to exclude outlier SNPs,® and excluded the effect of obesity-related SNPs on the results by LDTrait.?%°

All analyses were conducted using R version 4.2.0 (R Foundation for Statistical Computing, Vienna, Austria). The
packages of the TwoSampleMR, the MRPRESSO, and the MVMR in the R software were used.’® A P-value of 0.05 was
regarded as statistically significant.

Bioinformatic Analysis
The largest global dataset of whole blood expression quantitative trait loci (eQTL) was used, obtained from the eQTGen
Consortium, featuring cis-eQTLs data for 19,250 genes expressed in whole blood from 31,684 participants.*® We used the
dataset to genetically annotate the SNPs of total testosterone-endometrial cancer (n-SNP=165) and total testosterone-breast
cancer (n-SNP=131) data. Potentially relevant genes for the links between total testosterone with both endometrial and
breast cancer were identified by selecting those with P-value under 5*10-8 and FDR under 0.05 (Tables S13 and S14).
We subsequently conducted bioinformatics analyses using these potentially relevant genes, utilizing expression profil-
ing data from the Cancer Genome Atlas (TCGA) RNA-seq cohort (https://tcga-data.nci.nih.gov/tcga/). Specifically, we

employed expression data from the Breast Invasive Carcinoma (BRCA) and Uterine Corpus Endometrial Carcinoma
(UCEC) datasets. Differential gene expression analyses were conducted using the “Limma”, “dplyr”, and “tidyverse” R
packages, with thresholds set at |[Log2FC| > 1 and FDR < 0.05. Kyoto Encyclopedia of Genes and Genomes (KEGG)

CEINTS

pathway enrichment analyses of differential expression were performed and plotted using “clusterProfiler”, “enrichplot”,

9% ¢

“org.Hs.eg.db”, “ggplot2”, and “GOplot” were used for analysis and mapping. P < 0.05 was considered significant.
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Results

Primary Analyses
After rigorous screening, a total of 13—124 SNPs were selected as I'Vs related to thyroid function and 2—16 SNPs were selected
as Vs related to female-specific cancer. To minimize the potential bias caused by weak instruments, we ensured that each SNP
had an F-statistic greater than 10 (Tables S3—S8). In the main analyses, we analyzed the results using the IVW method. Firstly,
the results of the discovery analysis showed that hypothyroidism was negatively associated with endometrial cancer (n = 121
SNPs, OR: 0.30, P = 0.007) (Figure 2). The results of the replication analyses also showed a consistent direction (n = 124
SNPs, OR: 0.38, P = 0.102), and the final estimates of the meta-analyses were consistent with the results of the discovery
analyses (OR: 0.33, P = 0.002) (Figure 2). Secondly, the results of both discovery (n = 109 SNPs, OR: 0.20, P = 0.002) and
replication (n= 121 SNPs, OR: 0.52, P =0.002) analyses suggested that hypothyroidism was negatively associated with breast
cancer (Figure 2), and the final estimates of the meta-analyses also showed consistency (OR: 0.48, P < 0.001) (Figure 2).
Both the discovery and replication studies showed no significant connection between thyroid function and ovarian or
cervical cancer (Figure 2). There was also no indication of a causal connection between female-specific cancers and
thyroid function (Figure 3).

Mediation Analyses
Firstly, regarding hypothyroidism and endometrial cancer, MVMR analysis (adjusted for total testosterone) revealed a
direct causal effect of hypothyroidism on the risk of endometrial cancer (OR: 0.32, P = 0.043) (Table 1), and TS-MR

A

Exposure Outcome Method nSNP OR(95%Cl) P.value
Hypothyroidism Endometrial cancer (ebi-a-GCST006464)  IVW (Random) 121 ——it : 0.30(0.12t0 0.72)  0.00743
Hypothyroidism Endometrial cancer (ebi-a-—GCST90018838) IVW (Fixed) 124 —— 0.38(0.12t0 1.21) 0.10225

Meta —i 0.33(0.16 to 0.66) 0.00182

Hyperthyroidism  Endometrial cancer (ebi-a-GCST006464)  IVW (Fixed) 15
Hyperthyroidism  Endometrial cancer (ebi-a-GCST90018838) IVW (Fixed) 17

