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| Abstract: Diabetes can cause some diseases or abnormalities. One of the disorders caused by diabetes may be erectile dysfunction (ED). ED is sexual dysfunc-

tion characterized by the inability to establish or maintain an erect penis during sexual activity and is a common problem of men with chronic type 2 diabetes.
These processes, disorders and diseases are highly influenced by the genetics of individuals. In this study, the relationship between genes and diabetes and ED has
been explored by a system biology approach. For this purpose, the samples from ten control and diabetic-ED rats were collected. After a search in Gene Expression
Omnibus (GEO), series with accession number GSE2457 comprising of 5 normal and 5 diabetic-ED rats were selected. Raw CEL files of these samples were nor-
malized with robust multi-array average (RMA) expression measure method by using the linear models for microarray data (LIMMA) R package. The extracted
probe IDs were transformed into 10451 unique and validated official gene symbols. Then, differentially expressed genes (DEGs) were identified between control
and normal penile mucosa by employing the LIMMA R package. DEGs were classified by utilizing KEGG to underlying pathways by Enrichr. The expression
values of DEGs were used to construct a gene regulatory network (GRN), by the GENEI3 R package. To analyze the topology of constructed GRNs, betweenness
centrality was calculated. Genes with higher betweenness centrality scores were then identified, through the CytoNCA. We then took the commonality of DEGs
genes and high-top ranking genes from CytoNCA via a predicted interaction network using GeneMANIA as the most likely important genes in erectile dysfunc-
tion. Among the 374 DEGs studied, 146 DEGs showed up-regulation and 228 DEGs displayed down-regulation expression in diabetic-ED rats. According to the
Volcano plot, the dpp4, LOC102553868, Ndufa412, Oxctl, Atp2b3 and Zfp91 gene down-regulated and Lpl, Retsat, B4galtl and Pdk4 genes up-regulated in ED
and diabetic rats. Furthermore, genes like dpp4 acted as hubs in the inferred GRN.

((ey words: Differentially expressed genes; Gene expression omnibus; rat; sexual dysfunction.
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Introduction In the past, there were only psychological causes for
ED, but today, 15 to 72% of men under the age of 40
Erectile dysfunction (ED) means the inability to also have organic causes. These include vascular and
create or maintain an adequate and sufficient erection neurological problems, Peyronie’s disease, side effects
to have a successful and satisfying sexual relationship, of medications and endocrine disorders. Young men
which is one of the most common sexual disorders in with MS, epilepsy or spinal cord trauma are also more
men. More than 150 million men worldwide are affec- likely to develop ED. Overall, 52% of men in their 40s
ted by the disorder, and it is projected that by 2025 and 70s have some degree of ED (2, 3).
this number will reach 322 million, double the current According to a study conducted in Turkey on 948
number. Therefore, considering the significant negative men with an IIEF of less than 21, these individuals were
impact that this disorder has on the quality of life and examined using physical examination, NPT, and color-
marital and interpersonal relationships of people with coded ultrasound of the penis and found that 14.8%
the disease; there seems to be a need for more effort and of men under the age of 40 had ED. There are organic
study to prevent and treat this disorder (1). causes: MS in men under 40 years of age increases the
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incidence of ED by 2.2 times and epilepsy by 1.8 times.
Femoral fractures also increase the risk of ED in young
men due to their effect on pudendal nerves (2).

Diabetes is a group of metabolic diseases in which
blood sugar levels are elevated for a long time. It is one
of the most common endocrine and metabolic diseases
and is caused by environmental factors (3). With the
development of society and economy, the change of
lifestyle and the aging of the population, the incidence
of diabetes is increasing year by year. So far, diabetes
has become a threat to people's health and life following
cardiovascular disease and cancer. Type 2 diabetes
(T2D) is the main type of diabetes and is related to insu-
lin resistance and B-cell dysfunction. Some studies have
shown that systemic insulin resistance, mild inflamma-
tion, chronic hypercholesterolemia, and excessive me-
tabolic fuel can cause B-cell damage (4, 5).

