Bzl SPANDIDOS
7] ,§, PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 58: 267, 2026

circRNA_013145-miR-185-5p-RhoA axis: A novel mechanism
in the pathophysiology of diabetes-induced erectile dysfunction
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Abstract. Diabetes mellitus-induced erectile dysfunction
(DMED) is a common diabetic complication characterized
by endothelial dysfunction and corpus cavernosum (CC)
remodeling. Although circular RNAs (circRNAs) have
been implicated in diabetic vascular diseases, their roles in
DMED remain largely unknown. The present study investi-
gated the biological function and underlying mechanism of
circRNA_013145 in DMED. CircRNA microarray analysis
identified circRNA_013145 as a significantly upregulated
circRNA in penile tissue from DMED rats. Its biological
function was evaluated using loss-of-function and rescue
experiments in high glucose (HG)-treated CC smooth
muscle cells (CCSMCs), human umbilical vein endothelial
cells (HUVECs) and a DMED rat model. circRNA_013145
expression was markedly increased in DMED penile tissue
and HG-treated cells. circRNA_013145 knockdown attenu-
ated HG-induced oxidative stress, inflammation, apoptosis,
autophagy and phenotypic transformation, while improving
endothelial function and cell viability. Mechanistically,
circRNA_013145 served as a molecular sponge for miR-185-5p,
thereby positively regulating RhoA expression. Rescue
experiments demonstrated that inhibition of miR-185-5p
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partially abolished the protective effects of circRNA_013145
knockdown. Furthermore, adenovirus-mediated knockdown
of circRNA_013145 significantly improved erectile func-
tion and alleviated cavernosal pathological injury in DMED
rats, as evidenced by an increased intracavernosal pressure
(ICP)/mean arterial pressure (MAP) ratio, enhanced CD31
expression and reduced collagen deposition. In conclusion,
circRNA_013145 promotes the progression of DMED through
the miR-185-5p/RhoA axis. Targeting circRNA_013145 may
represent a potential therapeutic strategy for DMED.

Introduction

Erectile dysfunction (ED) is a common male reproductive
disorder characterized by the persistent inability to attain or
maintain a penile erection sufficient for satisfactory sexual
performance. It markedly impairs quality of life and is typically
associated with psychological distress, decreased self-esteem
and impaired partner relationships (1). ED is a multifactorial
disorder involving vascular, neurological, endocrine, meta-
bolic and psychological components, which complicates both
its diagnosis and treatment.

Diabetes mellitus (DM) is one of the notable risk factors
for ED. Epidemiological and clinical studies have shown that
patients with DM have a markedly higher risk of developing
ED than non-diabetic individuals (2,3), and 35-75% of diabetic
patients are affected by DM-induced ED (DMED) (4). The
pathogenesis of DMED is closely associated with chronic
hyperglycemia-induced endothelial injury, oxidative stress,
inflammatory activation, impaired nitric oxide/cyclic guano-
sine monophosphate signaling and cavernosal structural
remodeling (5,6). In addition to endothelial dysfunction,
corpus cavernosum smooth muscle cells (CCSMCs), which
represent a notable cellular component of the CC, are essential
for penile relaxation and blood trapping during erection (7-9).
Under diabetic or high-glucose (HG) conditions, CCSMCs
may undergo phenotypic transformation from a contractile
phenotype toward a synthetic phenotype, characterized by
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decreased a-smooth muscle actin and desmin expression,
increased osteopontin expression and enhanced proliferative
and migratory activity (10,11). These pathological changes
contribute to impaired cavernosal relaxation, fibrosis and
erectile failure.

Circular RNAs (circRNAs) are a class of endogenous
non-coding RNAs generated by back-splicing of precursor
mRNAs. Owing to their covalently closed-loop structure,
circRNAs are resistant to exonuclease-mediated degrada-
tion and are typically more stable than their corresponding
linear transcripts (12,13). circRNAs regulate gene expression
through multiple mechanisms, including acting as microRNA
(miRNA or miR) sponges, interacting with RNA-binding
proteins and modulating transcriptional or post-transcriptional
processes (14,15). circRNAs participate in the pathogenesis of
diabetes, cardiovascular disease and cancer (16-18). However,
the expression profile and functional significance of circRNAs
in DMED remain insufficiently characterized.

Given the key role of endothelial dysfunction and CCSMC
phenotypic transformation in DMED (5,6,10,11) as well as the
regulatory functions of circRNAs in vascular and metabolic
diseases (16-18), the present study aimed to investigate the expres-
sion profile and functional role of circRNAs in DMED and to
determine whether the circRNA_013145/miR-185-5p/RhoA axis
contributes to HG-induced cavernosal cellular injury and ED.

Materials and methods

Animals and samples. Male Sprague-Dawley rats (aged
8 weeks were provided by the Animal Center of Zhejiang
Chinese Medical University [weight, 200+10 g; certificate
no. SYXK (ZHE) 2021-0012]. Animals were held in standard
experimental conditions in a laminar flow cabinet (12/12-h
light/dark cycle, 24+1°C and 45-55% humidity) free access to
food and water.