4.60(0.03 to 800.70) 0.56200
0.00(0.00 to 4.49) 0.10782

|
1
1
!
Meta : 0.13(0.00 to 463.40) 0.72077
TSH Endometrial cancer (ebi-a-GCST006464)  IVW (Fixed) 40 llu 1.01(0.93 to 1.10) 0.83494
TSH Endometrial cancer (ebi-a-GCST90018838) IVW (Fixed) 40 '+1 0.99(0.86 to 1.14) 0.86758
Meta ‘.' 1.00(0.94 to 1.08) 0.92351
FT4 Endometrial cancer (ebi-a-GCST006464)  IVW (Fixed) 19 o 0.95(0.82to0 1.11) 0.52255
FT4 Endometrial cancer (ebi-a-GCST90018838) IVW (Fixed) 19 ':-H 1.15(0.95 to 1.40) 0.16100
Meta '+-¢ 1.04(0.86 to 1.24) 0.73271
TR > 3 4
protective factor risk factor
Exposure Outcome Method nSNP OR(95%Cl) P.value
Hypothyroidism Breast cancer (ebi-a-GCST90018579) IVW (fixed) 109 ro— : 0.20(0.07 to 0.54) 1.7100e-03
Hypothyroidism Breast cancer (ebi-a-GCST004988)  IVW (random) 121 L o] : 0.52(0.39t0 0.70) 1.7700e-03
Meta L o I 0.48(0.36 to 0.64) 3.2900e-07
Hyperthyroidism  Breast cancer (ebi-a-GCST90018579) IVW (fixed) 13 : 6.17(0.00 to 27940.00) 6.7198e-01
Hyperthyroidism  Breast cancer (ebi-a-GCST004988) VW (fixed) 19 : 1.29(0.25 to 6.85) 7.6155e-01
Meta + 1.37(0.27 t0 7.02) 7.0611e-01
TSH Breast cancer (ebi-a-GCST90018579) IVW (fixed) 40 II 0.94(0.89 to 0.99) 2.0000e-02
TSH Breast cancer (ebi-a-GCST004988)  IVW (fixed) 38 + 1.03(0.92 to 1.03) 6.4393e-01
Meta il 0.98(0.94 to 1.02) 2.9328e-01
FT4 Breast cancer (ebi-a-GCST90018579) IVW (fixed) 19 e 1.11(1.03 to 1.19) 9.8700e-03
FT4 Breast cancer (ebi-a-GCST004988)  IVW (fixed) 15 ';-O-i 1.13(0.95 to 1.34) 1.8025e-01
Meta :m 1.11(1.03 to 1.19) 3.6400e-03
0 1 > 3 a4

