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Abstract: Background: Genetic factors are thought to play a major role in erectile dysfunction (ED), but the search for
specific ED-related genes remains a mysterious area characterised by limited and inconclusive research. Methods:
Whole blood expression quantitative trait loci (eQTLs) and the GWAS data related to the genetics of ED are derived
from a Finnish database, Finngen, which contains a dataset of 1154 cases and 94024 controls, culminating in a
total of 95178 individuals under scrutiny. Based on these pooled data, a Mendelian randomisation (MR) analysis of
ED was performed. Subsequent analyses of PPl and single cell type expression help identify potential pathogenic
genes, revealing the function of genes and their association with phenotypes. Results: After SMR analysis, 110
ED-associated genes were screened, of which MDM4 Degree had the highest value with an OR of 1.8453076, was
displaced on chromosome 1, and had a risk of promoting ED. Single-cell sequencing analysis results demonstrate
the expression of the MDM4 gene in six cell types, further confirming the role of the MDM4 gene in ED. Conclusions:
Our study showed that among the 110 genes associated with ED, MDM4 was highly associated with an increased
risk of ED. These findings strongly support personalised treatment strategies decision-making for ED patients.
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Introduction

Erectile Dysfunction (ED) is a common and dis-
tressing condition affecting the male popula-
tion worldwide, characterised by the consistent
inability to achieve or maintain an erection suf-
ficient for satisfactory sexual performance [1,
2]. Its effects extend beyond the physical to
psychological well-being, self-esteem and inti-
mate relationships [3]. ED affects individuals
and places a significant burden on healthcare
systems and society as a whole [4]. The aetiol-
ogy of ED is multifactorial and involves a com-
plex interplay of physiological, psychological,
and environmental factors [5]. While factors
such as age, co-morbidities (e.g., diabetes, car-
diovascular diseases), lifestyle choices (e.g.,
smoking, obesity), and psychological stressors
are known to contribute to ED, emerging evi-
dence suggests a substantial genetic compo-
nent underlying its pathogenesis [6-8].

Genetic predisposition has been increasingly
implicated in the susceptibility to ED, with fa-
milial aggregation studies demonstrating an
increased risk in individuals with a family histo-
ry of the condition [7]. Genome-wide asso-
ciation studies (GWAS) and candidate gene
approaches have identified several genetic loci
associated with ED [9], shedding light on poten-
tial biological mechanisms underlying erectile
function. However, translation of these findings
into clinical practice and therapeutic interven-
tions remains limited, mainly due to the com-
plexity of genetic interactions and the challeng-
es associated with establishing causal relation-
ships. Mendelian randomisation (MR) is emerg-
ing as a robust epidemiological tool in this con-
text [10], providing a method to examine the
causal relationship between potentially modifi-
able risk factors and ED using genetic variants
as instrumental variables [11]. The key advan-
tage of MR is its ability to minimise confounding
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and reverse causation, which are common
problems in observational studies [12]. By us-
ing genetic variants that are randomly assigned
at conception, MR provides a natural experi-
ment that can mimic the randomness of ran-
domised controlled trials, providing evidence
that is less likely to be biased by confounding
factors.

This paper explores the feasibility and advan-
tages of using MR methodology to elucidate the
genetic influences on ED. By using MR, we aim
to unravel the causal effects of genetic variants
associated with ED and identify potential tar-
gets for therapeutic intervention. Research
indicates that there are 110 genes associated
with erectile dysfunction (ED), of which MDM4
plays a critical role in influencing ED. Through
a comprehensive analysis of genetic factors
using MR, we aim to advance personalised
medicine approaches to the management and
treatment of ED, ultimately improving outcomes
and quality of life for those affected.

