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Abstract

Background Sex is a determinant of the incidence and etiology of arrhythmia. Observational and basic studies
suggest that sex hormones are essential in this process; however, the relationship between sex hormones and
arrhythmia remains unclear. Mendelian randomization (MR) was used to investigate the causal relationships between
sex hormone levels, arrhythmia, and electrocardiographic (ECG) indices.

Methods Large genome-wide association studies (GWAS) data on sex hormones, stratified by sex, from the UK
biobank consortium, were used as exposure data, and data on atrial fibrillation (AF), atrioventricular block, sick sinus
syndrome, paroxysmal tachycardia, and ECG indices were obtained from the FinnGen consortium and summarized
large GWAS data. Inverse variance weighting or wald odds was used as the primary analytical method, and weighted
medians and MR-Egger regression were used for complementary analyses. The results of the MR of sex hormones
and AF from different sources were analyzed using a meta-analysis. Summary-data-based MR analysis was utilized to
explore the relationship between sex-hormone related drugs and arrhythmia.

Results In men, genetically predicted higher estradiol concentrations were associated with a lower risk of AF (odds
ratio: 0.908 [0.852-0.967]; p=0.0029], whereas genetically predicted higher concentrations of total testosterone
were associated with lower heart rate variability. Sex hormones showed no association with atrioventricular block,
sick sinus syndrome, paroxysmal tachycardia, resting heart rate, P wave duration, P wave terminal force in lead V1
[PTFV1], PR interval, QRS duration, QTc [QT interval corrected by heart rate], ST duration, spatial [spQRSTa] and frontal
[fQRSTa] QRS-T angles in males. In females, there was no significant evidence that sex hormones are associated with
arrhythmias or ECG indices.

Conclusion In this study, we identified a potential causal relationship between estradiol and the risk of AF in males.
However, there was no significant association between sex hormones and either arrhythmias or ECG indices in
females. These results suggested that sex hormones may play a limited role in cardiac arrhythmias, which requires
further verification.
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Introduction

Arrhythmia, a common cardiovascular disease, displays
notable differences in occurrence and outcomes between
sexes [1, 2]. Specifically, males have a higher prevalence
of conditions such as atrial fibrillation (AF), atrioven-
tricular block (AVB), and Brugada syndrome, whereas
long QT syndrome and sick sinus syndrome (SSS) are
more common in females [2]. Sex hormones, including
testosterone (total testosterone [TT] and bioavailable
testosterone [BT]), estradiol, and sex hormone-binding
globulin (SHBG), play crucial roles in regulating human
health and disease progression. Recent research has
indicated a potential association between sex hormones
and sex differences in the development of arrhythmias
[3-9]. However, previous studies have yielded conflict-
ing findings regarding the association between sex hor-
mones and arrhythmias in males. In the UK database
prospective study, high level of SHBG was associated
with an increased risk of AF, bradycardia, and ventricu-
lar arrhythmias in men [3], where other studies provided
conflicting results [10]. The incidence of arrhythmia
increases in postmenopausal females; however, the effect
of estradiol supplementation on AF after menopause
remains unclear [11].

Differences in electrocardiographic (ECG) phenotypes
and indices between males and females may also be
related to sex hormones. Indeed, females have a longer
QT interval than males. Moreover, with the deepening of
research on transgender people, the influence of sex hor-
mones rather than sex on the ECG phenotype has been
gradually revealed, which reflects the importance of sex
hormones in cardiac electrophysiology [12, 13]. However,
the inferences made from observational studies have sev-
eral limitations, including confusion, reverse causality,
and detection bias.

