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� Our study explored the causal
association between 42 predominant
risk factors and erectile dysfunction
(ED) under a two-sample MR
framework.

� This comprehensive MR study
supported the causal role of obesity,
type 2 diabetes, basal metabolic rate,
poor self-health rating, cigarette and
alcohol consumption, insomnia and
snoring, depression, hypertension,
stroke, ischemic stroke, coronary
heart disease, myocardial infarction,
heart failure, SHBG and adiponectin
in the onset and development of ED. A
clear causal link may be beneficial to
early identification and target
intervention in patients with ED.

� No significant association was
detected between lipid levels and ED.

� Genetic predisposition to higher sex
hormone-binding globulin (SHBG)
levels can decrease the risk of ED.

� Identifying reversible risk factors is
the first-line evaluation for ED
patients as per the diagnostic work-
up of the European Association of
Urology Guidelines. This study
provides a better understanding of
the risk factors of ED and is conducive
to early identification and
intervention of ED.
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Introduction: The causal association between modifiable risk factors and erectile dysfunction (ED)
remains unclear, which hinders the early identification and intervention of patients with ED. The present
study aimed to clarify the causal association between 42 predominant risk factors and ED.
Methods: Univariate Mendelian Randomization (MR), multivariate MR, and mediation MR analyses were
used to investigate the causal association between 42 modifiable risk factors and ED. Combined results
were pooled from two independent ED genome-wide association studies to verify the findings.
Results: Genetically predicted body mass index (BMI), waist circumference, trunk fat mass, whole body
fat mass, poor overall health rating, type 2 diabetes, basal metabolic rate, adiponectin, cigarette con-
sumption, insomnia, snoring, hypertension, stroke, ischemic stroke, coronary heart disease, myocardial
infarction, heart failure, and major depressive disorder were found to increase the risk of ED (all
P < 0.05). Additionally, genetic liability to higher body fat percentage and alcohol consumption were sug-
gestively associated with an increased risk of ED (P < 0.05 and adjusted P > 0.05). Genetic predisposition
to higher sex hormone-binding globulin (SHBG) levels could decrease the risk of ED (P < 0.05). No signif-
icant association was detected between lipid levels and ED. Multivariate MR identified type 2 diabetes,
basal metabolic rate, cigarette consumption, hypertension, and coronary heart disease as risk factors
for ED. The combined results confirmed that waist circumference, whole body fat mass, poor overall
health rating, type 2 diabetes, basal metabolic rate, adiponectin, cigarette consumption, snoring, hyper-
tension, ischemic stroke, coronary heart disease, myocardial infarction, heart failure, and major depres-
sive disorder could increase the risk of ED (all P < 0.05), while higher SHBG decreased the risk of ED
(P = 0.004). There were suggestive significances of BMI, insomnia, and stroke on ED (P < 0.05 and adjusted
P > 0.05).
Conclusion: This comprehensive MR study supported the causal role of obesity, type 2 diabetes, basal
metabolic rate, poor self-health rating, cigarette and alcohol consumption, insomnia and snoring, depres-
sion, hypertension, stroke, ischemic stroke, coronary heart disease, myocardial infarction, heart failure,
SHBG, and adiponectin in the onset and development of ED.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Erectile dysfunction (ED) is characterized by inadequate penile
erection and unsatisfactory vaginal intercourse [1]. This condition
is unlethal but poses a noteworthy challenge to a considerable pro-
portion of males. The prevalence of ED is 52% in Americans aged
40–70 years, 30% in Europeans aged 40–79 years, and 63% in
Asians aged 50–80 years [2–4]. Notably, ED is no longer simply
confined to sexual intercourse but aggravates psychological and
social disintegration in affected individuals. It was reported that
79.82% and 79.56% of ED patients show comorbidity with anxiety
and depression, respectively [5]. Therefore, clarifying the risk fac-
tors for ED is required and potentially beneficial for early identifi-
cation and targeted intervention of risk factors in ED patients.

Previous reports have identified some risk factors in observa-
tional studies. Metabolic diseases like dyslipidemia are reportedly
associated with ED [6]. In addition, lifestyle factors, including
cigarette and alcohol consumption are involved in the onset of
ED [7–10]. Moreover, mental disorders like depression and cardio-
vascular diseases like coronary heart disease have been linked with
ED [5,11]. However, other observational studies do not support the
association between coronary heart disease, sleep disorders, cigar-
ette and alcohol consumption, dyslipidemia and ED [12–17]. A
Mendelian Randomization (MR) study has also indicated a null
association between lipid levels and ED [18]. The findings remain
controversial in different surveys and need further exploration. It
is urgent to clarify whether the modifiable factors play causal roles
in the onset and development of ED or are just comorbid
conditions.

To address the bias from observational design, we used a new
approach, employing MR to investigate the causal impact of mod-
ifiable factors on ED. MR uses genetic variants (single nucleotide
polymorphisms, SNPs) as instrumental variables (IVs) to replace
the exposures (i.e., obesity) and outcomes (i.e., ED) [19]. SNPs are
assorted randomly during gestation, and not affected by postnatal
factors like lipids levels. Therefore, bias from residual confounding
is minimized, and the reverse causality in observational design can
be avoided. To date, limited evidences from MR has been used to
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clarify the causal association between several modifiable factors
and ED, thus hindering a full understanding of potential causal risk
factors for ED.