Materials and methods
eQTL data

Expression Quantitative Trait Loci (eQTL) are
genetic variants or single nucleotide polymor-
phisms (SNPs) that influence gene expression
levels. These genetic loci are associated with
the expression levels of specific genes in indi-
vidual genomes. Studying eQTL provides insight
into the genetic factors that regulate gene
expression, revealing gene functionality and its
association with phenotypes. A key resource is
the Genotype-Tissue Expression (GTEX) project,
which collects tissue samples from a variety of
healthy individuals, including organs such as
heart, liver, kidney, lung and brain [13]. With
contributions from thousands of donors, GTEXx
provides extensive eQTL data, elucidating the
relationship between genotypes and gene ex-
pression levels. Our analysis focuses on GTEx
V8 whole blood eQTL summary statistics (P < 1
x 10%) for SMR analysis.

Single-cell data

Single cell data were obtained from the public
database GEO dataset GSE206528. This data-
set includes three standard tissue samples
obtained from the tumour margin of cancer
resections, with all patients reporting good
erectile function and morning erections. The
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five ED CC tissues were obtained from biopsies
of implanted penile prostheses. All ED patients
were diagnosed with organic ED by nocturnal
tumescence and intracavernosal injection test-
ing rather than psychogenic ED [14].

SMR analysis

In this analysis, we used summary data-bas-
ed Mendelian randomisation (SMR) to investi-
gate whether single nucleotide polymorphisms
(SNPs) influencing phenotype are mediated by
gene expression. We used summary data from
genome-wide association studies (GWAS) and
expression quantitative trait loci (eQTL) stu-
dies to explore the association between gene
expression and erectile dysfunction (ED). We
also performed a Heterogeneity in Dependent
Instruments (HEIDI) test to assess whether the
observed associations were influenced by link-
age disequilibrium. A P_HEIDI value of less than
0.05 indicates that the observed associations
may be due to two independent genetic vari-
ants in linkage disequilibrium. A P_SMR less
than 0.05 is considered statistically signifi-
cant. The analysis was performed using version
1.3.1 of the SMR software tool [15].

Functional enrichment analysis

The Gene Ontology (GO) system provides struc-
tured, computable information about the func-
tionality of genes and gene products. Functional
enrichment analysis was performed using the
R package clusterProfiler, and the enrichment
analysis results were visualised. A significance
threshold of P < 0.05 was used.

Pathway enrichment analysis

The Kyoto Encyclopedia of Genes and Genomes
(KEGG) database systematically analyses gene
function and links genomic and functional in-
formation. It includes metabolic pathways, hier-
archical classifications, gene databases and
genome databases. The pathway database
within KEGG is the most widely used public
database for metabolic pathways. Functional
enrichment analysis was performed using the
R package clusterProfiler, and the enrichment
analysis results were visualised. A significance
threshold of P < 0.05 was used.

PPI analysis
Following the SMR analysis, a protein-protein

interaction (PPl) analysis was performed for
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each of the three diseases. The basic principle
of PPI is that physical or chemical interactions
occur between different proteins, potentially
leading to structural changes that may affect
their function. PPl analysis was performed
using the online STRING database (string-db.
org), with a low confidence score threshold of
0.15 to account for the limited number of target
genes and to avoid neglecting important genes.
Topological analysis methods, in particular the
degree algorithm, were used to validate hub
genes. The CytoHubba plugin integrated into
Cytoscape 3.9.1 (University of California, San
Diego) was used. The topological structure of
the PPI network was analysed to identify critical
nodes.

Genotype analysis and screening

The analysis and selection of genetic loci are
based on two methods combined with SMR
analysis: (1) Selection of critical loci in the dis-
ease: In SMR analysis, loci are selected that
meet the criteria of FDR < 0.01 and HEIDI_P >
0.01. These loci serve as markers that influ-
ence the disease at the genetic level. (2) Single-
cell sequencing analysis of the expression of
genes at relevant loci in different cells: By ana-
lysing the changes in the number of cells in the
ED group by cell proportion analysis and then
examining their expression patterns by single-
cell sequencing, this approach provides in-
sights into drug design [16].