According to research done so far; diabetes is one
of the most important risk factors for ED. In men with
diabetes, ED occurs at a younger age than non-diabetics
and progresses more rapidly in severity. In fact, type 2
diabetes mellitus has been reported in all studies world-
wide; it has been identified as an important factor in
the development of ED and one of the complaints that
patients with long-term hyperglycemia have is ED. The
combination of these two problems is diabetes mellitus
erectile dysfunction (DMED). As the number of diabe-
tics increases, so does the number of people DMED,
and the combination of these two diseases has many
negative effects on people's quality of life (6).

A large number of studies have shown that the inci-
dence of ED in diabetic patients is between 30% and
80%, six times that of normal people, and increases
with the age and course of diabetes. The pathogenesis of
DMED is complex. Diabetic vascular disease includes
macrovascular disease, vascular disease and endothelial
dysfunction, all of which are related to the pathophysio-
logical process of ED (7-9).

Hypoglycemia is also common in people with dia-
betes who have vascular problems, but there is still little
evidence that hypoglycemia can lead to sexual dysfunc-
tion (10).

The prevalence of ED in men with diabetes is 2 to
3 times higher than in non-diabetics (11) and 10 to 15
years earlier in diabetic men than in non-diabetics (12).

ED may occur in the early stages of diabetes and may
even be the main complaint of diabetics in some cases,
however, about 95% of these cases can be successfully
treated with medication (11); so identify and pay atten-
tion to this disorder and its causes will be very useful.
The most important factors contributing to ED in diabe-
tics include hypertension, obesity, dyslipidemia, smo-
king and neuropathy (1). ED in diabetic men is usually
caused by neuropathic factors or vascular insufficiency.
However, non-diabetic factors sometimes cause sexual
dysfunction in these patients (7, 9, 13).

The risk of developing ED in people with diabetes
increases with increasing time to diabetes and lack of
proper control of blood sugar and the presence of other
risk factors such as blood pressure and smoking and
high blood fats (14).

The prevalence of ED in people over 18 is more than
8.5%, which is about 422 million people in the world
(5). About 5-10% of people with type 1 diabetes and 95-

90% have type 2 diabetes. ED occurs in diabetics with
different mechanisms, including vascular problems,
nephrolithotomy, hormonal imbalances, and psycholo-
gical problems (14).

In addition to diabetes, there have been numerous
human and animal studies that have shown the abnor-
mal effects of lipid-related tests on ED, especially when
associated with diabetes. Generally, dyslipidemia is a
risk factor for ED patients who also suffer from diabetes
(15).

Decreased testosterone and ED are seen in men with
type 2 diabetes. An RCT study examined the effect of
NFG on serum testosterone levels and ED in diabetic
men. TT, FT and IIEF were measured and compared
at the beginning of the study and after treatment. The
results showed that the levels of these two hormones,
as well as IIEF, increased after treatment and NFG was
significantly effective in improving ED and testosterone
decline due to type 2 diabetes (9).

Hormonal disorders are not common in young men,
but sometimes there may be Klein-Felter syndrome or
congenital disorders of hypogonadotropic hypogona-
dism, which can be diagnosed with the help of hormo-
nal test results (2).

ED in diabetic patients is usually caused by under-
lying neuropathic factors, and these people also show
several other neuropathic manifestations (9, 16).

ED is a common symptom of diabetic men. The seve-
rity of diabetes, the duration of the disease, and the type
of antidiabetic drugs seem to have nothing to do with
the incidence of ED, and visceral neuropathy, including
the supply of autonomic nerves, supply to the genitalia,
maybe the first pathogenic event. Obstructive vascular
disease may also be effective. Most studies have shown
that endocrine factors do not play a role in impotence in
diabetic men (1, 17).

Despite these findings, ED in diabetic patients may
not always be related to diabetes. It is reported that in
diabetic patients, ED leads to the discovery of macro-
prolactinemia. Although the diagnosis of prolactinoma
has not been confirmed by immunoperoxidase staining
or tissue culture studies of adenoma tissue, many of the
reported clinical features are similar to those previously
described in patients with prolactinoma. Bromocriptine
after surgery will cause the plasma prolactin to drop
rapidly to close to the normal level, which is related to
the increase of plasma testosterone level and increased
efficacy (9, 14, 17, 18).

Dialysis patients often suffer from ED. The preva-
lence of this symptom during dialysis is as high as 90%.
Diabetes, diffuse vascular disease and drug therapy are
important causes of this disease that severely impairs
the quality of life. Due to the high frequency of erectile
dysfunction in patients with uremia, the least diagnostic
method is usually used. However, accurate differential
diagnosis of dialysis patients is also necessary to deter-
mine the etiology and modifiable patterns (19, 20).

