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ABSTRACT

Introduction: MicroRNAs (miRNAs) are short noncoding RNA molecules that regulate gene expression and are
related to endothelial dysfunction (EnD). Recently, miRNAs have also been explored as potential biomarkers
and target molecular therapy of erectile dysfunction (ED). Could the miRNAs be the tip of the iceberg of chronic
arterial disease foreshadowed by the ED?

Aim: To investigate the expression of miR-15b, miR-16, miR-138, miR-221, and miR-222 in corpus caverno-
sum (CC) and peripheral blood in a rat model of endothelium dysfunction secondary to diabetes (DM) and alco-
hol consumption to assess potential endothelial lesion biomarkers.

Methods: Twenty males Wistar rats were divided into 4 groups: control group (C), alcohol consumption group
(A), diabetic group (D), diabetic-alcohol consumption group (D + A). DM was alloxan-induced and alcohol con-
sumption was through progressive increase of ethanol concentration in drinkable water. After 7 weeks, miRNAs
expressions from CC and blood sample were evaluated by real-time PCR. Functional assessment of CC was per-
formed in an acetylcholine endothelium-dependent relaxation pharmacological study.

Main Outcome Measure: miRNA expression in CC and blood were evaluated; pharmacological study in CC
strips was conducted to validate EnD.

Results: We found that 3 miRNAs (miR-16, miR-221, and miR-222) were downregulated in the CC in the D+A
group, while all 5 miRNAs were downregulated in the blood of D and D + A groups. The endothelium-dependent
relaxation induced by acetylcholine was significantly decreased in groups A, D, and D + A. Diagnostic accuracy esti-
mated by AUC, to discriminating groups A,D, andD +A from controls, was superior to>0.9 in all plasmatic miRNAs.

Conclusion: miRNAs downregulation was identified in both CC and blood notably in DM associated with alcohol
consumption animals (D + A), the greatest endothelial injury potential group. Serum miRNAs have also demonstrated
high diagnostic accuracy properties in predicting CC relaxation dysfunction labeling EnD. RB Tiraboschi, FSL Neto,
DP da Cunha Tirapelli, et al. Expression of MicroRNAs (miR-15b, miR-16, miR-138, miR-221, and miR-222)
as Biomarkers of Endothelial Corpus Cavernosum Dysfunction in a Diabetic Alcoholic Murine Model. Sex
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INTRODUCTION prediction tool index (DIANA-miRPath v3.0), such miRNAs have
Penile erection involves the integration and coordination of
multiple regulatory systems such as neurological, endocrinologi-
cal, vascular and psychological.1 Erectile dysfunction (ED) is
defined as the inability to achieve and maintain an erection suffi-
cient to permit satisfactory sexual intercourse.2 ED is a major
health problem that has implications in self-esteem, relationships
and overall quality of life.3 Studies have shown that ED may pre-
cede the onset of future cardiovascular disease (CVD), coronary
heart disease, stroke, and has recently been labeled as an indepen-
dent risk factor of CVD that seemed to predict reduced
longevity.4,5

Diabetes mellitus (DM) is one of the most critical health
problems in the world, triggering various unintended complica-
tions, including ED. It is associated with a wide variety of cardio-
vascular conditions, which is the main cause of morbidity and
mortality among these patients. In 2019, the estimated preva-
lence of more than 400 million adults, with projections of
700 million by 2045.6 Furthermore, it is known that patients
with DM are 3 times more likely to develop ED, especially older
individuals and those with inadequate disease control.7

Alcoholism, similarly to DM, is also a prevalent condition with
known negative consequences to physical and mental health. Exces-
sive alcohol consumption not only negatively impacts diabetes self-
care adherence but also affects the course of DM. Diabetes patients
who are at-risk drinkers are likely to have poor diabetes treatment
adherence, leading to increased morbidity and mortality.8 Interest-
ingly, clinical and experimental studies have also associated alcohol-
ism with endothelial dysfunction, impaired corpus cavernosum
smooth muscle (CSM) relaxation capacity, hypertension, oxidative
stress and release of inflammatory mediators.9-13

MicroRNAs (MiRNAs) are small noncoding RNAs of 19 to 25
nucleotides that have emerged in recent decades as important regula-
tors of gene expression, since a single miRNA is able to modulate
the expression of hundreds of genes.14 Thus, the dysregulation of
their expression can influence multiple cellular processes, with
known repercussion to numerous diseases such as cancer, DM, and
cardiovascular events and ED.15,16 Therefore, it has been postulated
that MiRNAs could potentially be useful as biomarkers in different
medical conditions both for diagnosis and follow-up.17