Herein we explored the causal association between 42 predom-
inant risk factors and ED under a two-sample MR framework. The
results were combined from two independent genome-wide asso-
ciation datasets. A clear causal link may be beneficial to early iden-
tification and targeted intervention in patients with ED.
Materials and methods

Ethics statement

All experiments involving animals and humans were conducted
according to the ethical policies and procedures approved by the
ethics committee of West China Hospital, Sichuan University,
China (Approval no. 20220421002). Informed consent was
obtained from all subjects in the original genome-wide association
studies. For genome-wide association study (GWAS) datasets, eth-
ical review and approval can be accessed in the original studies.
MR design and selection of IVs

MR has three basic assumptions that assure the reliability of the
results, namely relevance, exclusivity, and independence (Fig. 1A).
The relevance assumption requires a close association between IVs
and exposure. The independence assumption requires that IVs
should be independent of confounders. The exclusivity assumption
highlights that IVs can only affect the outcomes (i.e., ED) through
exposure, and not other pathways. In this study, two ED GWASs
were used as outcome datasets. The GWAS dataset from Bovijn J
et al. [20] was used as the discovery dataset and the summary
statistics from FinnGen (https://r5.finngen.fi/) were used to repli-
cate the findings (Fig. 1A). As reported previously, the results from
two GWAS datasets were combined using a fixed-effect model
[21,22].

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://r5.finngen.fi/


Fig. 1. Overview of the study design and analysis strategy. (A): Overview of the study design. Exposures are from six domains including anthropometric traits, metabolic
traits, lifestyle factors, hormones, cardiovascular diseases, and mental disorders. The MR framework is based on the three basic MR assumptions. (B): Analysis strategy of MR.
Qualified SNPs are filtered as IVs and then subjected to sensitivity analyses and evaluation of heterogeneity and pleiotropy. The biases from sample overlap and statistic
power are further evaluated. Results from the discovery and replication stages are combined. MR: Mendelian Randomization; SNP: single nucleotide polymorphism; BMI:
body mass index; HbA1C: glycosylated hemoglobin type A1C; SHBG: sex hormone-binding globulin; SVMR: single variable MR; MVMR: multivariate MR.
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Summary statistics and IVs from 42 GWAS datasets

The 42 modifiable factors were clustered into six domains as
follows: (1) anthropometric traits including body mass index
(BMI), waist circumference, body fat percentage, trunk fat mass
and whole fat mass; (2) metabolic traits including overall health
rating, type 2 diabetes, fasting glucose, glycosylated hemoglobin
type A1C (HbA1c), fasting insulin, basal metabolic rate, total
cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL),
and low-density lipoprotein (LDL); (3) hormones including testos-
terone, bioavailable testosterone and sex hormone-binding globu-
lin (SHBG) levels, adiponectin, and leptin; (4) lifestyle factors
including cigarette, alcohol, and coffee consumption, physical
activity (moderate to vigorous / vigorous), insomnia, daytime nap-
ping, chronotype and snoring; (5) cardiovascular diseases includ-
ing stroke and its subtypes (ischemic, large artery, and
cardioembolic), hypertension, coronary heart disease, myocardial
infarction, heart failure, and atrial fibrillation, and (6) mental disor-
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ders including major depressive disorder, schizophrenia, attention
deficit and hyperactivity disorder (ADHD), and bipolar disorder.
The GWAS datasets were from different consortia.

IVs were extracted from the following sources: (1) the largest
summary-level statistics that could be publicly downloaded at
the time of analysis; (2) Genetic Investigation of ANthropometric
Traits consortium (GIANT); (3) Psychiatric Genomics Consortium
(PGC); (4) UK biobank (including Neale Lab and MRC-IEU); (5) Glo-
bal Lipids Genetics Consortium (GLGC); (6) Meta-Analyses of Glu-
cose and Insulin-related traits Consortium (MAGIC); (7)
MEGASTROKE; (8) Heart Failure Molecular Epidemiology for Ther-
apeutic Targets (HERMES); (9) Coronary Artery Disease Genome-
Wide Replication and Meta-analysis plus the Coronary Artery Dis-
ease Genetics (CARDIoGRAMplusC4D), and (10) GWAS and
Sequencing Consortium of Alcohol and Nicotine use (GASCAN).
Detailed information regarding the ancestry, consortia, diagnostic
criteria, etc., has been described in Supplemental File 1. Of note,
GWAS datasets from mixed races were filtered to avoid population
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architecture bias, and only genetic data from White European indi-
viduals were used, except for the dataset from the GLGC. GLGC is
the most widely used lipid GWAS dataset with adequate partici-
pants, and 90.10% of individuals included are of European descent.
Consequently, the bias from GLGC may be minimal.

As shown in Fig. 1B, IVs were extracted from corresponding
summary-level statistics to perform single variable MR (SVMR),
multivariable MR (MVMR), and mediation MR. In this study, the
significance threshold was set at P < 5 � 10�8 to satisfy the rele-
vance assumption. Additionally, SNPs with linkage disequilibrium,
r2 < 0.01, at a window size of 10,000 kb were then filtered to con-
firm independence. Moreover, filtered SNPs were further pruned if
they were palindromic or their minor allele frequencies were <
0.01. The MR-Steiger test, which calculated the variance explained
by the exposures (i.e., BMI) and outcomes (i.e., ED), was performed
to avoid reverse causality. Insignificant results under the test dis-
closed that these SNPs might affect the outcomes more than the
exposure. Therefore, insignificant SNPs were deleted before har-
monization. The extracted IVs were displayed in Supplemental
Table 1. To reduce bias from weak IVs, we also calculated the F-
statistics of SNPs, representing the strength of IVs. According to
one previous study, F-statistics can be estimated using the follow-
ing formula: F-statistics = (Beta/Se)2. Generally, F-statistics < 10
indicates the presence of weak IVs [21].

