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Abstract

The treatment of erectile dysfunction (ED) remains a significant challenge. Mendelian randomization (MR) is being
increasingly utilized to identify novel therapeutic targets. In this study, we carried out a genome-wide MR analysis on
druggable targets with the aim of pinpointing latent therapeutic alternatives for ED. We collected data on the druggable
genes and filtered out those associated with blood eQTLs, then performed two-sample MR and colocalization analyses
using ED genome-wide association data to screen genes significantly linked to the condition. In addition, we carried out
phenome-wide studies, enrichment analysis, protein network modeling, drug prediction, and molecular docking. We
screened 3,953 druggable genes from the DGIldb and 4,463 from a review. Following data integration, 74 potential drug-
gable genes were found to potentially regulate corpus cavernosum fibrosis. MR analysis of eQTL data uncovered five
drug targets (TGFBR2, ABCC6, ABCB4, EGF, and SMAD3) significantly associated with ED risk. Colocalization analysis
suggested a shared causal variant between ED susceptibility and TGFBR?2, with a posterior probability (PPH4) exceeding
80%. Drug predictions utilizing DSigDB identified nolone phenylpropionate, sorafenib, and NVP-TAE684 as significantly
associated with TGFBR2. Finally, molecular docking indicated strong binding affinities between these candidate drugs
and the protein encoded by TGFBR2 (Vina score < —50). Through MR and colocalization analyses, the present study
identified five potential drug targets for ED, with TGFBR2 showing remarkable relevance in blood. These findings offer
valuable insights and potential leads for the development of more effective ED therapies, which may also contribute to
cutting down the expenses involved in drug development.
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substantial physical, mental, and neurological ramifi-
cations. Projections indicate that by 2025, approxi-
mately 322 million men globally are likely to
experience ED (Yafi et al., 2016). The onset of ED has
been linked to multiple comorbid conditions and risk
factors, including smoking, depression, penile trauma,
low androgen levels, and prostate surgery (Bauer
et al., 2020; Zeleke et al., 2021). ED management
encompasses lifestyle modifications, optimizing treat-
ment for comorbidities, and employing psychosexual
or pharmacological therapies. The available treatment
modalities include intracavernosal injections, oral
phosphodiesterase 5 inhibitors (PDESIs), hormone
replacement therapy, penile prostheses, low-intensity
extracorporeal shockwave therapy (Li-ESWT), stem
cell injections, and others.

Mendelian randomization (MR) is a widely
adopted approach for uncovering novel therapeutic
targets. It achieves this by amalgamating summary
data from expression quantitative trait loci (¢QTL)
and disease-related genome-wide association studies
(GWAS) (Storm et al., 2021). By integrating GWAS
data with molecular QTL (molQTL), such as eQTLs
or protein QTLs (pQTLs), the identification of target
genes linked to risk variants through causal inference
can be achieved (Kreitmaier et al., 2023). By utilizing
genetic data, MR replicates the process of a rando-
mized trial, circumventing the requirement for direct
drug testing (Davey Smith, 2007). In the present study,
we conducted a genome-wide MR analysis focused on
druggable genes to identify underlying treatment tar-
gets for ED. We first compiled data on the druggable
genes, filtered those in blood eQTLs, and then con-
ducted a two-sample MR analysis by integrating with
ED GWAS data, with the intention of precisely identi-
fying genes that have a strong connection to ED.
Colocalization analysis was then performed to ensure
result reliability. A phenome-wide analysis was exe-
cuted on significant blood genes to investigate the
associations between the treatment targets and a
diverse range of traits. Moreover, enrichment analysis,
protein network modeling, drug prediction, and mole-
cular docking are carried out to offer directions for
the advancement of more efficient ED therapies.

Method

Figure 1 offers a comprehensive overview of the pres-
ent study.

Druggable Genes

The data utilized in this study were obtained from
the Drug-Gene Interactions Database (DGIdb,
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Figure I. Offers an Overview of the Design of the Current
Study

Note. DGIdb = drug-gene interaction database; eQTL = expression
quantitative trait loci; GWAS = genome-wide association studies.

https://www.dgidb.org/) (Freshour et al., 2021) as
well as a review article. DGIdb serves as a valuable
resource, offering in-depth knowledge about drug-
gene interactions and their possible therapeutic
implications. We retrieved the “Interactions data”
that had its most recent update in December 2023
from DGIdb, and incorporated the druggable gene
list from Finan et al. (2017). In addition to this,
genes related to cavernous fibrosis were obtained
from the GeneCards (https://www.genecards.org/).
To acquire these genes, we conducted a search for
“cavernous fibrosis” on the GeneCards platform
and selected those with a correlation score exceeding
10. Subsequently, we performed an intersection of
the three gene sets to pinpoint the common genes,
which were considered as potential druggable targets
for cavernous fibrosis.
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eQTL Data Sets

We searched the eQTLGen Consortium (https://eqtl-
gen.org/) (Vosa et al., 2021) and obtained cis-eQTL
data in the blood for druggable genes. The alliance
integrated 37 data sets, with a total of 31,684 individu-
als, the majority of whom were of European descent.
With the eQTL data, one can identify genetic variants
linked to gene expression levels. Situated within 1 Mb
of the mid-point of each gene, these variants possess a
minor allele frequency exceeding 0.01.

ED GWAS Data Set

We obtained the summary statistics regarding ED
from a GWAS carried out by Bovijn et al. (2019).
This particular study involved a cohort of 223,805
individuals of European descent, including 6,175 ED
patients and 217,630 control subjects, and analyzed
a total of 9,310,196 SNPs. To date, this data set rep-
resents the largest and most frequently utilized
GWAS data on ED to date. For the subsequent
analyses, we retrieved the Variant Call Format file
of this data set via the IEU Open GWAS project
(https://gwas.mrcieu.ac.uk/).