Lizarte et al demonstrated that chronic alcohol consumption
associated with diabetes impairs erectile function in rats.18 Fur-
ther, the same group provided evidence that excessive alcohol
consumption leads to impaired corpus CSM relaxation capacity
as a result of decreased activity of the nitric oxide pathway linked
to endothelium-dependent mechanisms.19 The same research
group also demonstrated that changes in the endothelinergic sys-
tem (ETA and ETB) in the CSM that can play a role in the path-
ogenesis of ED.20 miR-15b, miR-16, miR-138, miR-221, and
miR-222 are miRNAs whose expressions have been related to
endothelial cells, vascular physiology, angiogenesis, and vascular
remodeling.21-23 According to the MiRNA database and target
also been related to regulatory pathways of angiogenesis, nitric oxide
synthase activity and the mechanism of cell death by apoptosis.24

We hypothesized that specific MiRNAs reached in peripheral
blood may be associated with endothelial dysfunction in the cor-
pora cavernosa of diabetic rats exposed to alcohol, turning them
possible liquid biopsy.

AIM

By using our research group's experience with the animal
model of diabetic and alcohol consumption rats, we aimed at
studying the expression of miRNAs 15b, 16, 138, 221, and 222
in the corpus cavernosum (CC) and peripheral blood to assess
their potential as biomarkers of endothelial dysfunction in
the CC.
MATERIAL AND METHODS

Animal Groups and Study Design
Animal studies were approved by the Institutional Animal

Care and Use Committee of our institution. Twenty male Wistar
rats (Rattus norvegicus) were divided into 4 groups: control
group (C), alcohol consumption group (A), diabetic group (D),
diabetes associated with alcohol consumption group (D + A)
with 5 animals allocated to each one. Experimental animals had
free acess to food and water, and were maintained on a 12-hour
dark-light cycle for 7 weeks. The sample size in each group was
defined considering previous studies that assessed genes and
miRNAs expression in an animal model of diabetic and alcoholic
rats.19,20

Animals belonging to alcohol consumption groups (A, D + A)
were submitted to semi-volunteer alcohol consumption through
progressive increase of ethanol concentration in drinkable water.
The alcoholic concentration started at 5% and was doubled every
week up to to 20% as proposed by Tirapelli et al.25 Similarly, on
the first day all rats were weighed and the diabetes was developed
by 1 injection of alloxan (Sigma Aldrich Chemical - Saint Louis,
MO, USA) (dissolved in 0.1 citrate buffer, 45 mg/kg) into the
tail vein.18-20 The control group received 1 injection of citrate
buffer only into the tail vein and drinkable water replaced at the
same time as did the others. Blood samples were drawn every
week from a tail stab to measure the level of blood glucose using
reagent strips (BM-Accutest and an auto-recorder, Accutrend,
Boehring Mannheim, UK).

All animals were followed 7 weeks long, weighted again at the
end of the experimental period, anesthetized, and then eutha-
nized. A blood sample was drawn from the vena cava, and the
penis was dissected to harvest the CC.
Validations of the Murine Model System
Previous studies have found that rats with alloxan-induced

DM have significant increases in blood glucose levels, and the
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association with alcohol comsumption leads to an impaired
endothelial-dependent vasoreactivity in the corporal tissue.
Endothelium-dependent relaxation was assessed using acetylcho-
line (Ach) on corporal stripes.11,18

After the CSM chamber was set, the penis was harvested.
The corporal bodies were detached at the level of the ischium
bone and they were immersed in Krebs solution. The strips
of CSM (1 £ 1 £ 10 mm) were mounted into the 10-mL
organ chamber containing Krebs solution at 37°C continu-
ously bubbled with a gas mixture of 95% O2 and 5% CO2
(pH 7.4), and vertically suspended and supported with 2
metal hooks. One hook was connected to a force transducer
(Ugo Basile, Varese, Italy), and the others worked as a fixed
attachment point. The strips were stretched to a resting ten-
sion of 5 mN and allowed to equilibrate for 45 minutes.
Changes in isometric force were recorded using a PowerLab
400 Data Acquisition System (Chart, version 4.2, AD Instru-
ments, Colorado Springs, USA). Endothelial-dependent relax-
ation was tested by cumulatively adding ACh(0.01−1000
mmol/) to the medium of the precontracted segments with
phenylephrine (10 mmol/L).
Expression Profile of MiRNAs
The expression profile of the miR-15b, miR-16, miR -138,