Erectile function was evaluated using the apomorphine
(APO) test. APO (100 pug/kg) was injected subcutaneously into
the loose skin at the back of the neck. Rats were immediately
placed in individual observation cages under quiet, dimly lit
conditions and monitored continuously for 30 min. A positive
erectile response was defined as penile engorgement and glans
swelling with visible penile body protrusion. Rats showing no
erectile response during the 30 min observation period were
identified as DMED. For circRNA microarray screening, rats
were assigned to the control and DMED groups as previously
described (19). Penile tissue from four control rats and four
DMED rats were selected for circRNA microarray analysis.
At the end of week 4, following the erectile function exami-
nation, rats were euthanized via CO, asphyxiation (at a flow
rate displacing 50% of the chamber volume/min) followed by
cervical dislocation, in accordance with American Veterinary
Medical Association (AVMA) Guidelines for the Euthanasia
of Animals (20). Penile tissue was collected, snap-frozen in
liquid nitrogen (-196°C) and preserved at -80°C. Four penile
tissue samples from each group were used for circRNA micro-
array labeling and hybridization.

Extraction of RNA and quality control. Using the TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), total RNA was
extracted from rat penile tissue according to the manufacturer's

instructions. Using a ND-1000 NanoDrop instrument (Thermo
Fisher Scientific, Inc.), the RNA concentrations of the samples
were determined at 260 nm. RNA integrity was assessed using
1.2% denaturing agarose gel electrophoresis.

Microarray labeling and hybridization of circRNA. To
enrich circular RNAs and remove linear RNAs, the RNA
was digested using RNase R (Epicentre; Illumina, Inc.). By
a random priming method (Arraystar Super RNA Labeling
kit; Arraystar, Inc.), the enriched circular RNAs were ampli-
fied and transcribed into fluorescent complementary (c)RNA,
according to the manufacturer's instructions. Next, the labeled
cRNA was hybridized to an Arraystar Rat circRNA array
(8x15 K; Arraystar Inc.). Following hybridization, the arrays
were washed and fixed using the reagents and procedures
specified in the manufacturer's protocol for the Arraystar
Rat circRNA Array. The arrays were then scanned using an
Agilent Scanner G2505C (Agilent Technologies, Inc.).

Microarray data collection and analysis. To extract the raw
data, scanned images were imported to the Agilent Feature
Extraction software (version 11.0.1.1; Agilent Technologies,
Inc.). Quantile normalization of the raw data and data
processing were performed using the limma package in
R software (version 4.4.0; R Foundation for Statistical
Computing; www.r-project.org). Volcano plot filtering was
used to pinpoint differentially expressed circRNAs exhibiting
statistically significant variances. circRNAs with P<0.05 and
fold-change =2.0 were identified as significantly differentially
expressed circRNAs. To identify distinguishable circRNA
expression patterns between samples, hierarchical clustering
was performed using R software.

Construction of the circRNA-miRNA-mRNA regulatory
network. Based on TargetScan (version 7.2; targetscan.
org/mmu_72/) (21) and miRanda (version 5.1; microrna.org/) (22)
and using the Arraystar homemade miRNA target prediction
software (Arraystar, Inc.) provided with the Arraystar circRNA
microarray analysis service, potential circRNA-miRNA
interactions involving circRNA_013145 were predicted. For
all comparisons, differentially expressed circRNAs were
annotated using information on circRNA-miRNA interac-
tions. A circRNA-miRNA-mRNA regulatory network was
constructed using TargetScan and miRWalk (version 3.0;
mirwalk.umm.uni-heidelberg.de/) (23). This network was visu-
alized using Cytoscape (version 3.6.1; cytoscape.org/).

Gene Ontology (GO) and pathway enrichment analysis.
To analyze the key circRNA_013145 functional pathways,
miR-185-5p-targeting genes in the circRNA-miRNA-mRNA
regulation network were assessed via Kyoto Encyclopedia
of Genes and Genomes (KEGG; genome.jp/kegg/) pathway
enrichment analyses and GO annotation (geneontology.org)
using the Metascape database (metascape.org/) (24). For GO
analyses, biological processes, molecular functions and cellular
components with P<0.05 were considered significantly enriched.

Protein-protein interaction (PPI) network construction and
analyses. Based on miR-185-5p-targeting genes, a PPI network
was constructed using the species Rattus norvegicus and the
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Search Tool for the Retrieval of Interacting Genes database
(STRING, version 11.0, string-db.org/) (25) was used. Where
the confidence score was =0.4, genes were imported into
Cytoscape (version 3.6.1; cytoscape.org) for visualization. The
topological parameters of the network were analyzed to iden-
tify hub genes using Network Analyzer plugins in Cytoscape.
The number of direct connections with other nodes in the PPI
network was considered the degree of each node. To visu-
alize node size, the degree value was used and hub genes for
miR-185-5p were defined as genes with a degree value greater
than the median degree value for all nodes.