Mendelian Randomization Analysis

This “TwoSampleMR” package in R was employed
for MR analysis (Hemani et al., 2018). The eQTL of
druggable genes were selected as the exposure data.
To construct the instrumental variable (IV), genetic
variants strongly related to the expression of drug
genes were extracted, specifically those located within
a 1 Mb region flanking the coding sequence of the
drug genes. To minimize the impact of pleiotropy and
ensure compliance with the three MR assumptions,
we implemented the genome-wide significance thresh-
old (p < 5 X 10~%) and an F-statistic < 10 to identify
robustly associated IVs. Subsequently, to ensure the
independence of each selected significant single
nucleotide polymorphism (SNP) and to mitigate the
effects of pleiotropy arising from linkage disequili-
brium (LD), we established an LD coefficient thresh-
old of * < 0.001, set the LD window width to 10 Mb,
and employed the aggregation function of the
“TwoSampleMR” package to derive IVs (Carter
et al., 2019; VanderWeele, 2016). After identifying
IVs, we extracted effect estimates of the same variant
or its proxy from the GWAS data set for ED to facili-
tate data coordination. Within the framework of the
random-effects mode, we utilized either the Wald ratio
or the inverse variance weighting method to assess the
association between exposure and outcomes. We used

Cochran’s Q test to evaluate the heterogeneity of cau-
sal impacts across SNPs. Furthermore, the MR Egger
intercept was employed for the assessment of SNP
pleiotropy, with a p-value below .05 deemed statisti-
cally significant.

Colocalization Analysis

To minimize the confounding effects of SNPs origi-
nating from different genes on the disease, we
employed the “colon” R software package (version
5.2.3) for colocalization analysis. This type of analysis
is of great significance for validating potential co-
causal genetic variants within the shared physical loci
between ¢eQTL and ED. For both the GWAS and
blood eQTL data related to ED, SNPs positioned
within a 1,000 kb region either upstream or down-
stream of the TSS of each potential druggable gene
were omitted. P1 represents the probability that a
SNP is linked to ED, P2 denote the likelihood that a
SNP is a notable eQTL, and P12 signifies the joint
probability of a SNP being both associated with ED
and a significant eQTL. All probabilities were set to
their default settings (P1 = 1 X 1074 P2 = 1 X 107%,
and P12 = 1X107°). The a posteriori probability
(PP) is utilized to evaluate the degree of support for
hypotheses, denoted as PPHO to PPH4. PPHO stands
for the state of being independent of any trait. PPHI
implies an association with gene expression yet not
with ED risk. PPH2 signifies an association with ED
risk rather than gene expression. PPH3 demonstrates
an association with both ED risk and gene expression,
accompanied by distinct causal disparities. Finally,
PPH4 represents the existence of shared causal var-
iants between ED risk and gene expression. Given the
limitations of colocalization analysis, subsequent anal-
yses will concentrate on genes with a PPH4 value of
0.75 or higher.

Phenome-Wide Association Analysis

The Phenome-Wide Association Study (PheWAS)
was carried out via the AstraZeneca PheWAS portal
(https://azphewas.com/) to assess the pleiotropic
effects and potential adverse reactions of prospective
therapeutic targets. The initial study integrated data
encompassing around 15,500 binary phenotypes and
1,500 continuous phenotypes (Dhindsa et al., 2023;
Wang et al., 2021). This in-depth PheWAS analysis
offers crucial perspectives for understanding intricate
genetic traits and appraising the safety and effective-
ness of drug targets.
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Candidate Drug Prediction

Drug Signatures Database (DSigDB, http://dsigdb.
tanlab.org/DSigDBv1.0/) (Yoo et al., 2015) is an
extensive repository comprising 22,527 gene sets and
17,389 distinct compounds, and a total of 19,531
genes. In this study, we fed the previously identified
important drug-capable genes into the DSigDB. This
was done to assist in predicting potential drug candi-
dates and evaluating the pharmacological activity of
the target genes.

Molecular Docking

We utilized the cavity detection guide blind docking
(CB-Dock?2, https://cadd.labshare.cn/cb-dock2/), to
assess drug candidates and their respective target
binding energy and interaction model. CB-Dock?2 is a
server designed for the protein-ligand blind docking
(Liu et al., 2022). The structural data of the candidate
drugs were obtained from the PubChem compound
database (https://pubchem.ncbi.nlm.nih.gov/) (Kim
et al., 2022) and saved in the SDF format. The protein
structural data were sourced from the Protein Data
Bank (PDB, http://www.rcsb.org/) (Burley et al.,
2023). Both drug structure files and protein structure
files were uploaded to CB-Dock2 for molecular dock-
ing and subsequent visualization.

Results

Druggable Genome

A total of 3,953 druggable genes were retrieved from
the DGIdb, and 4,463 were sourced from prior
reviews. Moreover, 129 genes (with a score > 10) that
were highly correlated with cavernous fibrosis were
obtained from the GeneCards database. Upon data
consolidation, 74 potential druggable genes, which
might regulate corpus cavernosum fibrosis, were iden-
tified for further analysis (Figure 2).