miR -221, and miR -222 were analyzed in blood and cavernous
tissue samples from each animal. Total cellular RNA was
extracted with Trizol reagent (Thermo Fisher Scientific, Wal-
tham, MA, USA) to cavernous tissue samples and RNeasy Mini
Kit (QIAGEN, Hilden, Germany) to the blood from each ani-
mal, according to the manufacturer's instructions. For real-time
PCR assessment, reverse transcription of RNA samples were per-
formed using a High-Capacity cDNA kit (Thermo Fisher Scien-
tific) also according to the manufacturer's protocol. For
quantitative analysis of the miRNAs we used the commercially
available system TaqMan Assay-on demand (Thermo Fisher Sci-
entific). Reverse transcription was performed using 5 ng total
RNA for each sample in 7.5 mL of the total reaction mixture.
The cDNA obtained was diluted 1:4 and 4.5 mL was used for
each 10 mL of the quantitative real-time polymerase chain reac-
tion mixture using the TaqMan Master Mix (Thermo Fisher Sci-
entific). All reactions were carried out in duplicate and analyzed
with the 7500 Sequence Detection System apparatus (Thermo
Fisher Scientific). Data were analyzed using the ABI-7500 SDS
software. The total RNA absorbed was normalized based on the
Ct value for U6 (000391). The variation in expression among
samples was calculated by the 2-ΔΔCt method, with the mean
ΔCt value for a group of 5 samples from control rats used as a cal-
ibrator.
Bioinformatic Analysis of MiRNAs Targets
The selected miRNAs were analyzed using the mirPath

V.3 tool, available online at Diana Tools (http://snf-515788.
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vm.okeanos.grnet.gr/). This tool identifies the signaling path-
ways in the KEGG database (Kyoto Encyclopedia of Genes
and Genomes) (http://www.genome.jp/kegg/pathway.html)
that are potentially regulated by the expression of miRNAs.24

Five miRNAs were identified in the analysis: miR-15b; miR-
16; miR-138; miR-221, and miR-222 that target the regula-
tory pathways for the activity of nitric oxide synthases, the
mechanism of cell death by apoptosis and angiogenesis. The
targets were confirmed based on the miRTarBase database
(http://mirtarbase.mbc.nctu.edu.tw/php/download.php).
Statistical Analysis
Quantitative variables were presented as medians and inter-

quartile ranges. Kruskall Wallis, with Dunn's post-test, were
used to compare continuous variables between groups. ROC
curves were constructed to compare the diagnostic performance
of miRNA. P values < .05 were considered statistically signifi-
cant, and 95% confidence intervals were presented as a measure
of precision. GraphPad Prism, version 8.4.3, San Diego-CA,
USA, was used for data analysis.
RESULTS

Validation of Endothelial Dysfunction Following DM
and Alcoholism Induction

Median animal weight was 515 g (495−525 g) in the control
group, 320g (306−332 g) in group D, 430g (417−454 g) in the
group A, and 360 g (355−371 g) in the D + A group. There was
a significant difference in groups A, D, and D + A compared to
C (Figure 1A). Blood glucose values were significantly higher in
D and D + A rats when compared to controls and A rats
(Figure 1B). Vasoreactivity evaluated by the response to Ach
revealed that groups A, D, and D + A had significantly impaired
endothelial-dependent vasoreactivity, and that the maximal
responses of CSM to ACh were significantly reduced in groups
A, D, and D + A compared to C. (Figure 1C)
RT-PCR Analysis of MiRNA Expression in the CC
and Blood of Rats

In the tissue of the CC (Figure 2) a significant downregula-
tion of the miR-16, miR-221 e miR-222 in the D+A group was
found, and nonsignificant downregulation in the A and D groups
compared to the C group was observed. When analyzing the
blood MiRNA profile (Figure 3), a significant downregulation of
all studied miRNAs was found in groups D and D+A, and non-
significant downregulation was observed in group A compared to
the C group. In the blood, diagnostic accuracy estimated by
ROC curve was very similar to all miRNA (Figure 4). The cutoff
values representedin ROC curve of miR-15b, miR-16, miR-138,
miR-221, and miR-222 were respectively: 0.49; 0.22; 0.23;
0.09; 0.10.