Mendelian randomization (MR), based on the random
allocation of genetic variation at conception, reveals the
causal relationship between exposure and outcome using
genetic variations strongly related to exposure factors,
minimizing reverse causality and potential confound-
ing bias [14, 15]. Therefore, to further clarify the influ-
ence of sex hormones on arrhythmias, we used MR to
analyze the relationship between sex hormones (TT, BT,
estradiol, and SHBG) and arrhythmias (AF, AVB, SSS,
and paroxysmal tachycardia [PT]). Given the significant
differences in hormone levels in females during the men-
strual cycle and after menopause, age at menopause and
age at menarche were included as exposure variables in
females. To better understand the influence of sex hor-
mones on cardiac electrophysiology, MR analyses of sex
hormones and ECG indices were performed.
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Methods

Exposure data

Instrument variants of exposure were obtained from large
published genome-wide association studies (GWAS).
Ruth et al. provided [16] the aggregated data for male and
female TT, BT, and SHBG, while the estradiol data were
acquired from a study published by Schmitz et al. [17].
Data on age at menopause were extracted from a study
by Ruth et al. [18], and age at menarche was obtained
from a study published by Day et al. [19]. All data sources
are detailed in Supplementary Table 1. We selected the
single nucleotide polymorphisms (SNPs) with the low-
est p-values (p-value<5*10—8). The independence of the
SNPs was ensured at a linkage disequilibrium r2<0.001
and a distance of 10,000 kb. F-statistics was used to test
the instrument strength, which was obtained according
to the following formula:

R**(n —2
o Rn-2)

1 — R?
N represented the number of participants, and R2 rep-
resented the explained variances of each SNP, calculated
according to the following equation:

- 28 EAF*(1 — EAF)
HBHEAF* (1 — EAF) + 2¥SE*N*EAF* (1 — EAF)

B is the estimated effect of the SNP, EAF is the effect
allele frequency, and SE represents the standard error. All
of the results are shown in Supplementary Tables 2—11.

Outcome data

The GWAS data for AF, PT, and AVB were acquired from
the FinnGen Consortium. The data on SSS, ECG indices
(resting heart rate, P wave duration in lead V1, P wave
terminal force in lead V1 [PTFV1], PR interval, QRS
duration, QTc [QT interval corrected by heart rate], ST
duration, spatial [spQRSTa] and frontal [fQRSTa] QRS-T
angles, heart rate variability [HRVSDNN: the standard
deviation of normal-to-normal heart beat intervals,
HRVRMSSD: the root mean square of the successive
differences of heartbeat intervals, HRVpvRSA/HRVHE:
the peak-valley respiratory sinus arrhythmia or high fre-
quency power]) were extracted from a large, published
GWAS [20-28]. Validation data for AF were obtained
from a large GWAS [29], whereas other diseases and
ECG indices were not validated because of insufficient
GWAS data, sample overlap, and other issues.

Summary-data-based mendelian randomization (SMR)
analysis

We searched for gene targets of estrogen and andro-
gen drugs (testosterone undecanoate, testosterone,
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methyltestosterone, estradiol benzoate, estrone sulfate,
and estradiol acetate) in the Drug Bank (https://go.drugb
ank.com/). We obtained expression quantitative trait loci
data (eqtls) related to the target genes from the eQTLGen
Consortium. SNPs with p-values<5*10—8 and minor
allele frequencies>2% were screened. SMR software
was used for the analysis (http://cnsgenomics.com/soft
ware/smr/). The heterogeneity in dependent instruments
(HEIDI) test was employed to evaluate whether the asso-
ciation between gene expression and the outcome was
caused by a linkage scenario. A P-HEIDI value of <0.05
was regarded as evidence suggesting that the observed
association may result from two distinct genetic vari-
ants that are in strong linkage disequilibrium with one
another. A two-side p-value<0.05 was considered statis-
tically significant.

MR and sensitivity analysis

All MR analyses were in accordance with the following
assumptions regarding the genetic instrumental vari-
ables: (a) these variables are related to the exposure, (b)
they are independent of confounders, and (c) they affect
the outcome only through exposure. And our MR analy-
ses were conducted in accordance with STROBE-MR
checklist (Supplementary file 1). Our MR study was an
exploratory study on the relationship between sex hor-
mones, arrhythmias, and ECG indices. The study design