Cell culture. Primary CCSMCs were isolated from the CC of
healthy male rats (age, 8 weeks) as previously described (8,26).
The HUVECs were an immortalized cell line obtained
from the Shanghai Institute of Biological Sciences, Chinese
Academy of Sciences (cat. no. CBP60340). Cells passaged
4-8 times were divided into the following groups: HG (30 mM
glucose), mannitol (5 mM glucose + 25 mM mannitol) and
low-glucose (5 mM glucose). The cells were cultivated in
DMEM with 10% fetal bovine serum (both Gibco; Thermo
Fisher Scientific, Inc.) in a 5% CO, environment at 37°C.

Cell transfection. miR-185-5p mimics and inhibitors were
obtained from Guangzhou RiboBio Co., Ltd. The sequences
were as follows: miR-185-5p mimic (duplex), sense, 5'-UGG
AGAGAAAGGCAGUUCCUGA-3' and antisense, 5'-UCA
GGAACUGCCUUUCUCUCCA-3"; and miR-185-5p
inhibitor (chemically modified single-stranded antisense
oligonucleotide), 5'-UCAGGA ACUGCCUUUCUCUCCA-3'.
The mimic sense strand is identical to the mature miR-185-5p
sequence, whereas the mimic antisense strand and inhibitor
are reverse-complementary antisense oligonucleotides.

Short interfering (si)RNAs targeting circRNA_013145
and the negative control (si-NC) were generated by Shanghai
GenePharma Co., Ltd. The siRNAs targeting circRNA_013145
were designed to span the Exon3-Exon2 back-splice junction.
The targeting sequences were as follows: si-Circ#1, 5'-TTA
TTAGAGGCAAAGCACGGA-3'; si-Circ#2,5-TATTAGAGG
CAAAGCACGGAG-3' and si-Circ#3, 5"TTTATTAGAGGC
AAAGCACGG-3'. The sequence of si-NC was 5'-UUCUCC
GAACGUGUCACGU-3". The same siRNA sequences were
used in CCSMCs and HUVEC:s after confirming conservation
of the targeted region.

The targeting portions of the adenovirus-delivered
short hairpin (sh)RNA targeting circRNA_013145 (Ad-sh_
circRNA_013145) and Ad-sh_NC were 5-TTATTAGAGGCA
AAGCACGGA-3' and 5-TTCTCCGAACGTGTCACGT-3',
respectively (Table SI). The overlap between the siRNA/shRNA
target sites and the circRNA_013145 back-splice junction is
shown in Fig. S1.

Briefly, CCSMCs and HUVECs were transfected with
si-circRNA_013145, si-Circ_NC, miR-185-5p inhibitor,
miR-185-5p mimic or the corresponding NC using
Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.). For siRNA transfection, cells were transfected with
100 nM si-circRNA _013145 or si-Circ_NC. For miRNA
transfection, cells were transfected with 50 nM miR-185-5p
mimic, 100 nM miR-185-5p inhibitor or the corresponding
miR-NC. Transfection was performed at 37°C for 6 h, after
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which the medium was replaced with complete medium.
Subsequent experiments were performed 24-48 h after trans-
fection. The efficiencies of si-circRNA_013145, miR-185-5p
mimic, and miR-185-5p inhibitor were confirmed by
reverse transcription-quantitative (RT-q)PCR at 24 h after
transfection.

RT-qPCR. Total RNA was extracted from rat penile tissue,
CCSMCs and HUVECs using TRIzol (Thermo Fisher
Scientific, Inc.). For circRNA_013145, linear aspartate
p-hydroxylase (Asph) and RhoA amplification, total RNA
was reverse-transcribed into cDNA using a PrimeScript 11
Ist Strand cDNA Synthesis kit (Takara Biotechnology
Co., Ltd.) according to the manufacturer's instructions.
Divergent primers spanning the Exon3-Exon2 back-splice
junction were used to amplify circRNA_013145, whereas
convergent primers were used to detect linear Asph and
RhoA mRNAs. qPCR was performed using SYBR Premix
Ex Taq™ (Takara Biotechnology Co., Ltd.) on an ABI 7500
system (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The thermocycling conditions were as follows: initial
denaturation at 95°C for 30 sec, followed by 40 cycles of
denaturation at 95°C for 5 sec and annealing/extension at
60°C for 34 sec.

For miR-185-5p quantification, total RNA was
reverse-transcribed into cDNA using a Mir-X™ miRNA
First-Strand Synthesis kit (Takara Bio, Inc.) according to the
manufacturer's instructions. RT-qPCR was performed using a
miR-185-5p-specific forward primer and the universal mRQ
3' primer supplied with the Mir-X™ miRNA First-Strand
Synthesis kit. RT-qPCR was performed using SYBR Premix
Ex Taq™ (Takara Biotechnology Co., Ltd.) on an ABI 7500
system (Applied Biosystems, Thermo Fisher Scientific, Inc.).
U6 and GAPDH were used as internal controls for miRNA
and mRNA/circRNA quantification, respectively. Relative
RNA expression was calculated using the 22244 method (27).
Primer sequences are listed in Table SII.