http://snf-515788.vm.okeanos.grnet.gr/
http://snf-515788.vm.okeanos.grnet.gr/
http://www.genome.jp/kegg/pathway.html
http://mirtarbase.mbc.nctu.edu.tw/php/download.php


Figure 1. A, Representation of weight median [interquartile
range]: Control (C), Alcohol Consumption (A), Diabetic (D) and
Diabetic-Alcohol Consumption (D + A). There was a significant
difference in groups A, D and D+A compared to C. *P < .001.
(Kruskal-Wallis test and Dunn's post test). B, Representation
of fasting blood glucose levels median [interquartile range]:
Control (C), Alcohol Consumption (A), Diabetic (D) and Dia-
betic-Alcohol Consumption (D + A). There was a significant dif-
ference in groups D and D+A compared to C. *P < .001.
(Kruskal-Wallis test and Dunn's post test). C, Relaxant effects
induced ACh (0.01−1000 mmol/L) on CSM strips precontracted
by PE (10mmol/L)Experimental values represent a rate to maxi-
mal changes from contraction produced by PE in each prepara-
tion (taken as 100%). Values are median *P < .001 vs control
(Kruskal-Walis and Dunn's post test).
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DISCUSSION

Endothelial dysfunction has been recognized as the central
event that links ED and cardiovascular complications in patients
with DM.1,26 ED has been considered as an independent predic-
tor of cerebral and cardiac vascular events.These issues, regarding
endothelial health, have motivated the development of experimen-
tal studies recently. In the present study, we found that the down-
regulation of MiRNAs expressed in CC was confirmed in the
blood. Group D and D+A were at greater risk for endothelial
injury and have demonstrated statistically significant miRNA
downregulation. Such effect was particularly important in the
D + A group, perhaps due to the additional detrimental effect of
alcohol in the physiopathology of DM. The 5 chosen miRNAs may
be implicated in the regulation of endothelium function.21-23 miR-
15b and miR-16 have been referred as angiogenesis modulation and
expression control of the vascular endothelial growth factor.21 miR-
138 mediates endothelial cell dysfunction and is involved in cardio-
myocytes apoptosis when subjected to hypoxia conditions.27,28

Finally, miR-221 and miR-222, have been implicated to shut off
migration, proliferation, angiogenesis of endothelial cells and indi-
rectly regulate the expression of endothelial nitric oxide syn-
thase.22,29 By using bioinformatic analysis of targets prediction
tools, miR-15b, miR-16, miR-138, miR-221, and miR-222 have
been identified as possibly involved in nitric oxide synthases activity
regulatory pathways and in mechanisms of cell death by apoptosis
and angiogenesis.24 Therefore, we have hypothesized that these
miRNAs could refer to proper endothelial function pointing even-
tual endothelial dysfunction. The abundance of endothelial cells in
the CC has supported our experimental model.

It has been demonstrated that reduced activity in the nitric
oxide pathway/endothelial-dependent mechanisms was linked to a
possible regulation in eNOS and iNOS isoforms by miRNA-27b
expression, which contributes to losing CSM histological
traits.18,19 In another study, miR-155 and miR-199 downregula-
tion were associated with protein expression of endothelin's recep-
tors upregulation which showed possible impaired endothelial
function in diabetic rats exposed to high levels of alcohol intake.20

Several studies in animal models have shown that altered
expression of miRNAs is involved in ED.30-32 By using a mouse
model of diet-induced ED, Barbery et al quantified miRNA iso-
lated from corporal tissue by a NanoString analysis and con-
cluded that miRNAs play a significant role on vasculogenic ED,
as miR‑1937c and miR‑151‑5p had upregulation, and miR‑153
and miR‑425 had downregulation by qRT-PCR analysis.30 In
fact the majority of miRNAs had down-regulation while the
minority of them upregulation.30

In another study designed with an animal model of aging rats
with ED, the expression profiles of miRNAs in CC were identi-
fied using GeneChip array by Pan et al The authors identified
428 dysregulated miRNAs, in which 105 miRNAs had upregula-
tion while 323 miRNAs had downregulation.31 Similarly,
Sex Med 2021;9:100326



Figure 2. Relative folds of expression miRNAs median in corporal tissue of the studied groups.*P < .05 compared with control group.
(Kruskal-Wallis test and Dunn's post test).