Statistical analysis

Statistical analysis was performed using SMR
to investigate whether the effects of SNPs on
phenotypes are mediated by gene expression.
We analysed summary data from GWAS and
eQTL studies to investigate the association
between gene expression and erectile dysfunc-
tion (ED). We also used the Heterogeneity in
Dependent Instruments (HEIDI) test to assess
whether linkage effects confounded the obser-
ved associations. A p-value < 0.01 and HEIDI >
0.01 were used as criteria for identifying dis-
ease-related genes. Single-cell analysis used
Principal Component Analysis (PCA) to reduce
the dimensionality of the raw data set and
Uniform Manifold Approximation and Projection
(UMAP) to map high-dimensional data into a
low-dimensional space for visualisation and
analysis. All statistical procedures were per-
formed using R software (version 4.3.1).

268

Result
Screening of genes associated with ED

In order to screen out genes associated with
ED, we performed summary data-based MR
analysis (SMR analysis) for ED. By summarizing
the results of genome-wide association studies
(GWAS), we applied a specific MR analysis tech-
nique, the Summary data-based Mendelian
Randomization (SMR) analysis. A Manhattan
plot of genes analyzed for association with
erectile dysfunction (ED) was obtained after
SMR analysis (Figure 1), where the x-axis re-
presents chromosome numbering, the y-axis
shows an indication of the significance of the
association of each gene with ED, i.e., the nega-
tive logarithmic (base 10) value of the p-value
(-log10(p)), and the red dots represent the dis-
ease-associated targets. In determining statis-
tical significance, we set a significance thresh-
old, wherein a P-value less than 0.01 was
deemed significant, suggesting that genes with
P-values below this threshold have a significant
association with the diseases. Additionally, to
ensure consistency and reduce the likelihood
of spurious results, we assessed the heteroge-
neity of the genes. A heterogeneity P-value
greater than 0.01 indicates no significant in-
consistency among the analyzed genes. Finally,
110 erectile dysfunction-related genes were
obtained.

Enrichment analysis of genes associated with
ED

To further investigate how the genes associat-
ed with erectile dysfunction (ED) exert their
influence, we performed a Gene Ontology (GO)
enrichment analysis on the 110 ED-related
genes. We generated pie charts and bubble
plots by examining the GO enrichment analysis
results, as shown in Figure 2A and 2B. In Fi-
gure 2A, different colours indicate different
Gene Ontology categories: biological processes
(green), cellular components (yellow) and mo-
lecular functions (purple). The size and intensity
of the colour in each sector indicates the
degree of gene enrichment and statistical sig-
nificance within that functional category. Figure
2B shows a bubble plot of these enrichment
results, with the GeneRatio represented on the
x-axis and different GO terms on the y-axis. The
size of the bubbles corresponds to the number
of enriched genes. At the same time, the colour
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Figure 1. Screening of genes associated with ED. Manhattan plot of the SMR analysis of the effect of genes of
interest on the outcome of erectile dysfunction in whole blood, where the horizontal coordinate is the chromosome
number, the vertical coordinate is the significance of the gene pair p value taken as log10 transformed to represent
the genes, and the red dots represent the disease-associated targets.

depth indicates the p-value, i.e. the level of sig-
nificance, with darker colours indicating greater
significance due to lower p-values.

Notably, several GO terms in Figure 2B are
marked by larger, darker bubbles, indicating
robust enrichment of genes and a statistically
significant association with ED. Specifically, we
observed significant enrichment in areas relat-
ed to cell growth, developmental processes,
metabolic pathways and signalling mecha-
nisms. Terms such as ‘positive regulation of
cardiomyocyte hypertrophy’, ‘positive regula-
tion of muscle hypertrophy’ and ‘positive regu-
lation of RNA polymerase ll-mediated mRNA
transcription’” suggest the involvement of car-
diovascular functions and muscle activities in
ED pathology. In the cellular component cate-
gory, there is a marked enrichment associated
with structures such as ‘RNA polymerase Il
transcriptional regulatory complex’, ‘myofibrils’
and ‘gene-specific intranuclear bodies’, sug-
gesting an important role for ED-associated
genes in cellular structure and subcellular
localisation.