Actinomycin D and RNase R treatment. Total RNA (5 ug)
from CCSMCs and HUVECs was incubated with 4 U/ug
RNase R (Epicentre Technologies) for 30 min at 37°C. DMSO
or 2 pug/ml actinomycin D (Sigma-Aldrich; Merck KGaA)
was added to cells at 37°C for 0, 6, 12, 18 and 24 h. Asph
and circRNA_013145 RNA expression was determined by
RT-qPCR, as aforementioned.

Nuclear and cytoplasmic fractionation. CCSMCs and
HUVECs were detached using 0.25% trypsin-EDTA (Gibco;
Thermo Fisher Scientific, Inc.), resuspended, washed with
1,000 ul PBS and centrifuged at 300 x g for 5 min at 4°C.
NE-PER Nuclear and Cytoplasmic Extraction Reagent kits
(cat.no. 78833; Thermo Fisher Scientific, Inc.) were used to
isolate nuclear and cytoplasmic fractions according to the
manufacturer's instructions. Using the QIAamp RNA Mini
kit (cat.no. 52904; Qiagen, Inc.), total RNA was extracted
according to the manufacturer's instructions. U6- and
GAPDH-processed mRNAs in isolated RNA were detected
as controls for nuclear and cytoplasmic RNA, respectively.
circRNA_013145 expression was assessed using RT-qPCR,
as aforementioned.
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Fluorescence in situ hybridization (FISH). FISH was
performed using custom-designed fluorescent probes specific
for circRNA_013145 and miR-185-5p (Guangzhou BersinBio
Co., Ltd.). The miR-185-5p probe was labeled with fluorescein
isothiocyanate (FITC), whereas the circRNA_013145 probe
was labeled with Cy5. Briefly, CCSMCs and HUVECs were
fixed with 4% paraformaldehyde at room temperature for
20 min. Cells were treated with proteinase K (20 pg/ml) at
37°C for 10 min according to the manufacturer's protocol. The
probes were mixed with hybridization solution at a ratio of
1:39, denatured at 75°C for 5-8 min, and hybridized overnight
at 37°C (16-20 h). After hybridization, cells were washed
sequentially with 2x saline-sodium citrate (SSC) buffer at 53°C
for 5 min, 0.1% NP-40/2xSSC buffer at 42°C for 5 min and 2X
SSC buffer at 42°C for 5 min. Nuclei were counterstained with
DAPI at room temperature for 10 min. Images were captured
using an inverted fluorescence microscope (DMI 3000 B;
Leica GmbH).

Cell Counting Kit-8 (CCK-8). Cell viability was evaluated
using a CCK-8 kit (cat. no. C0037; Beyotime Biotechnology).
Transfected CCSMCs and HUVECs (1x10* cells/well) were
seeded onto 96-well plates. After culturing at 37°C in a 5% CO,
incubator for 24 h under HG conditions, the culture medium
was replaced with fresh HG DMEM (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% CCK-8. Following incuba-
tion at 37°C for 2 h, absorbance at 450 nm was determined
using a spectrophotometer (Varioskan LUX, Thermo Fisher
Scientific, Inc.).

ELISA and biochemical assays. The concentrations of the
inflammatory factors IL-6 and TNF-a in the supernatant
of HG-treated, transfected CCSMCs and HUVECs were
measured using commercial ELISA kits according to the
manufacturers' instructions (Beyotime Biotechnology). For
CCSMCs, Rat IL-6 ELISA kit (cat. no. PI328; Beyotime
Biotechnology) and Rat TNF-a ELISA kit (cat. no. PT516;
Beyotime Biotechnology) were used. For HUVECs, Human
IL-6 ELISA kit (cat. no. PI330; Beyotime Biotechnology)
and Human TNF-a ELISA kit (cat. no. PT518; Beyotime
Biotechnology) were used. Cell culture supernatants were
collected and centrifuged at 1,000 x g for 5 min at 4°C to
remove cell debris before detection.

For the assessment of oxidative stress-related indicators,
cells were lysed using the sample preparation buffer in the
corresponding assay kit, according to the manufacturers'
instructions. Cell lysates were centrifuged at 16,000 x g for
15 min at 4°C, and the supernatants were collected. MDA levels
were measured using a Lipid Peroxidation MDA Assay Kit
(cat. no. SO131S; Beyotime Biotechnology). Total SOD activity
was measured using a Total Superoxide Dismutase Assay Kit
with WST-8 (cat. no. S0101S; Beyotime Biotechnology). Total
NO levels were measured using a Total Nitric Oxide Assay
Kit (cat. no. S0024; Beyotime Biotechnology). cGMP levels
were measured using species-specific cGMP ELISA Kkits:
Human ¢cGMP ELISA kit (cat. no. CB10702-Hu; CUSABIO
Technology LLC) for HUVECs and Rat cGMP ELISA kit (cat.
no. CB10438-Ra; CUSABIO Technology LLC) for CCSMCs.
All assays were performed according to the manufacturers'
instructions.