protective factor risk factor

Figure 2 Continued.
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C

Exposure Outcome Method nSNP OR(95%Cl) P.value
Hypothyroidism Cervical cancer (ebi-a-GCST90018597) IVW (Fixed) 108 : 1.58(0.07 to 34.85) 0.77309
Hypothyroidism Cervical cancer (ieu-b-4876) IVW (Fixed) 108 ? 1.00(0.99 to 1.01) 0.55551
Meta ° 1.00(0.99 to 1.01) 0.62327
Hyperthyroidism  Cervical cancer (ebi-a-GCST90018597) IVW (Fixed) 13 :- 1.06(0.00 to 679622.00) 0.17976
Hyperthyroidism  Cervical cancer (ieu-b-4876) IVW (Fixed) 16 'i 1.01(0.97 to 1.06) 0.51091
Meta [ 1.01(0.97 to 1.06) 0.52491
TSH Cervical cancer (ebi-a-GCST90018597) IVW (Fixed) 38 v—o-:—c 0.86(0.65 to 1.40) 0.29846
TSH Cervical cancer (ieu-b-4876) IVW (Fixed) 40 D-O%G 0.88(0.73 to 1.07) 0.19300
Meta I-O‘Il 0.88(0.74 to 1.04) 0.13302
FT4 Cervical cancer (ebi-a-GCST90018597) IVW (Fixed) 15 —t—t 0.89(0.59 to 1.34) 0.57050
FT4 Cervical cancer (ieu-b-4876) IVW (Fixed) 19 '-;-O—l 1.17(0.89 to 1.53) 0.25489
Meta o-:o—t 1.08(0.86 to 1.35) 0.51632
0 1 2 a
protective factor risk factor
Exposure Outcome Method nSNP OR(95%Cl) P.value
Hypothyroidism Ovarian cancer (ebi-a-GCST90018668) IVW (Fixed) 108 w—f—c 0.11(0.01 t0 1.57) 0.10428
Hypothyroidism Ovarian cancer (ebi-a-GCST90018888) IVW (Fixed) 124 '—O—I—c 0.43(0.11 to 1.65) 0.21579
Meta =i 0.32(0.10 to 1.08) 0.06593
Hyperthyroidism  Ovarian cancer (ebi-a-GCST90018668) IVW (Fixed) 13 : 0.37(0.00 to 5853437.00) 0.90668
Hyperthyroidism  Ovarian cancer (ebi-a-GCST90018888) IVW (Fixed) 14 : 0.00(0.00 to 1726055.00) 0.17095
Meta + 0.01(0.00 to 46.54) 0.26541
TSH Ovarian cancer (ebi-a-GCST90018668) IVW (Fixed) 38 i—QI—l 0.96(0.71 to 1.29) 0.77164
TSH Ovarian cancer (ebi-a-GCST90018888) IVW (Fixed) 39 D-+-‘ 1.00(0.85to 1.17) 0.95818
Meta !-6'-! 0.99(0.85t0 1.14) 0.85523
FT4 Ovarian cancer (ebi-a-GCST90018668) IVW (Fixed) 15 ——— 0.76(0.49 to 1.19) 0.22895
FT4 Ovarian cancer (ebi-a-GCST90018888) IVW (Fixed) 19 '-QI—G 0.96(0.76 to 1.21) 0.71893
Meta H:-t 0.91(0.75t0 1.12) 0.38587
0 1 2 3 a4

protective factor risk factor

Figure 2 Forest plots of the causal associations between thyroid function and female-specific cancers. (A) Causal association between thyroid function and endometrial
cancer; (B) Causal association between thyroid function and breast cancer; (C) Causal association between thyroid function and cervical cancer; (D) Causal association
between thyroid function and ovarian cancer.

Abbreviations: SNP, single-nucleotide polymorphism; OR, odds ratio; Cl, confidence interval; IVW, inverse variance weighted.

analysis showed a negative correlation between hypothyroidism and serum total testosterone levels (OR: 0.80, P <0.001)
(Table 1). Also, MVMR analysis (adjusted for hypothyroidism) demonstrated a causal association between serum total
testosterone levels and endometrial cancer (OR: 1.47, P =0.017) (Table 1). Taken together, we have identified a potential
mediating pathway between hypothyroidism and endometrial cancer: hypothyroidism ultimately exerts an indirect causal
effect on the risk of endometrial cancer by affecting total testosterone levels (63 x 04) (OR: 0.92, P = 0.034) (Table 1).
This pathway mediated 6.1% of the total causal effect of hypothyroidism on endometrial cancer risk. Detailed results of
the mediation analyses are shown in Table 1.

Secondly, within hypothyroidism and breast cancer, the results of MVMR analysis showed a directly causal relation-
ship between hypothyroidism and breast cancer (OR: 0.14, P = 0.001) (Table 2), and the results of TS-MR analysis
revealed the role of hypothyroidism on serum total testosterone levels (OR: 0.80, P < 0.001) (Table 2). Also, the results
of MVMR analysis revealed the direct effect between serum total testosterone levels and endometrial cancer (OR: 1.80, P
=0.003) (Table 2). In summary, the potential mediating pathway that exists between hypothyroidism and breast cancer is
that hypothyroidism can ultimately affect the risk of breast cancer by affecting total testosterone levels (65 % 64) (OR:
0.88, P =0.003) (Table 2). This pathway explained 8.22% of the overall causal impact of hypothyroidism on the risk of
breast cancer risk. A comprehensive summary of these findings is provided in Table 2.
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13
7
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IVW (fixed)
IVW (fixed)
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IVW (fixed)
IVW (fixed)
IVW (fixed)
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OR(85%Cl)

1.00(0.98 to 1.01)
1.00(1.00 to 1.00)
0.95(0.48 to 1.90)
1.00(1.00 to 1.00)

1.00(1.00 to 1.00)
1.00(1.00 to 1.00)
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Figure 3 Forest plots of the causal associations between female-specific cancers and thyroid function.
Abbreviations: SNP, single-nucleotide polymorphism; OR, odds ratio; Cl, confidence interval; VW, inverse variance weighted.