SHBG

MR analysis
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was shown in Fig. 1. A two-sided p-value <0.003 (0.05/16
outcomes) was considered statistically significant, and
the presence of a p-value<0.05 but >0.003 suggests a
potential causal relationship. MR was performed using
the inverse-variance weighted average approach (IVW),
which has a higher test power when there is no pleiot-
ropy in the instrumental variables. Wald ratio estimates
were used when there was only one SNP. Weighted medi-
ans and MR-Egger regression were used for complemen-
tary analyses [30, 31]. MR-Egger provided an intercept
to evaluate horizontal pleiotropy. Heterogeneity analy-
ses were performed using Cochran’s Q test. Finally, we
conducted a meta-analysis to synthesize the MR results
of the association between sex hormones and AF, select-
ing either a fixed- or random-effects model based on the
presence and magnitude of heterogeneity. Odds ratios
(ORs) with 95% confidence intervals (Cls) were used to
present the results for arrhythmias, and beta (B) with
95% Cls for ECG-related indices. Forest plots were used
to demonstrate the results of sex hormones and car-
diac arrhythmias, and heat plots were used to illustrate
the results of sex hormones and ECG indices. R pack-
ages TwoSampleMR, ComplexHeatmap, forestploter,
and meta in R (version 4.2.1) were used to conduct the
analyses.

BT

Estradiol

SHBG

E’g o ‘ ‘@

age at
menarche

Estradiol

BT

age at
menopause

Fig. 1 The graph for the study design (By Figdraw). AF: atrial fibrillation, AVB: atrioventricular block, SSS: sick sinus syndrome, PT: paroxysmal tachycardia,
TT: total testosterone, BT: bioavailable testosterone, SHBG: sex hormone binding globulin
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Results

Association between genetically predicted sex hormones
and cardiac arrhythmia in male

In men, genetically predicted high levels of estradiol were
associated with a lower risk of AF [OR=0.91 (0.84—0.99),
p=0.026], while no association was found with AVB, SSS,
or PT. Additionally, there was no correlation between
genetically predicted TT, BT, and SHBG levels and AF,
AVB, SSS, and PT. In sensitivity analysis, the weight
median test revealed the same direction between estra-
diol and AF [OR=0.90 (0.83-0.98), p=0.010], and we did
not detect horizontal pleiotropy (p=0.744) or heteroge-
neity (p=0.147).

In the validation cohort, we found that genetically pre-
dicted high levels of estradiol were still associated with a
lower risk of AF [OR=0.90 (0.82-1.00), p=0.047], while
other sex hormones were still not associated with AF. In
the meta-analysis, the correlation between high estra-
diol levels and AF risk was more significant [OR=0.91
(0.85-0.97), p=0.0029]. All of the IVW test results are
presented in Fig. 2. The results of the sensitivity analysis,
horizontal pleiotropy tests, and heterogeneity tests are
presented in Supplementary Tables 12—-13.

Association between genetically predicted sex hormones
and reproductive factors and cardiac arrhythmia in females
In females, we found no association between genetically
predicted sex hormones and cardiac arrhythmias. Con-
sidering the fluctuation of sex hormones in women due to
menopause and the menstrual cycle, we performed MR
between the age of menarche or menopause and arrhyth-
mia. No association was found between genetically pre-
dicted age at menopause and arrhythmias, whereas an
earlier age at menarche predicted by genetic analysis was
associated with an increased risk of AF [OR=0.93 (0.87—
0.99), p=0.017]. The weighted median and MR-Egger test
showed the same direction between age at menarche and
AF. No heterogeneity (p = 9.22E-14) or horizontal pleiot-
ropy was observed (p = 0.766).

Moreover, no significant correlation was found
between genetic prediction of age at menarche and AF in
the validation cohort. However, the meta-analysis veri-
fied the correlation between them [OR=0.96 (0.92—-1.00),
p=0.042]. Figure 3 shows all of the IVW test results. The
results of sensitivity analysis, horizontal pleiotropy tests,
and heterogeneity tests are shown in Supplementary
Tables 14—-15.