Summary statistics of ED GWASs

The outcome of GWASs on ED was obtained from two different
consortia. The main discovery ED GWAS comprised 6,175 cases and
217,630 controls from three cohorts (UKB, Estonian Genome Cen-
ter of the University of Tartu [EGCUT], and Partners HealthCare
Biobank [PHB]) [20]. The cases were diagnosed according to the
code of International Classification of Diseases version 10 (N48.4
and F52.2), medical history (medication and surgery for ED), or
self-reporting. All the included individuals were of White ancestry.
The METAL software was used for meta-analysis. GWAS data were
adjusted for age and principal components (PCs), like population
stratification, if necessary. The summary statistics of the second
ED GWAS were from FinnGen, with 1,154 cases and 94,024 con-
trols. A total of 16,378,833 SNPs were analyzed using SAIGE
(https://github.com/weizhouUMICH). In the regression model,
age, 10 PCs, and genotyping batch were included as covariates.
Detailed information regarding the endpoint definition can be
accessed on the official website (https://risteys.finngen.fi/end-
points/ERECTILE_DYSFUNCTION).

Ethical approval of GWASs included was approved by the corre-
sponding ethics committee. In this MR study, only summary-level
statistics were used. No identifiable private information was con-
tained in the GWAS datasets. All the datasets were publicly acces-
sible and could be used without restrictions.

Statistical analyses

As displayed in Fig. 1B, the qualified SNPs were used as IVs and
then retrieved from the ED GWAS for harmonization. The Wald
ratio was calculated to estimate the effect size of each IV and then
combined using the inverse variance weighting (IVW) method.
Moreover, five other approaches were employed to verify the find-
ings yielded by the IVW estimator. The five sensitivity methods
included MR-Egger, Weighted median, Maximum likelihood,
robust adjusted profile score (MR.RAPS), and MR Pleiotropy Resid-
ual Sum and Outlier (MR-PRESSO). Weighted median and MR-
Egger estimators could produce unbiased causal estimates in the
presence of invalid IVs. The Maximum likelihood estimator dis-
plays minimal bias in limited sample sizes, which can be ignored
biologically. The MR.RAPS estimator has high statistical power
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and remains consistent when weak and pleiotropic IVs exist. The
MR-PRESSO method is a variant of the IVW estimator and can pro-
duce consistent estimates by excluding significant pleiotropic out-
liers. To control for the type I error rate, the Benjamini–Hochberg
method was used to adjust for multiple testing. The False Discov-
ery Rate (FDR) threshold was set at 0.05 for significance. The
results from two ED GWASs were combined using a fixed-effect
model, as reported previously [21,22].

MVMR and mediation MR are extensions of MR analysis. The
IVW model was used to obtain the direct and indirect effects. In
MVMR, the genetic association of BMI was adjusted and the indi-
rect effect was obtained by multiplying the results of the two MR
analyses. The mediating effect percentage was further calculated
using the product of coefficients method [23]. The standard error
of indirect effect was estimated using the delta method [24].

Heterogeneity and pleiotropy are two main concerns in MR
analyses. In this study, Cochran’s Q test was used to detect hetero-
geneity. In addition, to quantify pleiotropy, the MR-Egger regres-
sion intercept and the global test from the MR-PRESSO estimator
were employed. If pleiotropic outliers were detected by the global
test, the outliers were deleted, and the remaining IVs were
reanalyzed.

Given that some of the participants in the discovery ED GWAS
were recruited from UKB, we further evaluate the bias from sample
overlap using an online tool (https://sb452.shinyapps.io/overlap/).
The bias from sample overlap was limited (< 9‰ with the type I
error set at 0.05, Table 1), indicating less likelihood of weak IVs
bias. We also assessed the statistical power using another online
tool (https://cnsgenomics.shinyapps.io/mRnd/).

This study was reported according to the STROBE-MR guideli-
nes (Supplemental file 2). All analyses in this study were per-
formed using R 4.0.2 software (R Foundation for Statistical
Computing, Vienna, Austria). In different stages, packages includ-
ing ‘‘TwoSampleMR”, ‘‘MR-PRESSO”, ‘‘forestplot”, and
‘‘MendelianRandomization” were used. P < 0.05 and FDR adjusted
P > 0.05 were considered to have suggestive significance.
Results

Baseline characteristics

Forty-two modifiable factors were included and clustered into
six domains (Table 1). SNPs used as IVs varied from 4 to 984, and
the explained variances ranged from 0.02% to 21.17%. The F statis-
tics of each IV and the exposures were all > 10, indicating less like-
lihood of weak IVs. The estimated bias from sample overlap
fluctuated from < 0.001 to 0.009, suggesting that these findings
were less likely to be biased. The minimum ORs in the MR analyses
with a statistic power of 80% are presented in Table 1.

Discovery results of ED

The discovery results of ED are summarized in Fig. 2 and
detailed in the subsequent sections (Fig. 3 and Supplemental
Table 2). As shown in Supplemental Fig. 1, in the discovery of ED
GWAS, no pleiotropic outliers were identified by MR-Egger and
MR-PRESSO approaches. The funnel plots for visualizing the
heterogeneity are displayed in Supplemental Fig. 2. The scatter
plots of the SNP-exposure association against the SNP-ED associa-
tion are presented in Supplemental Fig. 3.