Candidate Druggable Genes

After integrating the gene data from the abovemen-
tioned three parts, 74 druggable genes associated with
cavernous fibrosis were acquired, and further blood
eQTL data of these genes were obtained. We carried
out an MR analysis and identified five crucial genes
related to ED: TGFBR2, ABCC6, ABCB4, EGF, and
SMAD3. Among them, TGFBR2 exhibited the most
significant p-value, which remained less than 0.05 even
after FDR correction. Among these five genes,
TGFBR2 (OR = 1.22,95% CI [1.09, 137]), EGF (OR

DGIdb

Finan C et al

1928
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GeneCards

Figure 2. Venn Diagram of Gene Sets for Druggable Genes
and Cavernosum Fibrosis-Related Genes

= 1.20, 95% CI [1.03, 1.41]), and SMAD3 (OR =
1.17, 95% CI [1.01, 1.35]) might be pathogenic genes
for ED. In contrast, ABCC6 (OR = 0.84, 95% CI
[0.73, 0.96]) and ABCB4 (OR = 0.85, 95% CI [0.74,
0.97]) could potentially be protective genes against the
disease (Figure 3).

Colocalization Analysis

To evaluate the likelihood of shared causal variation
between cis-eQTL and ED outcomes, we carried out
colocalization analysis on the druggable genes that
produced significant MR findings. The findings of the
colocalization analysis indicate that there is a possibil-
ity that the susceptibility to ED and TGFBR2 share
causal variation, with a posterior probability of PPH4
> 80%. Consequently, TGFBR2 has been recognized
as an underlying target for drug development aimed at
reducing the risk of ED (Table 1, Figure 4).

Phenome-Wide Association Analysis

A comprehensive phenotype MR was conducted via
the PheWAS portal and PheWeb database to unearth
potential side effects related to targeting TGFBR2. It
was shown by the results that there was no indication
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exposure nsnp method pval OR(95% CI)

TGFBR2 2 Inverse variance weighted <0.001 — 1.220 (1.090 to 1.366)

ABCC6 1 Wald ratio 0.013 <«o0—— 0.837 (0.727 to 0.963)

ABCB4 2 Inverse variance weighted 0.019 <«o—| 0.846 (0.736 to 0.973)

EGF 1 Wald ratio 0.021 —_ 1.203 (1.028 to 1.408)
SMAD3 2 Inverse variance weighted 0.039 — 1.167 (1.008 to 1.352)
I | I
0.8 1 1.2

Figure 3. A Forest Plot That Displays Five Genes, Which Are Significantly Linked to ED and Are Sourced From Blood
Table I. Colocalization Results of Five Significant Genes From Blood
Gene PPHO PPHI PPH2 PPH3 PPH4
TGFBR2 0.00 0.02 0.00 0.03 0.95
ABCCé6 0.00 0.79 0.00 0.01 0.19
EGF 0.00 0.84 0.00 0.02 0.14
ABCB4 0.00 0.89 0.00 0.02 0.10
SMAD3 0.00 0.95 0.00 0.01 0.04

Note. PPHO-PPH4 represent the posterior probabilities of different hypotheses, and PPH4 > 0.75 was considered as a significant colocalization

result.
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Figure 4. Regional Plot of Colocalization Evidence of TGFBR2 and ED
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Figure 5. Binary Traits PheWAS Association With TGFBR2
Table 2. Candidate Drug Predicted by DSigDB
Drug name p-value Adjusted p-value Genes
Docetaxel 1.64E—05 0.005981882 ABCCé6; ABCB4; EGF
Pomiferin 5.34E-05 0.007034635 EGF; SMAD3
Osajin 6.06E—05 0.007034635 EGF; SMAD3
Cycloheximide 7.71E-05 0.007034635 ABCB4; EGF; SMAD3
Fenofibrate 0.000243881 0.017803294 ABCB4; SMAD3
Nandrolone phenpropionate 0.000359482 0.021868512 TGFBR2; EGF
Adenosine triphosphate 0.000990542 0.035527713 ABCCé; EGF
Sorafenib 0.00108188 0.035527713 TGFBR?2; EGF
NVP-TAE684 0.001253973 0.035527713 TGFBR2; EGF
Isotretinoin 0.001287621 0.035527713 ABCB4; SMAD3

of a significant link between TGFBR2 and other phe-
notypes (p < 5e—10, Figure 5). These findings
strengthen the validity of our research and suggest
that using TGFBR2 as a therapeutic target may miti-
gate the likelihood of adverse drug reactions or unan-
ticipated pleiotropic impacts.

Candidate Drug Prediction

We employed the DSigDB to pinpoint potentially
effective interventions. Subsequently, we curated a list
of the top 10 interventions, ranked by adjusted

p-values (Table 2). These findings revealed that
Nandrolone phenylpropanoate, Sorafenib, and NVP-
TAEG684 were significantly correlated with TGFBR2
and EGF (Figure 6), indicating that these three drugs
hold the potential to ameliorate ED via TGFBR2.

Molecular Docking

For the sequential docking of the three candidate
drugs to the protein encoded by TGFBR2, we made
use of the CB-Dock?2 tool. Subsequently, these bind-
ing affinities of the molecules were assessed using the
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Figure 6. Cnetplot Displays Candidate Drugs Predicted by DSigDB

Table 3. Molecular Docking Results of TGFBR2 and Drugs

Target PDB ID Drug PubChem ID Vina score
TGFBR2 IPLO Nandrolone phenpropionate 229455 —55.6
Sorafenib 216239 —57.8

Vina score. The Vina score is based on the scoring
function provided by AutoDock Vina software, which
calculates the interaction energy and binding free
energy between molecules to obtain a score. A lower
score indicates a stronger binding ability. The results
of molecular docking demonstrated that the three can-
didate drugs exhibited a strong binding ability to the
protein encoded by TGFBR2 (Vina score < —50)
(Table 3). The schematic diagram of molecular dock-
ing is presented in Figure 7.