For molecular functions, we see enrichments
related to “GTPase regulatory activity”, “nucleo-
tide triphosphatase regulatory activity”, “hor-
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mone binding”, etc. Among them, the enrich-
ment analysis in the biological process (BP)
part of Figure 2B shows that ED-related genes
are most enriched in two molecular functions:
regulation of GTPase activity and regulation of
nucleotide triphosphatase activity (the enor-
mous bubbles) and all of them have the highest
gene ratios (around 0.1) and the most signifi-
cant correlations (red bubbles). This suggested
possible interactions and biochemical process-
es at the molecular level in which the proteins
encoded by these genes might be involved. We
then used KEGG (Kyoto Encyclopedia of Genes
and Genomes) enrichment analysis to investi-
gate the enrichment of genes associated with
erectile dysfunction (ED) in specific pathways
and biological processes. This approach ex-
plored how essential genes might influence ED
by affecting these pathways or biological pro-
cesses. This approach explored how essential
genes might influence ED by affecting these
pathways or biological processes. Bubble plots
of FEGG enrichment analysis are shown in
Figure 2C, and ED-related genes were mainly
enriched in signalling pathways and biological
processes, such as Dopaminergic Synapse,
Hedgehog signalling pathway, Gonadotropin-
releasing hormone (GnRH) secretion, and Long-
Term Potentiation signalling pathways and bio-
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logical processes. Dopaminergic synapse had
the highest gene enrichment, significant gene
ratio, and robust correlation significance. Ge-
netic enrichment of dopaminergic synapses
suggests that dopamine may play an essential
role in the pathogenesis of ED, which may
involve modulation of dopamine levels or func-
tional abnormalities of dopamine receptors.

PPl in combination with SMR results to further
search for disease-associated genes

We used the String website to construct a pro-
tein-protein interaction (PPI) network for the
genes identified in the SMR analysis (excluding
genes that cannot be encoded into proteins)
to further search for critical genes associated
with ED. This interaction network was visual-
ised using Cytoscape software. As can be seen
in Figure 3A, proteins such as SPP1, MDM4,
and IRF5 have larger nodes and darker colours
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Figure 2. Enrichment analysis of genes as-
sociated with ED. (A) Circle and (B) bubble
maps of GO enrichment analysis of 110
ED-related genes. (C) Bubble map of KEGG
enrichment analysis of 110 ED-related
genes.

in the network, with multiple interacting pro-
teins; they also have a high density of network
connections, indicating that there are a large
number of interactions with other proteins, sug-
gesting that they may be essential players in
the biological process and perhaps the critical
regulators in the development of ED. We then
selected 14 genes associated with ED with
large degree values for forest mapping and
analysis. The results are shown in Figure 3B,
where the OR value indicates the ratio of the
odds of ED occurring when a gene is present to
the odds of ED occurring when the gene is
absent. OR values greater than 1 indicate an
increased risk of ED occurring when the gene is
present, and OR values less than 1 indicate a
decreased risk of ED occurring when the gene
is present. p_SMR values reflect the statistical
significance of gene expression and ED associ-
ations. P values less than 0.05 are usually con-
sidered statistically significant. As shown in
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Figure 3. PPl combined with SMR results to further search for disease-associated genes. A. PPl network map of ED-
associated genes. B. Forest plot obtained by selecting high degree genes from the PPI network map for analysis. C.
View of localised chromosomal regions including the MDM4 gene as part of the GWAS and SMR analyses. The up-
per part is a scatterplot of SNPs showing how strongly each SNP is associated with ED. The lower part is the -log10
p-value from the eQTL analysis, showing the strength of the association between each SNP and the expression level
of the MDM4 gene. D. The distribution of GWAS and eQTL effect loci of trip10 gene, the dotted line represents the
linear trend, and the red triangle represents the maximum effect loci of eQTL.