Figure 3. Relative folds of expression miRNAs median in blood of the studied groups.*P < .05 compared with control group. (Kruskal-
Wallis test and Dunn's post test).

Figure 4. ROC curves and AUC for miR-15b, miR-16, miR-138,
miR-221, and miR-222.
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another study from the same group in a murine model of type 2
DM‑associated ED, 161 miRNAs had above 2.0-fold change in
expression (56 miRNAs upregulated and105 miRNAs downre-
gulated). Four differentially expressed miRNAs (miR-18a, miR-
206, miR-122, and miR-133) had their expression confirmed by
qRT-PCR. Therefore, such miRNAs have been implicated in the
mechanism of type 2 DM‑associated ED via regulating different
genes and pathways, including IGF-1 and apoptosis, nitric oxide,
and vascular smooth muscle contraction process.32

GamalEl Din SF et al studied the expression of miR 200a and
miR206 in blood and cavernosus tissue from patients with refrac-
tory veno-occlusive ED scheduled for penile implant and compared
them with men that had emergency surgery to penile fracture; they
found these 2 miRNAs were upregulated in tissue and blood of ED
patients. Interesting to note that men with diabetes, hypertension,
CVDs or obesity were excluded from this study.33

In the present study we have demonstrated a significant
downregulation in the expression of all analysed MiRNAs. It is
also reasonable to infer that all miRNAs expression were more
severely downregulated in the D+A group.These findings
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indicate a potential association between miRNA expressions and
endothelial injury. It is also a sign that alcohol has an additional
negative effect on endothelial changes generated by DM. We
hypothesize that it is a result of both a direct cell toxicicity and
poorer DM control.

MiRNAs were first established as biomarkers for cancer in
2008, when Lawrie et al utilized them for the examination of dif-
fuse large B-cell lymphoma in the serum of patients. Afterwards,
their potential use as biomarkers have been mentioned in litera-
ture for numerous diseases.34,35 Since it has been discovered that
miRNA could be detected in both extra and intracellular envi-
ronments, their potential application as biomarkers became an
important focus of research worldwide.35

We have chosen to investigate the role of miR-15b, miR-16,
miR-138, miR-221, and miR-222 on the endothelial function
through blood and CC assessment because endothelial dysfunc-
tion may preceed more seriously cardiovascular events and its
evaluation might be of clinical relevance.

Experimental models evaluating neurogenic ED without
known endothelial lesion have demonstrated a significant upre-
gulation of miRNA-138 expression.36 We have found an unique
miRNAs downregulation pattern in CC and peripheric blood,
more prominent on D and D+A groups, respectively. Although
some authors advocate that the ideal biomarker would be more
likely to have an upregulation pattern, we do confess our results
turned us somewhat disappointed, despite other studies have
found a predominance of miRNA downregulation either.30,32

ED is an early harbinger of generalized vascular systemic disor-
der, therefore an evaluation of endothelial health in ED patients
should be of prime relevance.37 In this scenario, the study of miR-
NAs might gain increasing relevance in the evaluation and follow-
up of patients with ED. However, there are some doubts about
the real relevance of miRNAs' targets and its biological and clinical
significances, especially because the mechanisms involved in gene
expression and the synthesis of the target protein remain largely
unknown. Another source of criticism is the fact that miRNA can
be involved in multiple biological events and that the potential
influence of epigenetic effects have not been identified yet.

This study is not without limitations. It is a known fact that
experimental models using rats not always represent the patho-
physiology of ED in humans. Although a small number of ani-
mals was used in the study, this number was calculated to meet
the standards of NC3Rs of the ARRIVE guidelines. So far, the
use of miRNA in the setting of endothelial dysfunctions in ani-
mals with DM and increased alcohol consumption has demon-
strated great discriminatory power and high accuracy of
MiRNAs expression in the blood.
CONCLUSIONS

miR-16, miR-221, and miR-222 had significantly downregu-
lation in CC in the (diabetic-alcohol consumption) group. In
blood analysis, all miRNAs had significantly downregulation in
diabetic and diabetic-alcohol consumption groups. ROC curves
demonstrated excellent diagnostic accuracy for all blood miRNAs
in experimental groups, suggesting that these miRNAs could be
considered potential blood markers of structural and functional
endothelial dysfunction within the CC in this model.
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