Discussion

In this research, we scoured the DGIdb and carried
out an all-encompassing review of druggable genes,
identifying 74 that were significantly associated with
ED. By means of MR analysis, we pinpointed five
pivotal genes related to ED: TGFBR2, ABCCS,
ABCB4, EGF, and SMAD3, with TGFBR2 emerging

as a possible drug target aimed at decreasing the risk
of ED. To further validate the therapeutic potential of
TGFBR2 as a targetable gene, drug prediction and
molecular docking analyses were finally conducted.
Transforming growth factor-B (TGF-B) is crucial
for regulating cell differentiation, proliferation, and
apoptosis (Massagué, 2008). Two transmembrane ser-
ine/threonine  kinase receptors, TGFBR1 and
TGFBR2, are necessary for the TGF-B signaling
pathway. Among them, TGFBR2 assumes a crucial
function in the pathways associated with TGF- 3 and
the process of signal transduction (Q. Zhang et al.,
2023). Initially, the TGF-B ligand attaches to
TGFBR2 on the plasma membrane, which sets off the
generation of the TGFBRI-TGFBR2 complex.
Following this, TGFBR?2 causes TGFBRI1 to be phos-
phorylated. Once phosphorylated, TGFBR1 goes on
to activate Smad2 and Smad3 and add phosphate
groups to them. Ultimately, the phosphorylated
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Figure 7. Molecular Docking Results of Available Proteins and Drugs. (A) TGFBR2 Docking Nandrolone Phenpropionate; (B)
TGFBR2 Docking Sorafenib; and (C) TGFBR2 Docking NVP-TAE684

Smad2 and Smad3 associate with Smad4. The result-
ing complex then moves into the nucleus to regulate
the expression of target genes (Ikushima & Miyazono,
2010; Schmierer & Hill, 2007). Research indicates that
TGF-B1 impacts all stages of the fibrotic disease pro-
cess, starting with the inflammatory phase, where infil-
trating immune cells and macrophages prepare for the
fibrotic phase, in which mononuclear cells and acti-
vated fibroblasts drive pathological matrix accumula-
tion (W. Chen & Wabhl, 1999).

Chronic and repeated injury gives rise to persistent
tissue inflammation and the accumulation of extracel-
lular matrix (ECM) within the internal structure of the
cavernous body. This sequential process restricted
relaxation of the cavernous body’s smooth muscle,
results in insufficient arterial filling and venous occlu-
sion dysfunction and ultimately culminates ED
(Milenkovic et al., 2019). With the advancement of
research, the fibrosis process of cavernous tissue has
been increasingly elucidated. It has been noted that
severe fibrosis of cavernous tissue is a critical factor in
refractory ED (Fang et al., 2022). Fibrosis generally
initiates with inflammation, which activates fibro-
blasts and other stromal cells. These activated cells
secrete cytokines and prompt the synthesis and
deposition of ECM. If the injury continues unabated,
the inflammation escalates further. Consequently, the
number of smooth muscle cells decreases, while the
rate of ECM accumulation exceeds its degradation
rate. This results in the generation of fibrotic foci,
along with a decrease in tissue elasticity and compli-
ance. Eventually, normal tissue cells are replaced, and
their functions are impaired (Gonzalez-Cadavid,
2009; Milenkovic et al., 2019).

Moreover, vascular smooth muscle hyperplasia
along with fibrosis occurs, which leads to the

constriction of vascular channels and an elevation in
resistance. Consequently, the blood sinuses experience
inadequate blood filling. This insufficiency causes the
pressure in the small veins beneath the tunica albugi-
nea to be low, resulting in blood leakage from the
veins. Ultimately, the penis fails to attain sufficient
erectile hardness, giving rise to ED (Lopes et al., 2000;
Ma et al., 2020). TGF-B is regarded as an essential
molecule in the development of cavernous fibrosis and
plays a major role in promoting the progress of fibro-
sis. When stimulated by factors such as inflammation,
TGF-B in the ECM is activated and released in its
active state. It binds to the cell-surface receptor, phos-
phorylates the receptor, and then combines with the
activated Smad protein to form a complex. This com-
plex traverses the nucleus pore and enters the nucleus
to regulate the transcriptional activity of target genes
and promotes the deposition of ECM (Castilla et al.,
1991). Beyond the Smad pathway, TGF-B can also
modulate cell behavior and matrix synthesis through
non-Smad pathways (such as the MAPK pathway,
RhoA-ROCK pathway, PI3K-Akt pathway, and Wnt
pathway), thereby facilitating the development of
fibrosis (S. Chen et al., 2019; X. Zhang et al., 2018).
Therefore, TGF-B1 induces penile fibrosis by activat-
ing TGF-BRII.

Gene-based and targeted therapies have achieved
remarkable progress in the treatment of cavernous
fibrosis and are regarded as a promising future
approach for the precise treatment of ED (Yu et al.,
2018). H. B. Zhang et al. (2017) injected myocardium
(Mycod) into the rat spongy tissues and subsequently
conducted histological examinations of smooth mus-
cle and phenotypic molecular tests. The findings
revealed that Mycod injection maintained the contrac-
tile phenotype of smooth muscle cells in the spongy



Chen et al.

tissues, increased the ratio of smooth muscle cells to
collagen, modulated fibrosis, and ultimately enhanced
erectile function in rats with cavernosal nerve injury.
Luan et al. (2020) established a diabetes model using
homozygous transgenic rats carrying the hHKLKL gene
and control wild-type rats. These findings indicated
that in the hKLK-carrying group, the level of
apoptosis-promoting protein, as well as the expres-
sions of TGF-B1 and collagen, were decreased, which
verified the anti-fibrosis, anti-oxidative stress, and
anti-apoptosis effects of hHKLKL. Consequently, this
treatment improved erectile function in diabetic ED
rats. The abovementioned studies can effectively treat
ED through their anti-fibrosis effects, which is consis-
tent with our research findings.