Figure 3B, six genes increase the risk of de-
veloping ED and eight genes decrease the risk
of developing ED, as indicated by the ORs,
because this paper aims to screen for genes
that promote the development of ED. Therefore,
we focused on the six genes with OR values
greater than 1 (MDM4, EIF2BR, DHX36, ARPB1,
SNRPF, KAT6A). The p-SMR values of the above
six genes are then compared. Among the
remaining three genes, MDM4 has the highest
degree value and its effect on the disease
is also high (OR.1.8453076), suggesting that
MDM4 is most associated with an increased
risk of ED in this group of genes.

The gene expression association analysis sh-
ows that the dot plot at the top of Figure 3B
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indicates the association between individual
SNPs and MDM4 gene expression. Higher dots
indicate stronger associations, so it can be
seen that certain SNPs in the plot have higher
associations with MDM4 gene expression lev-
els. Expression quantitative locus (eQTL) analy-
sis shows that the scatter plot at the bottom of
Figure 3B shows the effect of specific SNPs as
eQTL on MDM4 gene expression. The vertical
position of the dots represents significance,
with higher values indicating greater signifi-
cance. The gene localisation in Figure 3B
shows that MDM4 is located within the 204.4-
204.5 Mb interval of chromosome 1. Finally,
the eQTL effect size and GWAS effect size of
each cis-eQTL and the top cis-eQTL in MDM4
were analysed to investigate their effects on

Am J Clin Exp Urol 2024;12(5):266-278
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Figure 4. Single-cell sequencing analysis. A. UMAP plot of multidimensional clustering results for cells in single-cell
sequencing data. B. Annotated UMAP plots for 13 clusters. C. Dot plots of single-cell sequencing data showing
expression levels and expression percentages of selected genes in different cell clusters. The size of the dots in
the graph indicates the percentage of expression of the gene in the corresponding clusters, i.e., what percentage
of cells express the gene; the colour of the dots indicates the average expression level, with red representing high
expression, blue representing low expression, and darker colours indicating higher expression levels.

MDM4 gene expression and ED shape (GWAS
effect size). As shown in Figure 3C, the eQTL
effect size and GWAS effect size of the top cis-
eQTL were much more significant than 0, sug-
gesting that this variant increased the risk of
ED by increasing MDM4 expression. In addi-
tion, the top cis-eQTL lies exactly on the dashed
line with a slope of 1 in the figure, demonstrat-
ing that its effect on MDM4 gene expression
(eQTL effect size) and its effect on ED traits
(GWAS effect size) are consistent (Figure 3D).

Single-cell sequencing analysis

We performed a comprehensive analysis of
gene expression in cells associated with ED
using single-cell sequencing technology. As
shown in Figure 4A, cells from the whole sam-
ple were effectively classified into 13 distinct

272

clusters, which were uniquely mapped in two-
dimensional space using the Uniform Mani-
fold Approximation and Projection (UMAP) algo-
rithm. We annotated these clusters by analys-
ing the expression of marker genes across
these 13 clusters, as shown in Figure 4B and
4C. We successfully identified six major cell
types: endothelial cells (EC), macrophages
(MAQC), fibroblasts (FB), T cells (T), smooth mus-
cle cells (SMC), and prostate cells (PC).

Cell ratio analysis and expression of disease-
associated genes

We then analysed the spatial distribution of six
major cell types (endothelial cells, macropha-
ges, fibroblasts, T-cells, smooth muscle cells,
and prostate cells) in the erectile dysfunction
(ED) group and the healthy (normal) control