Anthropometric traits as risk factors for ED

As indicated by the IVW estimator (Fig. 3), the odds of ED
increased per 1-SD increase in BMI (OR = 1.23, P < 0.001), waist cir-

https://github.com/weizhouUMICH
https://risteys.finngen.fi/endpoints/ERECTILE_DYSFUNCTION
https://risteys.finngen.fi/endpoints/ERECTILE_DYSFUNCTION
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Table 1
Baseline characteristics of included GWASs.

Trait Overlap
Bias

nSNP F
statistics

R2 Sample
size

Consortium Descent Min
OR

PMID Unit

Anthropometric traits
BMI <0.001 834 60.99 2.72% 681275 GIANT European 1.098 30124842 SD
Waist circumference 0.006 278 49.51 1.55% 336639 Neale Lab European 1.291 NA SD
Body fat percentage 0.005 553 51.31 2.38% 454633 MRC-IEU European 1.235 NA SD
Trunk fat mass 0.006 632 54.09 2.80% 454588 MRC-IEU European 1.217 NA SD
Whole body fat mass 0.006 630 54.08 2.82% 454137 MRC-IEU European 1.216 NA SD
Metabolic traits
Overall health rating 0.006 119 39.31 0.40% 460844 MRC-IEU European 1.579 NA SD
Type 2 diabetes 0.008 127 72.24 5.73% 655666 NA European 1.082 30054458 logOR
Fasting glucose <0.001 34 103.32 2.64% 133010 MAGIC European 1.165 22885924 SD
HbA1C 0.001 286 52.48 11.82% 46368 MAGIC European 1.105 20858683 SD
Fasting insulin 0.006 14 50.22 0.65% 108557 MAGIC European 1.331 22885924 SD
Basal metabolic rate 0.002 984 62.92 4.78% 454874 MRC-IEU European 1.166 NA SD
Total cholesterol 0.006 113 127.32 2.48% 187365 GLGC Mixed (90.10%

European)
1.230 24097068 SD

Triglycerides 0.003 71 149.21 1.89% 177861 GLGC Mixed (90.10%
European)

1.264 24097068 SD

HDL cholesterol 0.002 118 119.76 2.89% 187167 GLGC Mixed (90.10%
European)

1.213 24097068 SD

LDL cholesterol 0.003 97 154.03 2.35% 173082 GLGC Mixed (90.10%
European)

1.236 24097068 SD

Hormones
Total T levels 0.003 216 78.71 1.18% 194453 NA European 1.334 32042192 SD
Bioavailable T levels 0.005 157 73.72 1.97% 178782 NA European 1.258 32042192 SD
SHBG 0.005 597 100.08 5.02% 180726 NA European 0.840 32042192 SD
Adiponectin 0.004 14 92.57 1.26% 39883 ADIPOGen European 1.079 22479202 ln(mg/

dL)
Leptin 0.003 4 51.32 0.20% 49909 NA European 1.815 32917775 SD
Lifestyle factors
Cigarette consumption 0.005 76 40.27 0.28% 461066 MRC-IEU European 1.688 NA SD
Alcohol consumption 0.007 35 76.41 0.14% 335394 GASCAN European 1.177 30643251 SD
Coffee intake 0.009 40 75.01 0.27% 428860 MRC-IEU European 1.701 NA SD
Physical activity (M to

V)
0.004 19 34.39 0.07% 377234 NA European 1.169 29899525 SD

Physical activity (V) 0.009 7 40.81 0.05% 261055 NA European 1.156 29899525 SD
Insomnia 0.007 39 43.33 0.14% 462341 MRC-IEU European 1.974 NA SD
Daytime napping 0.007 100 48.78 0.42% 452633 NA European 1.346 33568662 logOR
Chronotype 0.006 10 36.95 0.09% 128266 UKB European 2.215 27494321 SD
Snoring 0.008 19 37.54 0.09% 314449 Neale Lab European 2.215 NA SD
Cardiovascular

diseases
Hypertension 0.008 64 46.99 0.65% 463010 MRC-IEU European 1.450 NA logOR
Stroke 0.003 6 38.13 0.02% 446696 MEGASTROKE European 1.394 29531354 logOR
Ischemic stroke 0.008 8 38.27 0.03% 440328 MEGASTROKE European 1.382 29531354 logOR
Large artery stroke 0.008 4 37.3 0.03% 150765 MEGASTROKE European 1.270 29531354 logOR
Cardioembolic stroke <0.001 4 74.24 0.02% 211763 MEGASTROKE European 1.313 29531354 logOR
Coronary artery

disease
0.003 169 69.14 1.34% 296525 UKB &

CARDIoGRAMplusC4D
European 1.313 29212778 logOR

Myocardial infarction 0.005 75 65.35 2.71% 471717 UKB &
CARDIoGRAMplusC4D

European 1.220 33532862 logOR

Heart failure 0.001 9 41.5 0.04% 977323 HERMES European 1.122 31919418 logOR
Atrial fibrillation 0.003 122 82.56 0.33% 1030836 NA European 1.633 30061737 logOR
Mental disorder
Major depressive

disorder
0.004 44 38.98 0.34% 500199 PGC European 1.296 30718901 logOR

Schizophrenia 0.003 89 40.9 4.42% 77096 PGC European 1.172 25056061 logOR
ADHD 0.003 11 34.1 0.68% 55374 PGC European 1.107 29325848 logOR
Bipolar disorder 0.003 4 34.21 0.82% 16731 PGC European 1.401 21926972 logOR