Mitochondrial ROS detection. Mitochondrial ROS) levels were
assessed using MitoSOX Green mitochondrial superoxide
indicator (cat. no. M36006; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. Briefly, CCSMCs
and HUVECs were incubated with MitoSOX Green working
solution diluted at 1:1,000 at 37°C in the dark, washed with
PBS and observed using an inverted fluorescence microscope
(DMI 3000 B; Leica GmbH). Green fluorescence intensity was
used to indicate mitochondrial ROS levels.

Colony formation assay. Following transfection with 100 nM
si-Circ_#1 or si-Circ_NC, CCSMCs and HUVECs were
cultured in DMEM supplemented with 10% FBS at 37°C in
a 5% CO, incubator. Transfected cells (5x10* cells/well) were
seeded onto 6-well plates and cultured at 37°C for 10 days.
Following removal of the medium, cell colonies were fixed
with 4% paraformaldehyde at room temperature for 20 min
and stained for 30 min with 0.5% crystal violet solution
at room temperature. Colonies were defined as clusters
containing >50 cells and were counted manually under a light
microscope. Images were captured using a light microscope.
All experiments were performed in triplicate.

Flow cytometry. CCSMC and HUVEC apoptosis rates were
measured using the Annexin V-FITC Apoptosis Assay kit
(cat. no. C1062S; Beyotime Biotechnology). Briefly, trans-
fected CCSMCs and HUVECs were seeded onto 6-well
plates and cultured under HG conditions at 37°C for 48 h.
Following harvest, the cells underwent two cold PBS washes
before addition of 10 ul propidium iodide and 5 yl Annexin V
reagent in the dark at room temperature for 15 min. Apoptosis
rate was determined using a FACSCalibur flow cytometer
(BD Biosciences), and data were analyzed using FlowJo soft-
ware (version 10.9.0). The apoptosis rate was calculated as the
percentage of early and late apoptotic cells.

Wound healing assay. Transfected CCSMCs and HUVECs
were plated onto 6-well plates (5x10° cells/well) and incubated
at 37°C in a 5% CO,-containing environment until 100%
confluence was attained. Next, a linear wound was generated
using a 200 ul pipette tip. Following washing with PBS to
remove detached cells, the cells were incubated in serum-free
HG DMEM at 37°C for 24 h. Images were captured at
0 and 24 h using an inverted light microscope. The migra-
tion distance was analyzed using Image Pro Plus 6.0 software
(Media Cybernetics Inc.).

Immunofluorescence staining. Transfected CCSMCs that were
fixed in 4% paraformaldehyde for 20 min, rinsed with PBS,
permeabilized with 0.5% Triton X-100 in PBS for 15 min and
blocked with 10% bovine serum albumin at room temperature
for 1 h. Next, the cells were exposed to primary antibodies
for a-smooth muscle actin (SMA; 1:200, cat. no. ab223068),
desmin (1:100; cat. no. ab227651) and osteopontin (1:1,000,
cat. no. ab8448) at 4°C overnight, then incubated for 1 h at
room temperature with secondary antibodies (Alexa Fluor®
488-conjugated goat anti-rabbit IgG, 1:1,000, cat. no. ab150077;
Abcam). Images were captured using an inverted fluorescence
microscope (DMI 3000 B; Leica GmbH) and analyzed using
Imagel] software (version 1.53t; National Institutes of Health.
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Luciferase reporter assay. The circRNA_013145 fragment
containing the predicted miR-185-5p binding site and the
RhoA 3'-UTR fragment containing the predicted miR-185-5p
binding site were synthesized by Sangon Biotech. The corre-
sponding mutant fragments with mutations in the miR-185-5p
seed-binding regions were also synthesized. The wild-type
(WT) and mutant (Mut) fragments were subcloned into
the psiCHECK-2 reporter vector (Promega Corporation)
to generate WT-circRNA_013145, Mut-circRNA_013145,
WT-RhoA and Mut-RhoA reporter constructs. The sequences
of the miR-185-5p mimic, miR-185-5p inhibitor and corre-
sponding negative controls are listed in Table SI. CCSMCs and
HUVECs (5x10* cells/well) were seeded onto 24-well plates
and co-transfected with the reporter constructs and miR-185-5p
mimic or miR-NC using Lipofectamine 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.). At 24 h after transfection,
luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega Corporation) according to
the manufacturer's instructions. Relative luciferase activity
was normalized to the internal control luciferase activity from
the psiCHECK-2 vector.