Association between genetically predicted sex hormones
and ECG indices in males

In males, genetically predicted TT was correlated with
PTFV1 [p=-1148.00 (-1742.79 to —553.21), p=0.0002],
QTc [=0.71 (0.07-1.34), p=0.029], and HRVSDNN [
= —0.068 (-0.113 to —0.024), p=0.0027]. No correlation
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was found between the TT level and other ECG indices.
Genetically predicted BT was correlated with fQRSTa
[F=0.05 (0.01-0.09), p=0.028] and heart rate [=0.42
(0.04-0.80), p=0.032]. The genetically predicted SHBG
was correlated with the P wave duration [$=6.73 (0.04—
13.43), p=0.049]. The genetically predicted estradiol was
associated with PTFV1 [$=599.39 (160.21-1038.56),
p=0.0075].

In the sensitivity analyses, the directions between TT,
PTFV1, and QTc were opposite, whereas the remaining
results suggested the same direction. Heterogeneity was
found in most samples, while no horizontal pleiotropy
was found. Figure 4 shows the results of the IVW test,
and Supplementary Table 16 shows the results of the sen-
sitivity analyses.

Association between genetically predicted sex hormones
and ECG indices in females

In females, genetically predicted TT was correlated with
spQRSTa [$=0.03 (0.00-0.06), p=0.040], and geneti-
cally predicted BT was correlated with spQRSTa [=0.06
(0.01-0.11), p=0.022]. SHBG was associated with QRS
duration [ =—-2.20 (-4.03 to —0.35), p=0.019], spQRSTa
[ =-0.07 (-0.14 to —0.01), p=0.026], and heart rate [
= —0.863 (-1.45 to —0.28), p=0.0039], while genetically
predicted estradiol was correlated with spQRSTa [=0.10
(0.00-0.20), p=0.040] (Fig. 4). In the sensitivity analysis,
the association between SHBG and spQRSTa showed
different trends in other tests; however, the remaining
trends were consistent. Heterogeneity existed except for
in the case of estradiol, and no horizontal pleiotropy was
found. Supplementary Table 16 shows all the results.

SMR analysis of sex hormone-related drug targets and
arrhythmias

Three putative loci (AR, ESR1, and ESR2) were identi-
fied by searching the databases. Only the ESR1 and ESR2
loci were found in the eqtls. We found no association
between the ESR1 and ESR2 targets or arrhythmias in the
SMR analysis. All of the results are shown in Supplemen-
tary Table 17.

Discussion

The sex specificity of arrhythmias remains a key research
focus, and sex hormones play a critical role in this phe-
nomenon. In this study, we found that estradiol was
associated with a reduced risk of AF in men, while no
relationship between sex hormones and arrhythmia was
found in women, revealing the potential effect of sex hor-
mones on cardiac electrophysiology.

Estradiol is thought to exert a cardioprotective effect,
mainly in the female population, whereas males have
lower estrogen levels. Previous research has suggested
that the biological action of testosterone may be related
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Fig. 2 Genetic association between sex hormones and cardiac arrhythmia in male based on IVW-MR estimates. AF: atrial fibrillation, AVB: atrioventricular
block, SSS: sick sinus syndrome, PT: paroxysmal tachycardia, TT: total testosterone, BT: bioavailable testosterone, SHBG: sex hormone binding globulin,
OR: Odds ratio, 95%Cl: 95% confidence intervals, AF_Fin: atrial fibrillation genome-wide association study from FinnGen Consortium, AF_GWAS: atrial
fibrillation genome-wide association study from published study, AF_meta: meta-analysis of the results of atrial fibrillation, nsnp: the number of single
nucleotide polymorphisms, pval: the value of p, IVW-MR: inverse-variance weighted average approach- mendelian randomization

to estradiol in males [32]. Appiah et al. [33] showed that
a low estradiol concentration was associated with an ele-
vated risk of cardiovascular mortality. However, few stud-
ies have investigated the association between estradiol
levels and arrhythmias in men. In the Framingham Heart
Study, decreased estradiol levels were associated with an