Sensitivity Analyses of Mendelian Randomization Study
To eliminate the influence of various factors on the results, we conducted a series of sensitivity analyses. Firstly, the

P.value
0.62803
0.09365
0.89179
0.51151

0.59756
0.24612
0.46184
0.97946

0.76861
0.50078
0.24681
0.18075

0.47825
0.22561
0.53156
0.49448

directions of the results from the MR-egger regression, the weighted median analysis and the weighted mode analysis

were consistent with the findings from the IVW analysis (Tables S10-S12). Secondly, scatter plots and forest plots were

used to illustrate the effect of each SNP on the outcome (Figures S1 and S3). Thirdly, we employed MR-Egger P

intercepts and funnel plots to exclude the impact of horizontal pleiotropy on the results (Table S9 and Figure S2). Fourth,

the LOO analyses results demonstrated that our findings were not influenced by individual SNPs (Figure S4). Finally, we
removed outlier SNPs using the MR-PRESSO method and excluded obesity-related SNPs through the LDTrait database.

Table 1

Step-Wise MR Mediation Analysis (MVMR) Results Between

Hypothyroidism, the Total Testosterone Levels, and the Risk of Endometrial

Cancer
B SE OR (95% CI) [
0, —1.2140 0.4535 0.297 (0.122-0.722) 0.007
0, —1.1532 0.5715 0.316 (0.103-0.968) 0.043
03 —0.2286 0.0544 0.796 (0.715-0.885) < 0.001
04 0.3819 0.1601 1.465 (1.070-2.005) 0.017
Indirect effect (05%0,4) —0.0879 0.0414 0.916 (0.835-0.997) 0.034

Notes: 0;: total effect of hypothyroidism on the risk of endometrial cancer; 0,: direct effect of
hypothyroidism on the risk of endometrial cancer; 05: direct effect of hypothyroidism on the total
testosterone levels; 04: direct effect of the total testosterone levels on the risk of endometrial cancer;
Indirect effect (03%04): indirect causal effect of hypothyroidism on the risk of endometrial cancer via
the total testosterone levels.
Abbreviations: MR, mendelian randomization; MYMR, multivariable MR; OR, odds ratio; SE, stan-

dard error.
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Table 2 Step-Wise MR Mediation Analysis (MVMR) Results Between
Hypothyroidism, the Total Testosterone Levels, and the Risk of Breast

Cancer
B SE OR (95% CI) P
0, —1.6308 | 0.5198 | 0.196 (0.071-0.542) 0.001
0, —1.9668 | 0.6071 0.139 (0.043-0.459) 0.001
03 —0.2286 | 0.0544 | 0.796 (0.715-0.885) | < 0.001
04 0.5865 0.1960 1.798 (1.224-2.640) 0.003
Indirect effect (05%0,) | —0.1341 0.0448 | 0.875 (0.787-0.963) 0.003

Notes: 0,: total effect of hypothyroidism on the risk of breast cancer; 0,: direct effect of
hypothyroidism on the risk of breast cancer; 03: direct effect of hypothyroidism on the total
testosterone levels; 04: direct effect of the total testosterone levels on the risk of breast cancer;
Indirect effect (03%0.4): indirect causal effect of hypothyroidism on the risk of breast cancer via the
total testosterone levels.

Abbreviations: MR, mendelian randomization; MVMR, multivariable MR; OR, odds ratio; SE,
standard error.