RNA immunoprecipitation (RIP) assay. RIP was performed
using a Magna RIP RNA-Binding Protein Immunoprecipitation
kit (MilliporeSigma) according to the manufacturer's
instructions. Briefly, CCSMCs and HUVECs were lysed in
RIP lysis buffer supplemented with RNase inhibitors and
protease inhibitors. Cell lysates were cleared by centrifuga-
tion at 12,000 x g for 10 min at 4°C and 100 ul cell lysate
was used for each reaction. Magnetic beads were incubated
with 5 pg anti-Argonaute 2 (Ago2; cat. no. ab156870) or 5 ug
normal IgG antibody (cat. no. abl81236; both Abcam). The
antibody-conjugated magnetic beads were then incubated with
cell lysates at 4°C overnight. RNA-protein complexes were
isolated by magnetic separation and washed according to the
manufacturer's protocol. Immunoprecipitated RNAs were
purified and analyzed by qPCR to detect circRNA_013145,
miR-185-5p and RhoA, as aforementioned.

Western blot assay. Transfected CCSMCs, HUVECs
and penile tissues were lysed in ice-cold RIPA buffer
(Beyotime Biotechnology) containing protease inhibitors
(Sigma-Aldrich; Merck KGaA). The amount of protein in the
supernatant was determined using a BCA kit. Next, equal
amounts of protein (30 pg/lane) were separated by 8-12%
SDS-PAGE and transferred onto PVDF membranes. After
being blocked with 5% non-fat milk at room temperature
for 2 h, the membranes were incubated with primary anti-
bodies overnight at 4°C. The primary antibodies were as
follows: against f-actin (cat. no. AF7018), GAPDH (1:3,000;
cat. no. AF7021), Bax (cat. no. AF0120), endothelial nitric
oxide synthase (eNOS) (1:3,000; cat. no. AF0096), p62 (cat.
no. AF5384), Beclin-1 (cat. no. AF5128), LC3-I/1II (1:2,000,
cat. no. AF5402), Caspase-9 (cat. no. AF6348), Caspase-3
(cat. no. AF6311), Bcl-2 (cat. no. AF6139), protein kinase G
(PKG) (cat. no. DF7018), vascular cell adhesion molecule-1
(VCAMI; cat. no. DF7306), ICAM-1 (cat. no. AF6088),
RhoA (cat. no. AF6352; all Affinity Biosciences), a-SMA (all
1:2,000, cat. no. ab223068), desmin (1:100, cat. no. ab227651)
and osteopontin (1:1,000; cat. no. ab8448; all Abcam. The
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membranes were then incubated with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG secondary antibody
(1:5,000; cat. no. SO001; Affinity Biosciences) for 2 h at room
temperature. Following washing, protein bands were detected
using the BeyoECL Plus reagent (Beyotime Biotechnology).
Imagel] (version 1.53t; National Institutes of Health) was used
to calculate band intensity.

Functional assessment of circRNA_Q013145 knockdown in vivo.
A total of 60 6-week-old Sprague-Dawley male rats (weight,
200+20 g) were provided by Shanghai SLAC Laboratory
Animal Co., Ltd. Animals were housed under standard labora-
tory conditions with a 12/12-h light/dark cycle, temperature of
24+1°C and humidity of 45-55%, with free access to food and
water. After 1 week adaptive feeding, all rats were subjected
to overnight fasting and 50 rats were intraperitoneally injected
streptozotocin (60 mg/kg, Sigma-Aldrich; Merck KGaA) to
induce DM. The remaining 10 rats were intraperitoneally
injected 0.1 mol/I citrate-phosphate buffer (pH 4.5) and used as
control rats. After 72 h, a blood glucose meter (ACCU-CHEK
Performa; Roche Diagnostics) was used to monitor the blood
glucose levels of rats. Diabetes was diagnosed based on fasting
blood glucose >16.7 mmol/I.

To evaluate erectile function, after 10 weeks, an APO-induced
erection test was performed in the DM rats. In total, 35 rats
with DMED were randomly divided into the DMED-Ad-NC
(n=12), DMED (n=11) and DMED-Ad-sh_circRNA_013145
(n=12) groups. Recombinant Ad-circRNA_013145 shRNA
(titer, 5.6x10° plaque-forming units (PFU)/ml] and NC Ad-null
shRNA (titer, 6.4x10° pfu/ml) were purchased from Shanghai
GenePharma Co., Ltd. For in vivo knockdown, rats in the
DMED-Ad-sh_circRNA_013145 group received intracaver-
nosal injections of Ad-circRNA_013145 shRNA (20 ul). Rats
in the DMED-Ad-NC group received equal volumes of Ad-null
shRNA. Control and DMED rats received saline (20 ul).
Injections were performed using a 30-gauge insulin needle
inserted into the CC at the mid-penile level. The needle was
inserted laterally to avoid the dorsal neurovascular bundle, and
the solution was injected over 30 sec. Injections were repeated
daily for 4 consecutive weeks.

Erectile function and pathological changes in DMED rats
following Ad-mediated intervention were evaluated as previ-
ously described (19). Briefly, following 4 weeks of treatment,
the animals were administered APO (100 ug/kg) through
injection into the neck skin and placed under observation for
30 min. Erection was assessed based on hyperemia of the
penile head, penile swelling, receding prepuce and ejacula-
tion. If no erectile response was observed within the 30-min
observation period, erectile latency was recorded as 30 min.