Considering the ever-growing of omics data (21),
data integration and analysis approaches are great
keys for solving the complexities of the disorders. In
this work, in addition to differentially expressed genes
between control and diabetic rats, we explored genes
via gene regulatory network inference. The genes, indi-
cating hubs within the network, are supposedly to be
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key units controlling a wide range of essential cellular
functions in a specific process like sexual dysfunctions.

In this study, the relationship between genes and
diabetes and ED and the study of gene networks were
investigated in the rat model. Then the purpose of the
present study was to identify key genes associated with
diabetes and ED.

Materials and Methods

Used datasets and pre-processing

In this work, we collected samples of 10 control and
diabetic rats (Affymetrix Rat Expression 230A Array).
After a search in NCBI Gene Expression Omnibus
(GEO) (https://www.ncbi.nlm.nih.gov/gds), series with
accession number GSE2457 consisting of 5 normal and
5 diabetic rats were collected.

In the intended experiment, the gene expression in
control and diabetic male Fischer 344 rats (Taconic
Farms) has been evaluated. They used streptozotocin to
make rats diabetic. Ten weeks later, diabetes and ED
have occurred (22).

Raw CEL files of these samples, based on the plat-
form of GPL341, were normalized with robust multi-
array average (RMA) expression measure method by
using the linear models for microarray data (LIMMA)
R package (23) (R software v. 3.2.5). After removing
ambiguous probes, the extracted probe IDs were trans-
formed into 10451 unique and validated official gene
symbols. After normalization, differentially expressed
genes (DEGs) were identified between control and nor-
mal penile mucosa if the expression level alteration was
above the defined threshold (<0.5 and p-value <0.05) by
employing the LIMMA R package. The defined thres-
hold prevents withdrawing genes with a lower differen-
tial alteration. DEGs were classified by utilizing KEGG
to underlying pathways by Enrichr (24).

Assessing regulatory interactions and topological
analysis

The expression values of DEGs were used to
construct a gene regulatory network (GRN), by the GE-
NEI3 R package (25). To cover DEGs between control
and diabetic samples and more sparsity, only the 100
top ranking edges were visualized in Cytoscape (V.
3.4.0). To analyze the topology of constructed GRNSs,
betweenness centrality (the percentage of times a node
appears on the shortest path between all pairs of nodes
in the network), as a network centrality parameter, was
calculated. Genes with higher betweenness centrality
scores, as globally connected genes, were then identi-
fied, through the CytoNCA (26). We then took the com-
monality of DEGs genes (adjusted P-value < 0.05) and
high-top ranking genes from CytoNCA via a predicted
interaction network using GeneMANIA (27) as the most
likely important genes in erectile dysfunction.

Results and discussion

After normalization, differentially expressed genes
(DEGs) were identified between control and normal pe-
nile mucosa if the expression level alteration was above
the defined threshold (<0.5 and p-value <0.05) by em-
ploying the LIMMA R package.

DEGs analysis

To determine DEGs between diabetic rats with ED
and controls, the publicly available microarray dataset
GSE2457 was accessed from the GEO database and dif-
ferences in expression were determined using the lim-
ma package. Among the 374 DEGs studied, 146 genes
showed increased and 228 genes decreased expression
(P<0.05 and [logFC| >0.5).

In Figure 1 the Volcano plot of differentially ex-
pressed genes between control and diabetic rats with
erectile dysfunction (ED) has been demonstrated.

A volcano plot is often used to display the gene
expression experiments. The design of the volcano is a
scatter plot showing the relationship between statistical
significance (p-value) and the fold change. This allows
rapid visual identification of genes with large changes,
which are also statistically important. These may be the
most important biological genes. In this volcano plot,
relative to control, the most increased expression genes
are adjusted to the left, the most decreased expression
genes are adjusted to the right, and the most important
genes are statistically up. Also, the difference in expres-
sion of low-area genes is not statistically significant (28,
29).