GWASs: genome-wide association studies; SNP: single nucleotide polymorphisms; BMI: body mass index; HbA1C: glycosylated hemoglobin type A1C; HDL: high density
lipoprotein; LDL: low density lipoprotein; T: testosterone; M to V: moderate to vigorous; ADHD: attention deficit and hyperactivity disorder; PMID: PubMed identifier; SD:
standard deviation; OR: odds ratio; GIANT: Genetic Investigation of ANthropometric Traits; MRC-IEU: Medical Research Council Integrative Epidemiology Unit; MAGIC:
Meta-Analyses of Glucose and Insulin-related traits Consortium; GLGC: Global Lipids Genetics Consortium; GASCAN: GWAS and Sequencing Consortium of Alcohol and
Nicotine use; UKB: UK biobank; CARDIoGRAMplusC4D: Coronary Artery Disease Genome-Wide Replication and Meta-analysis plus the Coronary Artery Disease Genetics;
HERMES: Heart Failure Molecular Epidemiology for Therapeutic Targets; PGC: Psychiatric Genomics Consortium; NA: not available.
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cumference (OR = 1.30, P < 0.001), trunk fat mass (OR = 1.13,
P = 0.017), and whole body fat mass (OR = 1.18, P = 0.003). We also
detected a suggestive association between genetically predicted
body fat percentage and ED (P = 0.035, FDR = 0.071). Since anthro-
pometric traits were highly correlated with BMI, these traits were
not subjected to further MVMR and mediation analyses.
153
Metabolic traits as risk factors for ED

We found that genetic liability to poor overall health rating
could increase the risk of ED (OR = 1.77, P = 0.002, Fig. 3); however,
the risk was not significant after adjusting for BMI in MVMR
(P = 0.419, Fig. 4). The indirect effects mediated by BMI accounted



Fig. 2. Analysis of 42 predominant risk factors on ED in the discovery ED GWAS. The analysis is performed in the discovery ED GWAS and the results of six approaches
including IVW, MR-Egger, Weighted median, Maximum likelihood, MR.RAPS, and MR-PRESSO are summarized here. Detailed statistics are described in Supplemental Table 2
and Fig. 3. ED: erectile dysfunction; BMI: body mass index; SHBG: sex hormone-binding globulin; HbA1C: glycosylated hemoglobin type A1C; GWAS: genome-wide
association study; MR: Mendelian Randomization; IVW: inverse variance weighting; MR-PRESSO: MR Pleiotropy Residual Sum and Outlier; MR.RAPS: robust adjusted profile
score. High risk: P < 0.05 and FDR < 0.05; Potential risk: P < 0.05 and FDR > 0.05; Unclear: P > 0.05; Protective: P < 0.05 and FDR < 0.05.
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for 17.19% of the total effects (OR = 1.10, P < 0.05, Fig. 5). In addi-
tion, patients with type 2 diabetes and a 1-SD increment of basal
metabolic rate had an increased risk of ED (OR = 1.15, P < 0.001;
OR = 1.24, P < 0.001, respectively). The increased risk was also con-
sistent in MVMR adjustment for BMI (OR = 1.12, P = 0.001;
OR = 1.32, P = 0.036, respectively), and the indirect effects of BMI
correspondingly accounted for �1.65% and 19.61%. No causal asso-
ciation was noted between other metabolic traits including fasting
glucose, fasting insulin, HbA1c, TC, TG, HDL, and LDL levels and ED
(all P > 0.05 & FDR > 0.05, Fig. 3).
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Hormones as risk factors for ED

Among hormones, a 1-SD increment of SHBG was found to
decrease the risk of ED (OR = 0.80, P = 0.013), whereas, although
the causal effect size and direction of SHBG remained similar in
MVMR, the result was insignificant after adjusting for BMI
(OR = 0.84, P = 0.256). Further mediation analysis revealed that
7.77% of total direct was mediated by BMI (Fig. 5). In addition,
genetically predicted adiponectin was significantly associated with
an increased risk of ED (OR = 1.18, P = 0.001). However, this signif-



Fig. 3. Forest plot of IVW estimator results in the discovery ED GWAS. GWAS: genome-wide association study; IVW: inverse variance weighting; BMI: body mass index;
ED: erectile dysfunction; SHBG: sex hormone-binding globulin; HbA1C: glycosylated hemoglobin type A1C; OR: odds ratio; CI: confidence interval; FDR: false discovery rate.
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icant association did not exist in MVMR analysis (OR = 1.13,
P = 0.308). The insignificance may be attributed to the indirect
effect mediated by BMI (4.25% of the total effect). No causal asso-
ciation was detected between total testosterone, bioavailable
testosterone, and leptin levels, and ED (all P > 0.05, Fig. 3).