Am J Clin Exp Urol 2024;12(5):266-278
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group. Using the UMAP method (Figure 5A), In
the ED group, the distribution area of endothe-
lial cells (EC) is significantly more significant
than that of the normal group, suggesting an
increase in the number of phenotypic changes
of these cells under the conditions of erectile
dysfunction. Smooth muscle cells (SMC) also
show a more dispersed distribution in the ED
group, which may be related to the pathophysi-
ological processes of erectile dysfunction, such
as alterations in vascular smooth muscle func-
tion. Meanwhile, the distribution of macropha-
ges (MAC) is similar between the two groups,
although slightly more compact in the normal
group. Furthermore, fibroblasts (FB) are widely
distributed in the normal group. At the same
time, they appear more concentrated in the ED
group, which may reflect changes in the role of
fibroblasts in the local environment in erectile
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dysfunction. T cells (T) and prostate cells (PC)
are present in both groups, but their distribu-
tion is more dispersed in the ED group, which
may be related to changes in immune respons-
es or local microenvironmental changes.

Comparing the cell content between the ED
group and the standard group (Figure 5B), it
can be seen that in the ED group the proportion
of smooth muscle cells (SMC) is relatively high
at approximately 20%. In contrast, in the stan-
dard group the proportion of SMC is only about
7%. Conversely, the proportion of fibroblasts
(FB) shows the opposite trend, with the propor-
tion of FB cells in the ED group being signifi-
cantly lower than in the standard group. In addi-
tion, the percentage of prostate cells (PC) in the
ED group is almost zero compared to the nor-
mal group. The role of MDM4 in ED was further
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analysed by analysing the expression of the
above ED-related genes in six cells. As shown in
Figure 5C, the expression of MDM4 genes in
macrophages and smooth muscle cells was
more significant in the ED group, especially in
macrophages, which showed a higher average
expression. The expression in the other four
cells was similar to that in the normal group.

Discussion

Erectile dysfunction (ED) is a type of male sexu-
al dysfunction that affects the quality of a
man’s sex life and overall physical and mental
health. Although the causes of ED are many,
including psychological, endocrine, vascular,
and neurological factors, increasing research
suggests that genetic factors also play a sig-
nificant role in the development of ED [1-4].
Recent genetic studies, particularly genome-
wide association studies (GWAS), have identi-
fied several genetic variants associated with an
increased risk of ED. However, the genetic
mechanisms underlying ED are not fully under-
stood [7, 9]. To further explore the genetic basis
of ED, we used the method of Mendelian ran-
domisation (MR). MR is a method that uses
genetic variants as instrumental variables to
estimate the causal effect of an exposure (such
as gene expression levels) on a specific out-
come (such as ED). The advantage of this meth-
od lies in its ability to reduce confounding bias
and reverse causation issues common in tra-
ditional observational studies. By integrating
GWAS data and gene expression databases,
MR analysis proved to be instrumental in
revealing genes potentially associated with ED.
During the gene screening process, a total of
110 genes emerged as potential candidates
associated with ED. The identification of these
genes provides deeper insights into the patho-
genesis of ED and lays the foundation for fu-
ture functional studies and the development
of potential therapeutic targets. Notably, am-
ong these findings, striking associations have
emerged between changes in gene expression
and the propensity for ED, supporting the
hypothesis that these genes play a pivotal role
in the trajectory of ED development. Such find-
ings provide invaluable clues to unravelling the
complex genetic basis of ED and pave the way
for targeted interventions to mitigate its effects.

GO enrichment analysis showed that these
genes were associated with specific biological
processes, cellular components, and molecular
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functions. First, the biological processes “posi-
tive regulation of cardiomyocyte hypertrophy”,
“positive regulation of muscle hypertrophy”,
and “positive regulation of RNA polymerase
II-mediated mRNA transcription” were associ-
ated. These processes involve changes in the
function of heart and muscle tissue and the
regulation of gene expression, which could
directly affect blood flow and vascular health,
thereby affecting erectile function. For exam-
ple, blood flow velocity and vessel diameter
have been shown to be valid parameters for
assessing arterial erectile dysfunction [1]. Re-
gulation of muscle hypertrophy could affect
penile tissue dynamics, particularly trabecular
smooth muscle mass, which is critical for the
veno-occlusive mechanism necessary to main-
tain an erection [17]. An imbalance in the regu-
latory mechanisms that control muscle growth
could affect the structural and functional integ-
rity of penile tissue, thereby affecting erectile
function [18]. The analysis also identified a sig-
nificant enrichment in the cellular component
category related to the “RNA polymerase |l
transcriptional regulatory complex”. This finding
implies that the genes associated with ED may
play a critical role in cell transcriptional regula-
tion processes, affecting how genes are ex-
pressed in response to physiological demands.
Such regulation is essential for maintaining cel-
lular function and could influence the develop-
ment of ED by affecting cellular health and
responses.