increased risk of AF in middle-aged and older men [5]. In
the UK database prospective study, high level of SHBG
was associated with an increased risk of AF, bradycardia,
and ventricular arrhythmias, while low-dose testosterone
was associated with an increased risk of bradycardia and
AF in men [3]. Besides, low level estradiol in men may
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Fig. 3 Genetic association between sex hormones and cardiac arrhythmia in female based on IVW-MR estimates. AF: atrial fibrillation, AVB: atrioventricu-
lar block, SSS: sick sinus syndrome, PT: paroxysmal tachycardia, TT: total testosterone, BT: bioavailable testosterone, SHBG: sex hormone binding globulin,
OR: Odds ratio, 95%Cl: 95% confidence intervals, AF_Fin: atrial fibrillation genome-wide association study from FinnGen Consortium, AF_GWAS: atrial
fibrillation genome-wide association study from published study, AF_meta: meta-analysis of the results of atrial fibrillation, nsnp: the number of single
nucleotide polymorphisms, pval: the value of p, IVW-MR: inverse-variance weighted average approach- mendelian randomization
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Fig. 4 Genetic associations of sex hormones and ECG indices. Based on inverse-variance weighted estimates or Wald ratio estimates. Black means there
was no results. ECG: electrocardiography, TT: total testosterone, BT: bioavailable testosterone, SHBG: sex hormone binding globulin, PTFV1: P wave termi-
nal force in lead I, spQRSTa: spatial QRS-T angles, fORSTa: frontal QRS-T angles, HRVSDNN: the standard deviation of normal-to-normal heart beat intervals,
HRVRMSSD: the root mean square of the successive differences of heart beat intervals, HRVpvRSA/HRVHF: the peak-valley respiratory sinus arrhythmia or
high frequency power."***"represented p_value <0.003, and “**" represented p-value less than 0.05 but greater than 0.003

be related to the risk of idiopathic outflow tract ventricu-
lar arrhythmias [8]. Low testosterone concentrations and
high SHBG concentrations may simultaneously indicate
decreased estradiol levels [34]. However, the relationship
between estradiol and AF has not yet been examined.
The effect of estradiol may have been overlooked because
of the low estradiol levels in men.

Estradiol can improve insulin sensitivity, reduce body
fat distribution, prolong action potential duration in
electrical conduction, and reduce the occurrence of AF
through various factors [34]. However, due to the paucity

of observational studies and the limitation of confound-
ing bias, no definitive conclusions can be drawn. Our MR
further confirms the important role of estradiol in the
development of AF in men while finding no evidence of
horizontal pleiotropy.

In postmenopausal women, administration of exog-
enous estrogen alone may elevate the risk of AF [11, 35].
Moreover, case reports in transgender women have sug-
gested that elevated estradiol and reduced testosterone
levels are associated with AF development [36]. However,
unlike transgender and menopausal women, who may
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require estradiol levels to reach premenopausal levels
that are significantly higher than normal levels in men,
we utilized GWAS data on estradiol levels at an average
of 203.8 pmol/L in men [17]. It is plausible that slightly
increased estradiol levels confer protection against the
onset of AF in men, whereas excessive estradiol levels are
detrimental. In women, we did not find this association,
which may be related to the number of female estradiol
SNPs; however, a larger sample of GWAS data may be
needed in the future. We also investigated the effects of
age at menopause/menarche on arrhythmias. Consistent
with a previous MR study, no significant association was
observed between age at menopause/menarche and AF
[37].