Lifestyle factors as risk factors for ED

As shown in Fig. 3, several lifestyle factors were causally associ-
ated with higher risks of ED, including cigarette consumption
(OR = 3.28, P = 0.002), insomnia (OR = 2.65, P = 0.003), and snoring
(OR = 3.45, P = 0.001). Further MVMR analysis suggested that cigar-
ette consumption was an independent risk factor for ED (OR = 2.55,
P = 0.028), whereas alcohol consumption and insomnia were not
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(OR = 1.02, P = 0.958; OR = 1.64, P = 0.374, respectively). The indi-
rect effects mediated by BMI accounted for 5.07% and �13.14% of
the total effects, respectively (Fig. 5). Alcohol consumption was
found to be a suggestive risk factor for ED (OR = 1.44, P = 0.034,
FDR = 0.071); however, the significant association vanished after
adjusting for BMI (P = 0.755). The indirect effect of BMI was mini-
mal (0.03% of the total effect). There was no significant association
between coffee consumption, physical activity, daytime napping,
chronotype, and ED (all P > 0.05).

Cardiovascular diseases as risk factors for ED

Among cardiovascular diseases, genetically predicted hyperten-
sion, stroke, ischemic stroke, coronary heart disease, myocardial



Fig. 4. The association between modifiable factors and ED in multivariate MR. All the analyses were performed in the discovery ED GWAS. GWAS: genome-wide
association study; MR: Mendelian Randomization; ED: erectile dysfunction; NSNP: number of single nucleotide polymorphisms; SHBG: sex hormone-binding globulin; M to
V: moderate to vigorous; ADHD: attention deficit and hyperactivity disorder; OR: odds ratio; CI: confidence interval.

Fig. 5. Results of mediation MR results in the discovery ED GWAS. GWAS: genome-wide association study; ED: erectile dysfunction; SHBG: sex hormone-binding globulin;
OR: odds ratio; CI: confidence interval.
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infarction, and heart failure were found to increase the risk of ED.
The ORs were 5.29 (P = 0.002), 1.33 (P = 0.015), 1.34 (P = 0.002),
1.13 (P < 0.001), 1.12 (P = 0.003), and 1.36 (P = 0.005), for a one-
156
unit increment in log-transformed odds, respectively (Fig. 3).
MVMR analyses still supported that hypertension, coronary heart
disease, and ED were positively correlated (OR = 4.33, P = 0.008;
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OR = 1.10, P = 0.039, respectively), whereas stroke, ischemic stroke,
myocardial infarction, and heart failure were not (P > 0.05). Nota-
bly, the significance for myocardial infarction and heart failure was
adjacent to the statistical threshold (P = 0.072 and P = 0.085). Fur-
ther verification with more samples and higher statistical power is
required.

The ORs of indirect effects ranged from 0.99 to 1.00, indicating
rather limited influence (Fig. 5). Heterogeneity was detected only
for cardioembolic stroke among the cardiovascular diseases (Sup-
plemental Fig. 1). The causal effect of cardioembolic stroke on ED
was verified using the random effect IVW estimator (OR = 1.03,
P = 0.818). No significant association was found between large
artery stroke, cardioembolic stroke, atrial fibrillation, and ED (all
P > 0.05).

Mental disorders as risk factors for ED

Among mental disorders, genetically predicted major depres-
sive disorder was found to increase the risk of ED, while other
mental disorders, including schizophrenia, ADHD, and bipolar dis-
order were not. The ORs were 1.36 (P = 0.007), 1.05 (P = 0.062), 0.99
(P = 0.936), and 1.11 (P = 0.074), for a one-unit increment in log-
transformed odds, respectively (Fig. 3). However, in the MVMR
analysis, the significant association between major depressive dis-
order and ED vanished (OR = 1.19, P = 0.138, Fig. 4). It was esti-
mated that 2.44% of the total effect was mediated by BMI, which
may have led to insignificant results (Fig. 5).

Combined results for ED from meta-analysis

There were 1,154 ED cases among 95,178 participants in the
FinnGen dataset and 6,175 ED cases from 223,805 participants in
the discovery of ED GWAS. Given the limited sample size in the
replication stage, the identified significantly associated risk factors
in the discovery stage did not reach the significance threshold
(Supplemental Table 3). Therefore, we combined the results from
the discovery ED GWAS and FinnGen dataset, using the meta-
analysis technique to increase the statistical power (Fig. 6). The
combined results confirmed the causal risk role of waist circumfer-
ence, whole body fat mass, poor overall health rating, type 2 dia-
betes, basal metabolic rate, adiponectin, cigarette consumption,
snoring, hypertension, ischemic stroke, coronary heart disease,
myocardial infarction, heart failure, and major depressive disorder
(all P < 0.05 and FDR adjusted P < 0.05). Similarly, the protective
effect of SHBG was also verified in the combined results (P < 0.05
and FDR adjusted P < 0.05). The results were suggestive of a signif-
icant association between BMI, insomnia, stroke, and ED (P < 0.05
and FDR adjusted P > 0.05).

Obvious heterogeneity in trunk fat mass, whole body fat mass,
type 2 diabetes, and SHBG were detected (P < 0.05, Supplemental
Fig. 1). Pleiotropy of whole body fat mass, type 2 diabetes, and
SHBG were also identified (P of global tests < 0.05). We further
removed the identified outliers and reanalyzed the FinnGen ED
GWAS dataset. The results for whole body fat mass remained
unchanged (P = 0.333); however, the association between SHBG
and ED were found to be significant (OR = 0.66, P < 0.05, Supple-
mental Table 3). No outliers were detected by the MR-PRESSO out-
lier test for type 2 diabetes, and the OR from the MR-Egger
approach was deemed the main finding (OR = 1.54, P = 0.009, Sup-
plemental Table 3).
Discussion

This MR study analyzed the largest number of modifiable risk
factors for ED using genetic data. Our study substantiates that
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genetic liability to obesity, several metabolic diseases, poor life-
style and mental status, cardiovascular dysfunction and elevated
adiponectin levels can increase the risk of ED, whereas higher
SHBG can decrease the risk of ED. Evidence supporting the causal
effects of lipids, leptin, coffee consumption, physical activity, day-
time napping, chronotype, atrial fibrillation, ADHD, schizophrenia,
and bipolar disorder on ED is insufficient. MVMR and mediation
analyses also highlighted the mediating role of BMI in the causal
association between the identified risk factors and ED.