In terms of molecular function, “GTPase regula-
tory activity” and “nucleotide triphosphatase
regulatory activity” are significantly enriched.
These molecular functions are involved in ener-
gy transfer and molecular signalling and are
critical for cellular signalling pathways. GTPases
are essential molecular switches that control
various cellular processes by switching bet-
ween active (GTP-bound) and inactive (GDP-
bound) states. In the context of erectile dys-
function (ED), GTPase modulators may affect
signalling pathways that control vascular tone
and smooth muscle contraction, which are criti-
cal for erectile function. Abnormal GTPase sig-
nalling may disrupt normal vasodilation and
lead to ED. In addition, nucleoside triphospha-
tases (GTPases), such as ATPases and GTP-
ases, play a crucial role in cells, regulating ener-
gy conversion and signalling, which is essential
for erectile function (ED) [19]. These enzymes
affect blood flow by regulating the contraction

Am J Clin Exp Urol 2024;12(5):266-278



Genetic factors associated with erectile dysfunction

and relaxation of vascular smooth muscle.
ATPases control smooth muscle contraction by
managing calcium ion pumping [20, 21], and
GTPases play a role in cytoskeletal reorganisa-
tion, supporting penile vascular dilation and
occlusion mechanisms [22, 23]. In addition,
ATPases are involved in energy metabolism,
providing the necessary energy for the erectile
process [24]. Thus, any dysfunction in GTPases
may affect vascular and smooth muscle activi-
ty, thereby affecting erectile function. Under-
standing how NTPase regulators control these
processes may provide new approaches to the
treatment of ED.

In the KEGG enrichment analysis of genes re-
lated to Erectile Dysfunction (ED), we observ-
ed significant enrichment in several signalling
pathways and biological processes, including
the dopaminergic synapse pathway. This find-
ing suggests that the dopaminergic synaptic
pathway may be involved in the development of
ED and may influence ED through effects on
neural transmission and vascular regulatory
mechanisms. Dopamine is a key neurotrans-
mitter involved in the regulation of mood,
reward and motivational behaviour, and also
affects sexual function [25]. Activation of the
dopaminergic synaptic pathway can increase
the sensation of sexual arousal by regulating
neural signals between the hypothalamus and
the gonads, affecting the release of sex hor-
mones [26]. This mechanism may be important
in regulating penile blood flow and erectile sta-
tus. Dopamine, via its receptors (such as D1
and D2 receptors), modulates vascular dilation
and contraction in the smooth muscle of the
penile corpus cavernosum [27, 28], thereby
affecting the physiological process of erection.
According to one study, dopamine receptor ago-
nists may promote relaxation of penile smooth
muscle and increase arterial blood flow, there-
by facilitating erection [29]. In addition, the role
of dopamine in regulating sex hormones and
mood may also indirectly affect function and
erection [27]; for example, dopamine reuptake
inhibitors found in antidepressants have been
shown to improve sexual dysfunction caused
by depression [30, 31]. These studies suggest
that regulation of the dopaminergic synaptic
pathway may be an important biological mech-
anism affecting ED. Understanding the specific
actions of this pathway may help in the devel-
opment of new therapeutic strategies for ED.
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The PPI network analysis revealed several im-
portant nodal proteins, including SPP1, MDM4,
and IRF5. These appeared as larger nodes and
darker colours in the network, suggesting that
these proteins are highly interactive with many
other proteins. The high connectivity density of
these hubs suggests that they may play impor-
tant regulatory roles in biological processes
and may be critical factors in the development
of ED. The results of the forest plot analysis of
ED-related genes with high degree values then
showed that genes such as MDM4, EIF2B2 and
KAT6A played a significant role in promoting the
ED process. In particular, MDM4 not only had
the highest degree value in the network, but
was also most strongly associated with an
increased risk of ED, suggesting that MDM4
may play a central role in the development of
ED. Expression quantitative loci (€QTL) analysis
also revealed that specific SNPs in the MDM4
gene significantly affected its gene expression,
further confirming the critical role of MDM4 in
regulating ED-related biological processes. The
effect size of the top cis eQTL and GWAS effect
size analyses indicated that this variant may
increase the risk of ED by increasing MDM4
expression.