Bioinformatics Study

According to the MR analyses, hypothyroidism may decrease the risk of endometrial and breast cancers, with total
testosterone acting as a mediator between them. This suggests that hypothyroidism may ultimately influence the risk of
endometrial and breast cancers by modulating total testosterone levels. Building on these findings, we collected SNPs for
the total testosterone-endometrial cancer and total testosterone-breast cancer associations, and integrated these SNPs with
the cis-eQTL dataset for gene annotation. Ultimately, 256 potentially relevant genes for total testosterone-endometrial
cancer and 228 for total testosterone-breast cancer were identified (Tables S13 and S14). We conducted bioinformatics
analyses using these potentially relevant genes. The TCGA database provides expression profiling data for 113 cases of
breast invasive para-carcinoma tissue, 1,098 cases of breast invasive carcinoma tissue, 35 cases of endometrial para-
carcinoma tissue, and 544 cases of endometrial carcinoma tissue. Through KEGG analysis of these differential genes, we
enriched the “Rapl signaling pathway”, “Cellular senescence”, “Regulation of actin cytoskeleton”, “MAPK signaling
pathway”, “Ras signaling pathway”, and “Neuroactive ligand-receptor interaction” in breast cancer (Figure 4). In endo-
metrial cancer, the enriched pathways included “Rap1 signaling pathway”, “Phospholipase D signaling pathway”, “Apelin

S O

A

GO Terms GO Terms
D Cellular D ig ptor interaction . Ras signaling pathway [ celiuar senescence [ Phospholipase O signaling pattway  [I] Rapt signaling pathway
logFC logFC
[ wapk signaing pattway [ ] Rapt signaing pathway [ Regustion o actin cytoskeleton N ] anelin signaiing patrway  [l] Vitamin digestion and absorption

-2 -1 -2 -1

Figure 4 Circle plots of the results of the pathway enrichment analysis between total testosterone with (A) breast cancer and (B) endometrial cancer.
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signaling pathway”, “Cellular senescence”, and “Vitamin digestion and absorption” (Figure 4). Tables S15 and S16 provide
a detailed summary of the analysis results.

Discussion

Using the large-scale GWAS summary data, the researchers comprehensively explored the relationship between thyroid
function and the risk of four female-specific cancers through MR analyses. The results revealed a negative causal
relationship between hypothyroidism with endometrial cancer (OR: 0.33, P = 0.002) and breast cancer (OR = 0.48, 95%
CI: 0.36-0.64, P < 0.001). However, no causal relationship was found between thyroid function and ovarian cancer or
cervical cancer. Additionally, we further investigated the mediating role of sex hormones between hypothyroidism with
endometrial cancer (OR: 0.92, P = 0.034) and breast cancer (OR: 0.88, P = 0.003) through mediation MR analysis. This
analysis clarified that hypothyroidism could reduce the risk of both endometrial and breast cancers by lowering total
testosterone levels, with mediating effects of 6.1% and 8.2%, respectively. Simultaneously, we predicted the potential
oncogenic mechanisms of androgens using the expression profiles of breast invasive carcinoma and endometrial
carcinoma from the TCGA database. The results suggested that androgens may influence processes such as cellular
senescence, regulation of the actin cytoskeleton, neuroactive ligand-receptor interactions, vitamin digestion and absorp-
tion, as well as the modulation of the Rapl, Ras, MAPK, Apelin, and Phospholipase D signaling pathways.

Thyroid hormones (THs) play a crucial role in regulating normal growth and metabolism, influencing both basal and
adaptive metabolic rates.*' ™ Thyroid dysfunction, including hyperthyroidism and hypothyroidism,** can directly or
indirectly impact the development and progression of various diseases. The metabolic regulation mediated by THs links
them to conditions such as coronary heart disease,*’ diabetes mellitus,*® and aging-related diseases.*’ Thyroid dysfunc-
tion exerts a range of effects on the body, influencing cancer-related molecular signaling pathways and thereby affecting
cancer development and progression. For instance, the integrin-thyroid hormone binding region can be stimulated by T3
and T4,* leading to the phosphorylation and activation of phosphatidylinositol 3-kinase (PI3K), as well as the activation
of the oncogenic ERK1/2 pathway via the S2 site of avp3.*”>' Additionally, when PI3K is activated by T3 or T4, it
triggers the expression of the a-subunit of hypoxia-inducible factor 1 (HIF-1), a transcription factor.”*>* The target genes
of HIF-1 are primarily involved in tumor angiogenesis and adaptation to hypoxia, thereby promoting tumor migration
and invasion.* Numerous population studies have demonstrated strong associations between thyroid function and the
progression of various cancers, including liver cancer,” thyroid cancer,’® >® breast cancer,”’ lung cancer,’® and colon
cancer.®' %3