Obesity is a major risk factor for many diseases. Observational
studies also reveal the risk role of BMI for ED, as further verified
by one previous MR study [18,25]. Our study also supports this
supposition. BMI is generally deemed an indicator of general obe-
sity. More detailed causal evidence of central obesity is lacking but
is provided by our findings. The combined results identified the
causal impact of waist circumference and whole body fat mass
on ED. Findings from a cross-sectional survey also highlighted
the risk posed by central obesity in ED [26]. However, if central
obesity or general obesity plays a more centric role is unclear.
The combined results suggest that, BMI is suggestively associated
with ED and another indicator, body fat percentage, is not causally
associated with ED. Waist circumference could predict sexual
symptoms better than BMI in men with hypogonadism and ED as
per the report from Yassin AA and his colleagues. [27]. Janiszewski
PM also reported that abdominal obesity was associated with ED,
independent of BMI [28]. These results may support the core role
of central obesity in developing ED. General obesity tends to have
better metabolic patterns than central obesity, which may explain
the discrepancy [29]. Therefore, the impact of peripheral body fat
on ED should be further assessed in future prospective studies.

As for metabolic diseases, a genetic predisposition to type 2 dia-
betes increased the risk of ED. This corroborates the findings from
previous observational studies, MR analysis, and animal models
[18,30,31]. Endothelial dysfunction, reactive oxygen species, and
sex hormone disturbances may be responsible for the adverse
effects [32]. To the best of our knowledge, we first report the
adverse causal impact of basal metabolic rate on ED with a statis-
tical power of 0.98. According to MVMR analysis, the risk is inde-
pendent of BMI. Similar risks have also been identified between
basal metabolic rate and certain cancers (urinary, genital, respira-
tory, intrathoracic, lymphoid and hematopoietic tumors) [33]. This
may be partly explained by increased oxidative metabolism, lead-
ing to an overload of reactive oxygen species and further ED [34].
Of note, there may be potential correlations between exposures
that jointly adversely affect ED. For example, lifestyle factors like
insomnia may lead to dyslipidemia, obesity and diabetes, further
or simultaneously triggering ED. Thus, the evaluation and interven-
tion for modifiable risk factors should be comprehensive.

In this study, no causal associations between lipids levels (TC,
TG, HDL, and LDL) and ED were identified. Most of the observa-
tional studies support that lipids pose a risk on the onset of ED
[35–36]. However, some cross-sectional studies suggest otherwise.
Nikoobakht M et al. reported no difference in plasma TG and HDL
levels between ED and non-ED participants, in line with Hyde Z
et al, [37–38]. The discrepancy in these studies may arise from
their limited sample sizes and residual confounding factors from
observational design. Generally, lipids are well-documented risk
factors for cardiovascular health, further triggering ED. However,
our data do not support the causal relationship between lipids
levels and ED, which seems to be contrary to the widely accepted
conclusion. This may be partly attributed to the relatively limited
adverse effects from lipids. Dyslipidemia usually takes a long time
to induce cardiovascular diseases and metabolic diseases like obe-
sity. The effects from dyslipidemia are generally persistent but not
intense, which lead to the insignificance.



Fig. 6. Combined results from the discovery and replication ED GWASs. GWASs: genome-wide association studies; BMI: body mass index; ED: erectile dysfunction; SHBG:
sex hormone-binding globulin; HbA1C: glycosylated hemoglobin type A1C; M to V: moderate to vigorous; ADHD: attention deficit and hyperactivity disorder; OR: odds ratio;
CI: confidence interval; FDR: false discovery rate.
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Among lifestyle factors, alcohol consumption was suggestively
associated with ED. Most but not all observational studies have
reported the adverse outcomes of smoking. In a representative
umbrella review of 3,971,122 participants, smoking was found to
be negatively associated with ED [39]. Conversely, Shiri R et al.
[14] recruited 1,442 men aged 50–75 years and found no such sig-
nificant association during a 5-year follow-up period. An opposite
conclusion was also found for the association of alcohol consump-
tion with ED. Most observational studies report a beneficial effect
of light to moderate drinking on ED [39,40]. However, in a cross-
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sectional study with 3,501 participants, the association was found
to be insignificant regardless of the frequency and amount [15].
The residual confounding in the observational design may have
led to the contrasting results. It is difficult to overcome the bias
from coupled obesity, poor metabolic status, and cardiovascular
impairment for alcoholics, subsequently yielding opposite conclu-
sions. Of note, a nonlinear relationship was found between them in
some observational studies [41]. Future studies should be per-
formed to investigate the nonlinear causal association using indi-
vidual data. Accumulating evidence is against the ‘‘safe limit” of
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alcohol intake [42]. Our findings first highlight the risk of cigarette
and alcohol consumption using MR, providing reliable causal evi-
dence. Therefore, to prevent ED, we recommend giving up cigarette
and alcohol consumption. In line with previous observational stud-
ies and MR analyses, we also report a significant association
between insomnia, snoring, and ED [43–45]. Clinicians should rec-
ognize and treat sleep disorders in the general population, espe-
cially in patients with ED.