The MDM4 gene, also known as MDMX or
HDMX, is located at the 1932 locus on the
human genome [32]. It encodes a protein that
can form a heterodimer with MDM2, an E3
ubiquitin ligase known to bind to the tumour
suppressor protein p53 and promote its prote-
asomal degradation [33]. This interaction bet-
ween MDM4 and MDM2 is critical for the regu-
lation of the p53 pathway [34], which plays an
important role in cell cycle regulation and apop-
tosis [35-37]. Regarding the impact of MDM4
on erectile dysfunction (ED), while specific stud-
ies directly linking MDM4 gene function to ED
have not been extensively documented, the
involvement of MDM4 in cell cycle control and
apoptosis may suggest potential mechanisms
by which it may influence ED [38]. For example,
inhibition of the MDM4/p53 and Bax signalling
pathways has been shown to reduce cell growth
and induce apoptosis in colon cancer cells [39].
In addition, Wang et al. showed that HT22
apoptosis and oxidative stress could be slowed
down by inhibiting MDM4 expression [40].
Regulation of the cell cycle and apoptotic pro-
cesses in penile tissue could affect cellular
health and integrity, which are essential for nor-
mal erectile function [41, 42]. For instance,
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proper vascular and smooth muscle function in
the penis, which is crucial for achieving and
maintaining an erection, is highly dependent
on the balance between cell proliferation and
cell death. Single-cell sequencing analysis and
MDM4 gene expression in six cell types further
confirmed the role played by the MDM4 gene in
ED. The MDM4 gene may play an essential role
in the development of ED by regulating the
activity or apoptosis of cellular macrophages
and smooth muscle cells through the P53 path-
way. Further research into how MDM4, in par-
ticular its regulatory effects on the p53 path-
way, might influence the pathophysiology of ED
may provide new insights into the molecular
mechanisms underlying this condition. Such
studies could potentially identify novel thera-
peutic targets within the p53 regulatory net-
work that could be exploited in the treatment of
ED.

Conclusion

In summary, the pathogenesis of erectile dys-
function (ED) is complex, involving psychologi-
cal, endocrine, vascular, and neurological fac-
tors, with increasing evidence suggesting an
important role for genetic factors. Using Men-
delian randomisation (MR) analysis, we have
successfully identified 110 genes associated
with ED. The identification of these genes not
only deepens our understanding of the patho-
logical basis of ED but also lays the groundwork
for future functional studies and the develop-
ment of potential therapeutic targets. In addi-
tion, through GO and KEGG enrichment analy-
sis, we have delved deeper into the functional
roles of these genes, unravelling their implica-
tions in various biological processes, cellular
components and molecular functions. Of par-
ticular importance is the elucidation of the cen-
tral role of the dopaminergic synaptic pathway
in modulating hormone release and erectile
function, highlighting it as a potential new tar-
get for the treatment of ED. The MDM4 gene, a
focus of our study, suggested possible mecha-
nisms by which it might indirectly affect ED
through its role in cell cycle control and apopto-
sis. These findings offer new perspectives for
the treatment of ED and highlight the impor-
tance of further research into specific genetic
factors in the development of ED and the devel-
opment of therapeutic strategies targeting
these factors.
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