Several cancer prognostic data analyses suggest that mild hypothyroidism may prolong survival in cancer patients. An
observational study on glioblastoma indicated that mild hypothyroidism was associated with extended survival in tumor
patients.®* In animal experiments, the induction of hypothyroidism using methimazole was found to inhibit tumor growth
and prolong survival, compared to a thyroid function-normal animal model of lung cancer with homogeneous tumors.®
Our study obtained results consistent with previous observational and experimental studies, demonstrating that hypothyr-
oidism can reduce the risk of female-specific cancers, particularly endometrial and breast cancers. This coincides with the
findings of earlier observational studies. A prospective database study, for instance, indicated that endometrial cancer
patients with hypothyroidism had better overall survival, cancer-specific survival, and a lower risk of cancer recurrence
than those with normal thyroid function.'® A study by Wang et al demonstrated that in European population, hypothyr-
oidism was linked to a lower risk of breast cancer.® However, our research did not determine a causal relationship
between hyperthyroidism and female-specific cancers. This may be due to the need for further investigation into the
causal link between hyperthyroidism and female-specific tumors, as this relationship is likely influenced by additional
confounding factors in clinical studies. Moreover, the physiological responses involved in the development of hyperthyr-
oidism may be more complex, complicating the analysis of its effects on cancer risk. Other studies have reached similar
conclusions. A study by Crosbie et al, involving 333 women with endometrial cancer, found that women diagnosed with
hypothyroidism had improved overall survival and reduced cancer recurrence compared to those with normal thyroid
function. However, the effect of hyperthyroidism on these patients did not reach statistical significance.'® Similarly, an
MR study investigating the causal relationship between thyroid function and gastric cancer found only a significant
negative correlation between hypothyroidism and gastric cancer.®’ Building on these findings, we further explored the
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role of sex hormones as mediators in the association between hypothyroidism and both endometrial and breast cancers,
elucidating the potential regulatory role of the “thyroid-gonadal axis” in female-specific cancers.

Sex hormones, primarily estrogens and androgens,®® are crucial for maintaining cellular balance and controlling
mitosis and cell proliferation.®>’® Moreover, sex hormones also regulate the development of hormone-sensitive cancers,
such as endometrial cancer, breast cancer, and prostate cancer. Studies have shown that androgens can bind to their
receptors, promoting the dissociation of heat shock proteins, and facilitating the translocation of the receptor to the
nucleus for dimerization. This process activates androgen-responsive elements, thereby regulating the transcription of
target genes within their promoter regions and ultimately amplifying hormonal signaling cascades.”"”? Androgen
receptor-mediated signaling pathways, including Wnt7B transcription and the upregulation of the B-catenin pathway,
indirectly influence the pro-carcinogenic pathway associated with human epidermal growth factor signaling.”® Numerous
studies based on populations have investigated the link between sex hormones and the risk of cancer; however, the
findings remain inconclusive. For instance, a study by Reeves et al reported a significant increase in breast cancer risk
with rising testosterone levels.”* In contrast, another study has suggested that serum testosterone levels may impact the
risk of gastric and colorectal cancers, although this effect was not observed in women.”> The study results showed that
increased total testosterone levels correlate with a heightened risk of breast and endometrial cancer, supporting the
conclusions of various observational studies. A prospective meta-analysis further demonstrated a positive correlation
between testosterone levels and the risk of developing breast cancer.”® A cohort study conducted by Yang et al using the
UK Biobank database found that serum testosterone levels were a significant risk factor for the development of breast
cancer.”’ Similarly, an observational study by Murphy et al demonstrated that elevated levels of both total testosterone
and free testosterone were positively associated with the risk of endometrial cancer in women, regardless of menopausal
status.”®