Limitations

This research also has several remarkable limitations.
First of all, while MR provides valuable perspectives
on causal associations, it assumes a linear link between
drug exposure and the relationship between exposure
and outcome. However, this fails to comprehensively
represent the real-world conditions of clinical trials.
Second, the study’s generalizability is restricted
because it mainly involves individuals of European
descent. To improve its applicability, additional
research and validation are essential to expand the
findings to individuals with a wide range of genetic
backgrounds. Third, while enrichment analysis is use-
ful, it has its own drawbacks. Since it depends on a
pre-defined set of genes or pathways, it might not
incorporate all possible biological mechanisms or
interactions. Fourth, the precision of molecular dock-
ing analysis is strongly reliant on the quality of both
protein structures and ligands. Although this
approach can pinpoint potential drug targets, it can-
not ensure their clinical effectiveness. Therefore, addi-
tional experimental verification and clinical trials are
indispensable for verifying the therapeutic potential of
the targets that have been identified. Finally, since the
absence of clinical data constitutes a shortcoming of
this study, extra validation is required to ascertain the
clinical importance of our findings.

Conclusions

Our study made use of MR and colocalization analy-
sis to single out TGFBR?2 as a potential drug target
for ameliorating cavernous fibrosis in patients with
ED. In addition, these results present promising out-
looks for more efficacious ED treatment, and they
may potentially cut down the costs related to drug

development. The present research offers substantial
contributions to the domain by highlighting the cru-
cial role of TGFBR2 in treating ED and underscoring
the need for future clinical trials of related drug
targets.

Author Contributions

C.X. and Z.M. contributed to conception and design of the
study. J.F., Y.L., and H.K. downloaded the database. Z.L.
and Z.M. performed the statistical analysis. Z.L. wrote the
first draft of the manuscript. Q. W. and L.Q. wrote sections
of the manuscript. All authors contributed to manuscript
revision and read and approved the submitted version.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Funding

The author(s) disclosed receipt of the following financial
support for the research, authorship, and/or publication of
this article: This study was supported by the Shenzhen
Science and  Technology  Program  (grant no.
JCYJ20220531092201002) and the Shenzhen Clinical
Research Center for Traditional Chinese Medicine (grant
no. SZCRC202508).

ORCID iD

Zilong Chen (1) https://orcid.org/0009-0002-1453-3839

References

Bauer, S. R., Breyer, B. N., Stampfer, M. J., Rimm, E. B.,
Giovannucci, E. L., & Kenfield, S. A. (2020). Association
of diet with erectile dysfunction among men in the health
professionals follow-up study. Journal of the American
Medical Association Network Open, 3(11), Article
€2021701. https://doi.org/10.1001/jamanetworkopen.
2020.21701

Bovijn, J., Jackson, L., Censin, J., Chen, C. Y., Laisk, T.,
Laber, S., Ferreira, T., Pulit, S. L., Glastonbury, C. A.,
Smoller, J. W., Harrison, J. W., Ruth, K. S., Beaumont,
R. N., Jones, S. E., Tyrrell, J., Wood, A. R., Weedon, M.
N., Miégi, R., Neale, B., . . .Holmes, M. V. (2019).
GWAS identifies risk locus for erectile dysfunction and
implicates hypothalamic neurobiology and diabetes in
etiology. American Journal of Human Genetics, 104(1),
157-163. https://doi.org/10.1016/j.ajhg.2018.11.004

Burley, S. K., Bhikadiya, C., Bi, C., Bittrich, S., Chao, H.,
Chen, L., Craig, P. A., Crichlow, G. V., Dalenberg, K.,
Duarte, J. M., Dutta, S., Fayazi, M., Feng, Z., Flatt, J.
W., Ganesan, S., Ghosh, S., Goodsell, D. S., Green, R.
K., Guranovic, V., . .Zardecki, C. (2023). RCSB


https://orcid.org/0009-0002-1453-3839
https://doi.org/10.1001/jamanetworkopen.2020.21701
https://doi.org/10.1001/jamanetworkopen.2020.21701
https://doi.org/10.1016/j.ajhg.2018.11.004

American Journal of Men’s Health

Protein Data Bank (RCSB.org): Delivery of
experimentally-determined PDB structures alongside one
million computed structure models of proteins from arti-

ficial intelligence/machine learning. Nucleic Acids
Research, 51(D1), D488-D508. https://doi.org/10.1093/
nar/gkac1077

Carter, A. R., Gill, D., Davies, N. M., Taylor, A. E., Till-
mann, T., Vaucher, J., Wootton, R. E., Munafo, M. R.,
Hemani, G., Malik, R., Seshadri, S., Woo, D., Burgess,
S., Smith, G. D., Holmes, M. V., Tzoulaki, 1., Howe, L.
D., & Dehghan, A. (2019). Understanding the conse-
quences of education inequality on cardiovascular dis-
ease: Mendelian randomisation study. British Medical
Jouwrnal (Clinical Research Ed.), 365, Article 11855.
https://doi.org/10.1136/bm;j.11855