According to the Volcano plot, the dpp4 gene has
shown to down-regulation in diabetic rats. The dpp4
gene encodes dipeptidyl peptidase 4, which is the same
as the protein 2 adenosine diaminase complex and CD26
T cell activation antigen. It is an intrinsic membrane
glycoprotein and serine exopeptidase that can cleave the
proline X dipeptide from the N-terminus of the poly-
peptide. Dipeptidyl peptidase 4 is highly involved in the
metabolism of glucose and insulin and the regulation of
the immune system and in a human this gene is located
on chromosome 2 (30, 31).

Inhibition of DPP4 results in higher bioavailability
of these proteins, thus prolonging the half-life of insu-
lin action. DPP4 inhibitors prevent the degradation of
GLP-1 by inhibiting this enzyme and increase the blood
concentration of GLP-1 (32, 33).

However, researchers have discovered that the
protein product of this gene is also associated with
COVID-19 disease. A small but significant number of
people with ancient gene variants are extinct, which
may double or even quadruple the risk of serious com-
plications from COVID-19. These findings provide in-
formation on the enzyme DPP4. The protein allows the

LOC102553868 - bpp4

Lpl . Ndufadl2 o, 44
Pdk4 Bdgait1 Retsat  Amob3
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L0 O significance
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Figure 1. Volcano plot of differentially expressed genes between
control and diabetic rats with erectile dysfunction (ED) (P-value
<0.05).
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coronavirus, another cause of Middle East Respiratory
Syndrome (MERS), to attach to and enter human cells.
Analysis of variants of the dpp4 gene in COVID-19
patients shows that this enzyme also provides a second
gateway in human cells for the entry of SARS-CoV-2.
The normal route of entry of the coronavirus into human
cells is through the receptors of the angiotensin-conver-
ting enzyme (ACE-2) on the cell surface (34). So based
on these results, people with diabetes who have been
shown to be more likely to develop erectile dysfunction
may be at higher risk for COVID-19 (34).

In addition dpp4, other genes that showed increased
expression in diabetic rats with erectile dysfunction
include LOC102553868 (uncharacterized), Ndufa412
(NADH dehydrogenase (ubiquinone) I alpha subcom-
plex, 4-like 2), Oxctl (3-oxoacid CoA-transferase 1),
Atp2b3 (ATPase plasma membrane Ca2+ transporting
3) and Zfp91 (zinc finger protein 91).

Other genes that showed a significant decrease in
expression in this gene network include Andpro (an-
drogen-regulated protein), Lox (lysyl oxidase), G0s2
(GO/G1switch 2).

Andpro is one of the most abundant and specific
genes expressed in renal proximal tubular epithelial
cells. It is precisely regulated by thyroid and sex steroid
hormones (mainly androgens) (35). Therefore, reducing
the expression of this gene in diabetic samples with ED
seems reasonable.

The association of the Lox gene with diabetes has
been previously reported. So that inhibition of diabetes-
induced Lox overexpression prevents retinal vascular
lesions associated with diabetic retinopathy (36).

Also, according to the Volcano plot the Lpl (lipopro-
tein lipase), Retsat, B4galtl and Pdk4 genes showed up-
regulation in diabetic rats.

Lipoprotein lipase plays an important role in the
breakdown of fats into triglycerides, which are transpor-
ted from organs to the blood through various molecules
called lipoproteins. Lpl gene has been known as a gene
for insulin resistance (37-38).

Other genes that showed a significant increase in
expression in this gene network include Cp (cerulo-
plasmin), Pdk4 (pyruvate dehydrogenase kinase 4),
Hmgcs2 (3-hydroxy-3-methylglutaryl-CoA synthase 2)
and Myh8 (myosin heavy chain 8).

The defined threshold prevents withdrawing genes
with a lower differential alteration. DEGs were classi-
fied by utilizing KEGG to underlying pathways by Enri-
chr (24) (Figures 2 and 3).

Analysis of pathway enrichment

One interesting observation was the enrichment
of extracellular matric (EMC)-receptor interaction in
down-regulated genes in a diabetic with ED rats. The
role of ECM has been shown in penile activity and func-
tioning, fibrosis and smooth muscle cells (SMC) content
(PMID: 29502979) (39).