Hypothyroidism can lead to alterations in the female reproductive endocrine system.”” However, no studies have yet
verified whether thyroid dysfunction can influence the risk of breast and endometrial cancer by modulating the secretion
of sex hormones. The results of our mediation analyses indicated that hypothyroidism could ultimately reduce the risk of
both endometrial and breast cancer by lowering total testosterone levels. This offers crucial insights for subsequent
mechanistic studies. Firstly, hormones interact with one another to produce a “crosstalk” effect, and the “thyroid-
androgen” axis may represent a potential mechanism underlying the development of breast and endometrial cancers.
Evidence suggests that THs act synergistically with the androgen receptor by binding to its promoter region,* as well as
promoting the production of androgen synthase, specifically So-reductase.®’ When hypothyroidism occurs, it inevitably
leads to fluctuations in androgen levels. Under these conditions, the androgen receptor translocates between the nucleus
and cytoplasm in an inactive state, disrupting normal cell growth and the cell cycle. Furthermore, this alteration interferes
with the binding of initiating regions of metabolic target genes to androgen-responsive elements, which may ultimately
influence the risk of breast cancer and endometrial cancer.®> On the other hand, THs can directly promote the synthesis of
sex hormone-binding globulin (SHBG) in the liver. When hypothyroidism occurs, a reduction in thyroid hormone levels
leads to a decline in serum SHBG levels, which in turn increases the metabolic clearance of testosterone, ultimately
resulting in decreased serum total testosterone levels.** Additionally, the thyroid and gonads are tightly regulated by both
the hypothalamus and the pituitary gland.** Thyroid dysfunction triggers feedback to the hypothalamic-pituitary axis,”'
which subsequently impacts the regulatory effects of this axis on the gonads, resulting in a continuous response to
fluctuations in hormone levels throughout the body.*”** Studies have demonstrated that serum testosterone levels are
significantly lower in patients with hypothyroidism compared to control populations.***” According to the bioinformatics
analyses conducted in this study, androgen-related genes may play a role in cancer-associated pathways, such as the
Rapl, Ras, and MAPK signaling pathways, in both endometrial and breast cancer. Notably, all of these pathways are
either directly or indirectly regulated by thyroid hormones.®* *°

The androgen receptor and estrogen receptor are widely recognized as critical therapeutic targets in various cancers,
including breast cancer,”’ prostate cancer,”” endometrial cancer,”® and ovarian cancer.”® Currently, androgen and
androgen receptor-targeted therapies are extensively employed in the treatment of prostate cancer.”**> Moreover,
androgen receptor-targeted therapeutic approaches for breast cancer are under development and have demonstrated
promising outcomes in clinical trials.”® In conjunction with the findings from this study regarding the “thyroid-androgen”
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regulatory axis, we suggest that a combination of multiple hormones could be considered as a therapeutic approach for
breast cancer and endometrial cancer. This strategy may effectively counteract the synergistic effects of various
hormones, thereby slowing disease progression and improving patient prognosis. At the same time, thyroid function in
patients with breast cancer and endometrial cancer should be closely monitored, and the dosage of thyroid hormone
replacement therapy should be carefully adjusted for those with hypothyroidism, avoid over-treatment of both clinical
and subclinical hypothyroidism. Future large-scale, multicenter prospective studies are needed to identify optimal
treatment strategies for breast cancer and endometrial cancer patients with hypothyroidism.

Our study has several advantages. Firstly, utilizing a large-scale GWAS summary dataset, it explores the causal
relationship between thyroid function and the risk of four female-specific cancers in a more comprehensive manner. This
approach overcomes the limitations of observational studies, which are often unable to establish causality and are
susceptible to confounding factors. Secondly, we employed mediation MR analysis to investigate the role of sex
hormones as mediators in the relationship between hypothyroidism and the risk of endometrial and breast cancer,
providing valuable insights for future mechanistic studies. Finally, to enhance the reliability and robustness of the
findings, we conducted a meta-analysis incorporating results from two independent databases. However, this study has
several limitations. First, it is based solely on data from the European population, and further research involving diverse
ethnic groups is necessary to validate and expand our findings. Second, the absence of relevant databases hindered our
ability to focus on specific pathological subtypes of female-specific cancers, a limitation that warrants further investiga-
tion in future studies.

Conclusions

In conclusion, this study identified a causal relationship between hypothyroidism and a reduced risk of endometrial and
breast cancer. Furthermore, hypothyroidism may influence the incidence of these cancers by modulating serum total
testosterone levels. These findings underscore the importance of the “thyroid-androgen” regulatory axis in the pathogen-
esis of both endometrial and breast cancer, suggesting that it warrants further investigation. Moreover, timely monitoring
of thyroid function and appropriate treatment of hypothyroidism are of significant importance for the prevention and
management of endometrial and breast cancer.
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