Castilla, A., Prieto, J., & Fausto, N. (1991). Transforming
growth factors beta 1 and alpha in chronic liver disease:
Effects of interferon alfa therapy. The New England Jour-
nal of Medicine, 324(14), 933-940. https://doi.org/10.
1056/nejm199104043241401

Chen, S., Huang, X., Kong, X., Sun, Z., Zhao, F., Huang,
W., Ye, M., Ma, K., Tao, T., & Lv, B. (2019). Hypoxia-
induced phenotypic transformation of corpus caverno-
sum smooth muscle cells after cavernous nerve crush
injury by down-regulating P38 mitogen-activated protein
kinase expression. Sex Medicine, 7(4), 433-440. https://
doi.org/10.1016/j.esxm.2019.08.005

Chen, W., & Wahl, S. M. (1999). Manipulation of TGF-beta
to control autoimmune and chronic inflammatory dis-
eases. Microbes and Infection, 1(15), 1367-1380. https://
doi.org/10.1016/s1286-4579(99)00249-x

Davey Smith, G. (2007). Capitalizing on Mendelian rando-
mization to assess the effects of treatments. Journal of the
Royal Society of Medicine, 100(9), 432—435. https://doi.
org/10.1177/014107680710000923

Dhindsa, R. S., Burren, O. S., Sun, B. B., Prins, B. P.,
Matelska, D., Wheeler, E., Mitchell, J., Oerton, E., Hris-
tova, V. A., Smith, K. R., Carss, K., Wasilewski, S., Har-
per, A. R., Paul, D. S., Fabre, M. A., Runz, H., Viollet,
C., Challis, B., Platt, A., & . . .Petrovski, S. (2023). Rare
variant associations with plasma protein levels in the UK
Biobank. Nature, 622(7982), 339-347. https://doi.org/10.
1038/s41586-023-06547-x

Fang, D., Tan, X. H., Song, W. P., Gu, Y. Y., Pan, J. C,
Yang, X. Q., Song, W.-D., Yuan, Y.-M., Yuan, Y.-M.,
Peng, J., Zhang, Z.-C., Xin, Z.-C., Li, X.-S., & Guan, R.
L. (2022). Single-cell RNA sequencing of human corpus
cavernosum reveals cellular heterogeneity landscapes in
erectile dysfunction. Frontiers in Endocrinology, 13, Arti-
cle 874915. https://doi.org/10.3389/fend0.2022.874915

Finan, C., Gaulton, A., Kruger, F. A., Lumbers, R. T.,
Shah, T., Engmann, J., Galver, L., Kelley, R., Karlsson,
A., Santos, R., Overington, J. P., Hingorani, A. D., &
Casas, J. P. (2017). The druggable genome and support
for target identification and validation in drug develop-
ment. Science Translational Medicine, 9(383), Article
1166. https://doi.org/10.1126/scitranslmed.aagl 166

Freshour, S. L., Kiwala, S., Cotto, K. C., Coffman, A. C.,
McMichael, J. F., Song, J. J., Griffith, M., Griffith, O.
L., & Wagner, A. H. (2021). Integration of the drug-gene
interaction database (DGIdb 4.0) with open crowdsource
efforts. Nucleic Acids Research, 49(D1), D1144-d1151.
https://doi.org/10.1093/nar/gkaal084

Gonzalez-Cadavid, N. F. (2009). Mechanisms of penile
fibrosis. The Journal of Sexual Medicine, 6(Supple-
ment_3), 353-362. https://doi.org/10.1111/j.1743-6109.
2008.01195.x

Hemani, G., Zheng, J., Elsworth, B., Wade, K. H., Haber-
land, V., Baird, D., Laurin, C., Burgess, S., Bowden, J.,
Langdon, R., Tan, V. Y., Yarmolinsky, J., Shihab, H.
A., Timpson, N. J., Evans, D. M., Relton, C., Martin, R.
M., Smith, G. D., Gaunt, T. R., & Haycock, P. C. (2018).
The MR-base platform supports systematic causal infer-
ence across the human phenome. Elife, 7, Article 34408.
https://doi.org/10.7554/eLife.34408

Ikushima, H., & Miyazono, K. (2010). TGFbeta signalling:
A complex web in cancer progression. Nature Reviews
Cancer, 10(6), 415-424. https://doi.org/10.1038 /nrc2853

Kim, S., Chen, J., Cheng, T., Gindulyte, A., He, J., He, S.,
Li, Q., Shoemaker, B. A., Thiessen, P. A., Yu, B,,
Zaslavsky, L., Zhang, J., & Bolton, E. E. (2022). Pub-
Chem 2023 update. Nucleic Acids Research, 51(D1),
D1373-D1380. https://doi.org/10.1093/nar/gkac956

Kreitmaier, P., Katsoula, G., & Zeggini, E. (2023). Insights
from multi-omics integration in complex disease primary
tissues. Trend in Genetics, 39(1), 46-58. https://doi.org/
10.1016/j.tig.2022.08.005

Li, M. K., Garcia, L. A., & Rosen, R. (2005). Lower urinary
tract symptoms and male sexual dysfunction in Asia: A
survey of ageing men from five Asian countries. BJU
International, 96(9), 1339-1354. https://doi.org/10.1111/;.
1464-410X.2005.05831.x

Liu, Y., Yang, X., Gan, J., Chen, S., Xiao, Z. X., & Cao, Y.
(2022). CB-Dock2: Improved protein-ligand blind dock-
ing by integrating cavity detection, docking and homolo-
gous template fitting. Nucleic Acids Research, S0(W1),
W159-w164. https://doi.org/10.1093/nar/gkac394