Based on the most significant P-values, the top five
GO terms and KEGG pathways were selected. Accor-
ding to the KEGG diagram, genes involved in terms
of PPAR signaling pathway and fatty acid degradation
revealed the highest expressions (Figure 2) and genes
involved in terms of absorption and AGE-RAGE si-
gnaling pathway in diabetic complications showed the

PPAR signaling pathway *9.17e-08
Fatty acid degradation *3.69e-07
Ferroptosis *3.25e-05

Peroxisome *1.29e-04

Tight junction *1.67e-04 A
Adherens junction *5.44e-04

Arrhythmagenic right ventricular cardiomyopathy (ARVC) *5.44e-04

Cholesterol metabolism *1.08e-03

FoxO signaling pathway *1.44e-03

Endometrial cancer *2.04e-03
¢ ! : —|ng{p-vﬂ|‘u&) ’ ¢ !
Protein digestion and absorption *5.99e-09

AGE-RAGE signaling pathway in diabetic complications *2.25e-06

ECM-receptor interaction *4.42e-05

Central carbon metabelism in cancer *8.66e-05

Focal adhesion *4.65e-04 B

Pyruvate metabolism *8.81e-04

HIF-1 signaling pathway *1.20e-03

Adrenergic signaling in cardiomyocytes *1.53e-03
Oxytocin signaling pathway *1.92e-03

Cardiac muscle contraction *1.94e-03

0 i z 3 6 7 ]

a 5
~logus(p-value)

Figure 2. A. The KEGG pathway enrichment analyses of DEGs.
KEGG pathway of up-regulated genes in the diabetic with ED rats
(adjusted P-value < 0.05). The count represents the number of
DEGs enriched in each term. B. The KEGG pathway enrichment
analyses of DEGs. KEGG pathway of down-regulated genes in the
diabetic with ED rats (adjusted P-value < 0.05). The count repre-
sents the number of DEGs enriched in each term.

lowest down-regulations (Figure 3).

Assessing regulatory interactions and topological
analysis

The expression values of DEGs were used to
construct a gene regulatory network (GRN), by the GE-
NEI3 R package. To cover DEGs between control and
diabetic with ED samples and more sparsity, only the
100 top ranking edges were visualized (Figure 3).

To analyze the topology of constructed GRNs,
betweenness centrality, as a network centrality para-
meter, was calculated. Genes with higher betweenness
centrality scores, as globally connected genes, were
then identified, through the CytoNCA. We then took the
commonality of DEGs genes (adjusted P-value < 0.05)
and high-top ranking genes from CytoNCA via a predic-
ted interaction network using GeneMANIA as the most
likely important genes in erectile dysfunction (Figure
4).

Among the 374 differentially expressed genes (DEG)
studied, 146 DEGs expressions was up-regulated, and
228 DEG expression was down-regulated. According
to the Volcano plot, the dpp4, LOC102553868, Ndu-
fa412, Oxctl, Atp2b3, Andpro, Lox, G0s2 (GO/G1swit-
ch 2) and Zfp91 gene down-regulated and Lpl, Retsat,
B4galtl, Cp, Pdk4, Hmgcs2, Myh8 and Pdk4 genes up-
regulated in ED and diabetic rats. In addition, genes like
dpp4 act as a hub in the inferred GRN. One interesting
observation was the enrichment of extracellular matrix
(EMC)-receptor interaction in down-regulated genes
in a diabetic with ED rats. The role of ECM has been
shown in penile activity and functioning, fibrosis and
smooth muscle cells (SMC) content. Genes involved in
terms of PPAR signaling pathway and fatty acid degra-
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Figure 3. Reconstructing a gene regulatory network using diffe-
rential expressed genes between control and diabetic with ED rats.

SLCA1AY

PoNs . CoER

ACTHE

ANGPTLY

.umw “”‘I"

SPARC RETSAT

: @

(B
x
2
@ .

. oxeT =
s .

LOX
.ﬂoiea Y H!
& " CLGN
e i ®

sun iy Tase)
] . . Wl-"“ . . camAN
wreLar
@ Py

e
» @ small molecule catabolic process

x @ secretory granule lumen

x @ cytoplasmic membrane-bounded vesicie lumen
x B vesicle lumen

x B mitochondrial matrix

» W platelet degranulation

x [ extracellular matrix organization

CHI

821
oPRs

SCEEP

Figure 4. Schematic representation of common DEGs genes (ad-
justed P-value < 0.05) and high-top ranking genes from CytoNCA
by GeneMANIA server control and diabetic with ED rats.

dation revealed the highest expressions
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