Using a four-channel acquisition system (cat. no. BL420S;
Chengdu Techman Software Co. Ltd.), all animals were
subjected to a cavernosometric test to measure mean arte-
rial pressure (MAP) and maximal intracavernosal pressure
(max ICP).

Penile tissues were collected, fixed with 4% paraformal-
dehyde at 4°C for 24 h, embedded in paraffin and sectioned at
a thickness of 5 ym. Hematoxylin and eosin (H&E) staining
was performed to evaluate the histological morphology and
vascular structures. For H&E staining, sections were stained
with Mayer's hematoxylin for 10 min at room temperature,
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rinsed, differentiated in 1% HCI1/70% ethanol for 5 sec, rinsed
in running tap water for 10 min, and then incubated with eosin
working solution for 15 sec. Masson's trichrome staining was
performed to assess collagen deposition and smooth muscle
content. The staining procedure was as follows: Weigert's iron
hematoxylin for 10 min, Biebrich scarlet-acid fuchsin solution
for 15 min, phosphomolybdic-phosphotungstic acid solution
for 10 min, aniline blue solution for 10 min; 1% acetic acid for
3 min; dehydrated through graded ethanol, cleared in xylene,
and mounted with neutral resin (all at room temperature).
Images were captured using a light microscope, and quantita-
tive analysis of collagen deposition and smooth muscle content
was performed using ImagelJ software (version 1.53t; National
Institutes of Health).

Apoptosis in CC tissue was assessed using a One Step
TUNEL Apoptosis Assay kit (cat. no. C1086; Beyotime
Biotechnology) according to the manufacturer's instruc-
tions. Briefly, paraffin-embedded penile tissue sections were
deparaffinized, rehydrated, permeabilized and incubated with
TUNEL reaction mixture at 37°C for 60 min in the dark. After
washing with PBS, nuclei were counterstained with DAPI,
and images were captured using a fluorescence microscope.
The apoptosis level was quantified as the percentage of
TUNEL-positive cells.

Vascular structures in the CC were evaluated by CD31
immunofluorescence staining. Briefly, paraffin-embedded
penile tissue sections were deparaffinized, rehydrated,
subjected to antigen retrieval and blocked. The sections
were incubated with anti-CD31 primary antibody (1:200;
cat. no. ab182981; Abcam) at 4°C overnight, followed by
incubation with fluorescent secondary antibody at room
temperature for 1 h. Nuclei were counterstained with
DAPI, and images were captured using a fluorescence
microscope. The number of CD31-positive vessels in the
CC was quantified. The target gene and protein levels were
determined by RT-qPCR and western blotting, respectively,
as aforementioned.

Statistical analysis. All data are expressed as the mean + SD.
All statistical analyses were performed using GraphPad
Prism 5.0 (Dotmatics) and SPSS (version 22.0; IBM Corp.).
Differences were compared using an unpaired two-tailed
Student's t-test or one-way ANOVA with Tukey's post
hoc test. P<0.05 was considered to indicate a statistically
significant difference. All experiments were repeated =3 times
independently.

Results

Differential circRNA expression profile in penile tissue of
DMED rats. The median normalized circRNA expression
values of different samples were similar following normaliza-
tion, suggesting comparable data distribution across samples
(Fig. S2A). Differences in circRNA expression between the
DMED and control groups are displayed in scatter plots
(Fig. S2B). In total, 1,288 differentially expressed circRNAs
were identified, including 647 down- and 641 upregulated
circRNAs (Table SIII). A volcano plot revealed differentially
expressed circRNAs between the DMED and control groups,
with an absolute fold-change value =2 and P<0.05 (Fig. S2C).

Distinctive patterns of circRNA expression were identified by
hierarchical clustering (Fig. S2D).

Validation of differentially expressed circRNAs. RT-qPCR
analysis was performed to confirm the circRNA microarray
results on the five most up- and downregulated circRNAs in the
penile tissue samples of control and DMED rats (Table SIV).
Consistent with microarray findings, relative circRNA_013145,
circRNA_008695, circRNA_010964 and circRNA_31436
expression was significantly upregulated in rats with DMED
compared with control rats (Fig. S3A-D). No difference
was observed in the relative expression of circRNA_013139
and circRNA_010502 (Fig. S3E and F). Furthermore,
circRNA_26971, circRNA_003748, circRNA_011493 and
circRNA_012403 expression decreased in the DMED group
in comparison with the controls (Fig. S3G-J).

circRNA-miRNA interaction analysis. To identify poten-
tial circRNA-miRNA interactions in rats with DMED,
circRNA_013145 was selected for bioinformatics analyses and
prediction. circRNA_013145 was predicted to harbor binding
sites for rno-miR-185-5p, rno-miR-759, rno-miR-217-3p,
rno-miR-1843b-5p and rno-miR-3594-5p. Fig. S4 displays the
MRE sequence analysis. A circRNA-miRNA-mRNA interaction
network was constructed using Cytoscape based on the predicted
target genes of miRNAs that are targeted by circRNA_013145
(Fig. S5).