Lopes, M., Lanzafame, S., & Magro, G. (2000). Localized
fibrosis of the corpus cavernosum: An example of fibrosis
arising from the vascular smooth muscle cells. Report of
a case with histogenetic considerations. Urologia Interna-
tionalis,  64(3), 173-177.  https://doi.org/10.1159/
000030523

Luan, Y., Cui, K., Tang, Z., Ruan, Y., Liu, K., Wang, T.,
Chen, Z., Wang, S., & Liu, J. (2020). Human tissue Kal-
likrein 1 improves erectile dysfunction of streptozotocin-
induced diabetic rats by inhibition of excessive oxidative
stress and activation of the PI3K/AKT/eNOS pathway.
Oxidative Medicine and Cellular Longevity, 2020, Article
6834236. https://doi.org/10.1155/2020/6834236

Ma, M., Yu, B, Qin, F., & Yuan, J. (2020). Current
approaches to the diagnosis of vascular erectile dysfunc-
tion. Translational Andrology and Urology, 9(2), 709-721.
https://doi.org/10.21037/tau.2020.03.10


https://doi.org/10.1093/nar/gkac1077
https://doi.org/10.1093/nar/gkac1077
https://doi.org/10.1136/bmj.l1855
https://doi.org/10.1056/nejm199104043241401
https://doi.org/10.1056/nejm199104043241401
https://doi.org/10.1016/j.esxm.2019.08.005
https://doi.org/10.1016/j.esxm.2019.08.005
https://doi.org/10.1016/s1286-4579(99)00249-x
https://doi.org/10.1016/s1286-4579(99)00249-x
https://doi.org/10.1177/014107680710000923
https://doi.org/10.1177/014107680710000923
https://doi.org/10.1038/s41586-023-06547-x
https://doi.org/10.1038/s41586-023-06547-x
https://doi.org/10.3389/fendo.2022.874915
https://doi.org/10.1126/scitranslmed.aag1166
https://doi.org/10.1093/nar/gkaa1084
https://doi.org/10.1111/j.1743-6109.2008.01195.x
https://doi.org/10.1111/j.1743-6109.2008.01195.x
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1038/nrc2853
https://doi.org/10.1093/nar/gkac956
https://doi.org/10.1016/j.tig.2022.08.005
https://doi.org/10.1016/j.tig.2022.08.005
https://doi.org/10.1111/j.1464-410X.2005.05831.x
https://doi.org/10.1111/j.1464-410X.2005.05831.x
https://doi.org/10.1093/nar/gkac394
https://doi.org/10.1159/000030523
https://doi.org/10.1159/000030523
https://doi.org/10.1155/2020/6834236
https://doi.org/10.21037/tau.2020.03.10

Chen et al.

Massagué, J. (2008). TGFbeta in cancer. Cell, 134(2),
215-230. https://doi.org/10.1016/j.cell.2008.07.001

Milenkovic, U., Albersen, M., & Castiglione, F. (2019). The
mechanisms and potential of stem cell therapy for penile
fibrosis. Nature Reviews Urology, 16(2), 79-97. https://
doi.org/10.1038/s41585-018-0109-7

Najari, B. B., & Kashanian, J. A. (2016). Erectile Dysfunc-
tion. Journal of the American Medical Association,
316(17), 1838-1838. https://doi.org/10.1001/jama.2016.
12284

Salonia, A., Bettocchi, C., Boeri, L., Capogrosso, P., Car-
valho, J., Cilesiz, N. C., Cocci, A., Corona, G., Dimitro-
poulos, K., Giil, M., Hatzichristodoulou, G., Jones, T.
H., Kadioglu, A., Salamanca, J. I. M., Milenkovic, U.,
Modgil, V., Russo, G. 1., Serefoglu, E. C., Tharakan, T.,
& . . .Minhas, S. (2021). European Association of Urol-
ogy guidelines on sexual and reproductive health-2021
update: Male sexual dysfunction. European Urology,
80(3), 333-357. https://doi.org/10.1016/j.eururo.2021.06.
007

Schmierer, B., & Hill, C. S. (2007). TGFbeta-SMAD signal
transduction: Molecular specificity and functional flexi-
bility. Nature Reviews Molecular Cell Biology, 8(12),
970-982. https://doi.org/10.1038 /nrm2297

Storm, C. S., Kia, D. A., Almramhi, M. M., Bandres-Ciga,
S., Finan, C., Hingorani, A. D., & Wood, N. W. (2021).
Finding genetically-supported drug targets for Parkin-
son’s disease using Mendelian randomization of the
druggable genome. Nature Communications, 12(1), Arti-
cle 7342. https://doi.org/10.1038/s41467-021-26280-1

VanderWeele, T. J. (2016). Mediation analysis: A practi-
tioner’s guide. Annual Review of Public Health, 37, 17-32.
https://doi.org/10.1146/annurev-publhealth-032315-
021402

Vollset, S. E., Goren, E., Yuan, C. W., Cao, J., Smith, A. E.,
Hsiao, T., Bisignano, C., Azhar, G. S., Castro, E., Cha-
lek, J., Dolgert, A. J., Frank, T., Fukutaki, K., Hay, S. 1.,
Lozano, R., Mokdad, A. H., Nandakumar, V., Pierce,
M., Pletcher, M., & . . .Murray, C. J. L. (2020). Fertility,
mortality, migration, and population scenarios for 195
countries and territories from 2017 to 2100: A forecasting
analysis for the Global Burden of Disease Study. The
Lancet, 396(10258), 1285-1306. https://doi.org/10.1016/
s0140-6736(20)30677-2