In this MR study, we found no association between
testosterone, SHBG, and AF, SSS, PT, or AVB in either
men or women. In a prospective study from the UK
Biobank, low-dose testosterone was associated with
an increased risk of bradycardia and AF in men [3]. In
patients undergoing testosterone replacement therapy,
TRAVERSE study found that those receiving testoster-
one had a higher risk of non-fatal arrhythmias and AF
compared to those receiving a placebo [38]. However, a
recent meta-analysis found no significant association
between testosterone replacement therapy and the risk of
AF or non-fatal arrhythmias [39]. Similarly, the relation-
ship between endogenous testosterone levels and non-
fatal arrhythmias was not confirmed [39]. Our findings
seem to support this lack of association, however, due to
the inability to perform subgroup analyses by ethnicity
or varying hormone concentrations, the potential rela-
tionship remains inconclusive. Research on SHBG and
arrhythmias remains relatively limited. In a prospective
study from the UK Biobank, SHBG was associated with
AF, ventricular arrhythmias, and bradycardia in men
[3]. In a cohort of 1,019 men (17 cases), Rosenberg et
al. observed a positive correlation between SHBG levels
and the incidence of AF [10]. However, the Multi-Ethnic
Study of Atherosclerosis did not identify a similar asso-
ciation [4], which may be attributed to differences in age
or geographical distribution. Tanja et al. suggested that
total testosterone may have a protective effect against AF
in women [9], though this was not observed in another
study [40]. Based on our results, the relationship between
testosterone, SHBG, and arrhythmias appeared to be
insignificant. Sex hormones may have a limited role in
arrhythmias, and they might influence arrhythmias
through other pathways. Additionally, we performed
SMR analysis between estrogen and androgen drugs and
arrhythmia, and no significant association with arrhyth-
mia was identified. Due to limitations in the data, we
were unable conduct a gender-stratified analysis.

Our study suggested an effect of total testosterone on
HRVSDNN in males and revealed a suggestive causal
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relationship between sex hormones and ECG param-
eters, indicating a role of sex hormones in cardiac elec-
trophysiology. In clinical research and basic experiments,
sex hormones regulate cardiac repolarization and other
cellular electrophysiological processes by modulating
ion channels in cardiomyocytes, which is considered the
primary determinant of the disparity in ECG patterns
between males and females, particularly with respect to
QTc [41]. In this study, we found no direct influence of
sex hormones on QTc, although this finding does not
entirely negate their potential impact on QTc. A previ-
ous MR study found no correlation between testosterone
levels and QTc [42]. A potential reason for this could be
attributed to the fact that MR implies enduring conse-
quences rather than temporary exposure. Additional, the
effects of different sex hormones on QTc vary depending
on the dose and gender [41]. Unfortunately, due to the
lack of access to this data, we were unable to conduct a
more in-depth exploration of this relationship.

Our study is the first to provide a comprehensive MR of
sex hormones and cardiac electrophysiological arrhyth-
mias and to explore the effects of drug targets of sex hor-
mones on arrhythmias. We made full use of the available
data and combined meta-analyses to improve confidence
in the results. However, our study has some limitations.
First, our study population was mainly European; there-
fore, our conclusions may not be generalizable to other
populations. Second, the outcome data could not be
stratified by sex because of the lack of existing data. Due
to sample overlap and the absence of sufficient relevant
data, our ability to conduct a thorough analysis of cardiac
arrhythmias was constrained. This limitation prevented
us from delving deeper into specific arrhythmic condi-
tions, such as premature ventricular contractions, which
require detailed exploration for more precise clinical
insights. Third, owing to data limitations, we could not
conduct nonlinear MR to analyze further the effects of
changes in sex hormone concentrations on the outcome
data in detail. Fourthly, the exposure data for women
predominantly represents postmenopausal individuals.
However, due to the lack of corresponding GWAS data,
we were unable to perform stratified analyses between
premenopausal and postmenopausal women. Finally,
sex hormones may be associated with metabolic dis-
eases such as obesity and diabetes. However, there was
no obvious pleiotropy in our study, and we did not find
estradiol SNPs associated with metabolic diseases. This
conclusion should be confirmed in larger randomized
controlled trials.

Conclusion

This study provided a comprehensive MR analysis of the
relationship between sex hormones and arrhythmias/
ECG indices. We identified a potential causal relationship
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between estradiol and the risk of AF in males. However,
there was no significant association between sex hor-
mones and either arrhythmias or ECG indices in females.
These findings indicated that sex hormones may play a
limited role in the development or modulation of cardiac
arrhythmias. Future research is essential to validate and
strengthen this conclusion, particularly through large-
scale, longitudinal studies across diverse populations
and clinical settings. Such investigations could provide
deeper insights into the nuanced role of sex hormones
in cardiac arrhythmias, helping to confirm these findings
and explore potential underlying mechanisms.
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