Previous studies have reported that ED is an early indicator for
subsequent cardiovascular disease like coronary heart disease [46].
The two conditions share common mechanisms, i.e., endothelial
dysfunction. In this study, conversely, we found that cardiovascu-
lar diseases, including hypertension, stroke, ischemic stroke, coro-
nary heart disease, myocardial infarction, and heart failure could
lead to ED. A clearer causal direction is supplemented. Addition-
ally, this study also addresses the contradictions in the relationship
between cardiovascular diseases and ED in observational studies.
Kałka D et al. enrolled 751males and found that those with familial
coronary heart disease had higher erectile function than those
without [47]. In addition, one clinical trial also failed to replicate
the significant association between ED and coronary heart disease
[48]. The limited sample size and confounding factors may bias the
true association. Mechanistically, endothelial dysfunction due to
hypertension, central nervous system impairment by stroke,
decreased blood perfusion and further hypoxia by reduced cardiac
output (coronary heart disease, myocardial infarction, and heart
failure) may be responsible [49,50]. Therefore, it is better to evalu-
ate cardiovascular diseases and ED simultaneously in clinical
settings.

Observational studies have frequently reported the close associ-
ation between mental disorders and ED [5]. However, mental dis-
orders can lead to ED and vice versa. A possible bilateral
relationship is noted but the causal direction is unclear. As
revealed by previous surveys, our findings support that depression
can increase the risk of ED [51]. In addition, contrary to previous
studies that found a positive association, we found insufficient evi-
dence supporting the role of schizophrenia, ADHD, and bipolar dis-
order as risk factors for ED [52–54]. However, the association
approached the statistically significant threshold in the discovery
stage and combined results. The insignificant causal association
may be canceled out. The sample sizes for the available GWASs
of schizophrenia, ADHD, and bipolar disorder were relatively lim-
ited, leading to less statistical power. Thus, further investigation
should be performed with larger sample sizes to clarify these
relationships.

Identifying reversible risk factors is the first-line evaluation for
ED patients as per the diagnostic work-up of the European Associ-
ation of Urology Guidelines [55]. Thus, we scanned the modifiable
factors for ED, which could help clinicians propose a strategy to
prevent ED based on the results of this study. According to the
findings, metabolic diseases including diabetes and obesity and
cardiovascular diseases like hypertension require early interven-
tion in the general population. Quitting cigarette and alcohol con-
sumption should be recommended for ED patients by doctors.
Good sleep quality may also bring benefits for erectile function.
Thereby, medical interventions like hypnotics can be recom-
mended for ED patients. In clinical practice, clinicians should con-
sider these risk factors. Some emerging and non-invasive therapies
like nanocomposites and hydrogels may be useful in this process
[56–58].

This study has some strengths. The major merit is the MR
design, allowing for deriving causal inference rather than a corre-
lation. In addition, this is the first MR study that analyzed a large
number of modifiable factors. The majority of the predominant risk
factors, such as waist circumference, cigarette and alcohol con-
sumption, hormones, cardiovascular diseases, and mental disor-
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ders have not been analyzed under the MR framework.
Moreover, the investigation was performed in two independent
ED GWAS datasets and their combination to improve the statistical
power. A rigorous IV selection and multiple sensitivity analyses
were considered in the MR analyses, ensuring compliance with
three basic assumptions in MR. These endeavors provide reliability
to our findings. Moreover, the included participants were primarily
of European descent, thus reducing population architecture bias.
The sample overlap was very low in the included datasets with
high F statistics and low weak IV bias.

However, several limitations should also be noted in this study.
Pleiotropy is a main concern in MR analysis. The existence of pleio-
tropy may violate the basic MR assumptions and further distort the
findings. We applied two methods MR-Egger and MR-PRESSO to
detect the horizontal pleiotropy. IVs of three exposures showed
pleiotropy in the FinnGen dataset, although no pleiotropy was
observed in the discovery stage. The corrected results still support
the findings in the discovery stage and the combined results, indi-
cating less likelihood of potential biases. Another limitation is the
strict restriction on the descent of the included samples, thus
reducing the generalizability to other nations. Therefore, the
results should be interpreted cautiously and further verification
in other ancestries is required. Additionally, this study was per-
formed based on summary-level statistics. We can neither explore
the nonlinear relationship between modifiable factors and ED nor
that with disease severity. Lastly, although we adopted the largest
ED GWASs at present, the relatively low rate of ED cases in the dis-
covery and FinnGen datasets could have led to less statistical
power for some exposures. Thus, we combined the results, which
could alleviate this deficiency to some extent. Further validation
with larger sample size can be considered. In the end, the biological
mechanisms linking the identified risk factors to ED were not
explored, which should be investigated in future studies.

In conclusion, our comprehensive MR analyses support that 1)
genetic predisposition to metabolic diseases including obesity
and type 2 diabetes; 2) poor lifestyle including cigarette and alco-
hol consumption, insomnia and snoring; 3) poor mental status like
depression; 4) genetically predicted cardiovascular diseases; and
5) high adiponectin levels can increase the risk of ED; while genetic
liability to high SHBG can decrease the risk of ED. This study pro-
vides a better understanding of the risk factors of ED and is con-
ducive to the early identification and intervention of these
patients.
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