Vosa, U., Claringbould, A., Westra, H. J., Bonder, M. J.,
Deelen, P., Zeng, B., Kirsten, H., Saha, A., Kreuzhuber,
R., Yazar, S., Brugge, H., Oclen, R., de Vries, D. H., van
der Wijst, M. G. P., Kasela, S., Pervjakova, N., Alves, I,
Favé, M.-J., Agbessi, M., .. .Franke, L. (2021). Large-
scale cis- and trans-eQTL analyses identify thousands of
genetic loci and polygenic scores that regulate blood gene

expression. Nature Genetics, 53(9), 1300-1310. https://
doi.org/10.1038/s41588-021-00913-z

Wang, Q., Dhindsa, R. S., Carss, K., Harper, A. R., Nag,
A., Tachmazidou, I., Vitsios, D., Deevi, S. V. V.,
Mackay, A., Muthas, D., Hithn, M., Monkley, S., & Ols-
son, H., AstraZeneca Genomics Initiative, Wasilewski,
S., Smith, K. R., March, R., Platt, A., Haefliger, C., &
Petrovski, S. (2021). Rare variant contribution to human
disease in 281,104 UK Biobank exomes. Nature,
597(7877), 527-532. https://doi.org/10.1038/s41586-021-
03855-y

Woolf, B., Rajasundaram, S., Cronjé, H. T., Yarmolinsky,
J., Burgess, S., & Gill, D. (2023). A drug target for erec-
tile dysfunction to help improve fertility, sexual activity,
and wellbeing: Mendelian randomisation study. British
Medical Journal (Clinical Research Ed.), 383, Article
e076197. https://doi.org/10.1136/bmj-2023-076197

Yafi, F. A., Jenkins, L., Albersen, M., Corona, G., Isidori,
A. M., Goldfarb, S., Maggi, M., Nelson, C. J., Parish, S.,
Salonia, A., Tan, R., Mulhall, J. P., & Hellstrom, W. J.
G. (2016). Erectile dysfunction. Nature Reviews Disease
Primers, 2(1), Article 16003. https://doi.org/10.1038/
nrdp.2016.3

Yoo, M., Shin, J., Kim, J., Ryall, K. A., Lee, K., Lee, S.,
Jeon, M., Kang, J., & Tan, A. C. (2015). DSigDB: Drug
signatures database for gene set analysis. Bioinformatics,
31(18), 3069-3071. https://doi.org/10.1093/bioinfor-
matics/btv313

Yu, B., Wu, C., Li, T., Qin, F., & Yuan, J. (2018). Advances
in gene therapy for erectile dysfunction: Promises and
challenges. Current Gene Therapy, 18(6), 351-365.
https://doi.org/10.2174/1566523218666181004145424

Zeleke, M., Hailu, D., & Daka, D. (2021). Erectile dysfunc-
tion and associated factors among diabetic patients at,
Hawassa, Southern, Ethiopia. BMC Endocrine Disorders,
21(1), Article 139. https://doi.org/10.1186/s12902-021-
00807-5

Zhang, H. B., Wang, Z. Q., Chen, F. Z., Ding, W., Liu, W.
B., Chen, Z. R., He, S.-H., & Wei, A. Y. (2017). Mainte-
nance of the contractile phenotype in corpus cavernosum
smooth muscle cells by Myocardin gene therapy amelio-
rates erectile dysfunction in bilateral cavernous nerve
injury rats. Andrology, 5(4), 798-806. https://doi.org/10.
1111/andr.12375

Zhang, Q., Xu, R. N., Li, B. D., & Huang, W. J. (2023).
[Research progress on penis cavernosa fibrosis]. Zhon-
ghua Nan Ke Xue, 29(4), 358-363.

Zhang, X., Zhao, F., Zhao, J. F., Fu, H. Y., Huang, X. J., &
Lv, B. D. (2018). PDGF-mediated PI3K/AKT/B-catenin
signaling regulates gap junctions in corpus cavernosum
smooth muscle cells. Experimental Cell Research, 362(2),
252-259. https://doi.org/10.1016/j.yexcr.2017.11.025


https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1038/s41585-018-0109-7
https://doi.org/10.1038/s41585-018-0109-7
https://doi.org/10.1001/jama.2016.12284
https://doi.org/10.1001/jama.2016.12284
https://doi.org/10.1016/j.eururo.2021.06.007
https://doi.org/10.1016/j.eururo.2021.06.007
https://doi.org/10.1038/nrm2297
https://doi.org/10.1038/s41467-021-26280-1
https://doi.org/10.1146/annurev-publhealth-032315-021402
https://doi.org/10.1146/annurev-publhealth-032315-021402
https://doi.org/10.1016/s0140-6736(20)30677-2
https://doi.org/10.1016/s0140-6736(20)30677-2
https://doi.org/10.1038/s41588-021-00913-z
https://doi.org/10.1038/s41588-021-00913-z
https://doi.org/10.1038/s41586-021-03855-y
https://doi.org/10.1038/s41586-021-03855-y
https://doi.org/10.1136/bmj-2023-076197
https://doi.org/10.1038/nrdp.2016.3
https://doi.org/10.1038/nrdp.2016.3
https://doi.org/10.1093/bioinformatics/btv313
https://doi.org/10.1093/bioinformatics/btv313
https://doi.org/10.2174/1566523218666181004145424
https://doi.org/10.1186/s12902-021-00807-5
https://doi.org/10.1186/s12902-021-00807-5
https://doi.org/10.1111/andr.12375
https://doi.org/10.1111/andr.12375
https://doi.org/10.1016/j.yexcr.2017.11.025