Functional enrichment analysis and PPI network construc-
tion. Recent studies have implicated miR-185-5p in
HG-induced cell injury and diabetic complications (28,29).
Therefore, miR-185-5p was selected for downstream enrich-
ment and network analyses. Based on its target genes, GO and
KEGG pathway enrichment analyses were performed.

GO enrichment analysis showed that target genes for
miR-185-5p were enriched in biological processes including
‘cellular response to peptide’ and ‘Ras protein signal trans-
duction’ (Fig. S6A), molecular functions including ‘protein
C-terminus binding’ and ‘ion channel binding’ (Fig. S6B)
and cellular components including ‘synaptic membrane’ and
‘presynapses’ (Fig. S6C).

KEGG pathway enrichment analysis showed enrichment
of miR-185-5p target genes in ‘cGMP-PKG signaling pathway’
and ‘cAMP signaling pathway’ (Fig. S6D). Based on data from
the STRING database, a PPI network of miR-185-5p target
genes was constructed (Fig. S6E). In total, five hub genes were
identified: RhoA, dynamin 1, growth factor receptor-bound
protein 2, glutamate ionotropic receptor NMDA type
subunit 2A and synapsin 1.

Characterization of circRNA_013145 in HG-induced CCSMCs
and HUVECs. Using microarray analyses, the present study
identified circRNA_013145 as one of the most differen-
tially expressed circRNAs (Chr 5:27,486,600-27,495,516);
it originates from exons 2 and 3 of the Asph gene (Fig. 1A).
gPCR showed a significant upregulation of circRNA_013145
expression in HG-induced CCSMCs and HUVECs (Fig. 1B).
Actinomycin D assay revealed circRNA_013145 to be
more stable in its circular than in its linear form in CCSMCs
and HUVECs (Fig. 1C). RNase R treatment digested linear
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Figure 1. Expression and cell distribution of circRNA_013145 in CCSMCs and HUVECS. (A) Schematic of Asph exons 2-3 used to form circRNA_013145.
(B) Expression of circRNA_013145 in CCSMCs and HUVECs. (C) Relative expression of circRNA_013145 and Asph mRNA in CCSMCs and HUVECs
treated with actinomycin D at various time points. (D) circRNA_013145 resistance to RNase R treatment in CCSMCs and HUVECs. (E) Relative expression
of circRNA_013145 in the nuclei and cytoplasm of CCSMCs and HUVECs was determined via reverse transcription-quantitative PCR. (F) Expression of
circRNA_013145 in CCSMCs and HUVECs was determined via fluorescence in situ hybridization. Scale bar, 50 um. "P<0.05, “P<0.01. circ, circular; CCSMC,
corpus cavernosum smooth muscle cell; HUVEC, human umbilical vein endothelial cell; Asph, aspartate f3-hydroxylase; miR, microRNA; Chr, chromosome.

Asph mRNA but not circRNA_013145 (Fig. 1D), confirming
its circular structure and distinguishing it from its linear host
transcript.

RT-qPCR analysis of nuclear and cytoplasmic RNA, as
well as FISH, indicated that circRNA_013145 was primarily
localized in the cytoplasm (Fig. 1E and F). Collectively, these
findings suggested that circRNA_013145 existed as a stable
cytoplasmic circRNA in CCSMCs and HUVECs.

circRNA_013145 knockdown improves cell viability and
decreases inflammation and oxidative stress. Knockdown effi-
ciencies of si-Circ#1, si-Circ#2, and si-Circ#3 were validated
after transfection alone. In both CCSMCs and HUVEC:sS, all
three siRNAs significantly decreased circRNA_013145 expres-
sion compared with si-NC, with si-Circ#1 showing the strongest
knockdown efficiency (Fig. STA and B). Loss-of-function assays
were performed to explore the role of circRNA_013145 in DMED
progression. CCSMCs and HUVECs were transfected with
siRNAs to achieve circRNA_013145 knockdown, as confirmed

via qPCR analyses (Fig. 2A). Functionally, the CCK-8 assay
demonstrated that, compared with the si-Circ_NC, si-Circ_#1
improved viability in HG-treated CCSMCs and HUVECs
(Fig. 2B).

Moreover, circRNA_013145 knockdown significantly
decreased levels of TNF-a, IL-6 and MDA, while increasing
the levels of SOD, NO and cGMP in HG-treated CCSMCs and
HUVEC:s (Fig. 2C-G).circRNA_013145 knockdown decreased
mitochondrial reactive oxygen species levels (Fig. 2H). These
findings indicate that circRNA_013145 knockdown attenuated
inflammation and oxidative stress, thereby improving cell
viability in HG-induced CCSMCs and HUVECs.

Effects of circRNA_013145 knockdown on phenotypic
transformation and apoptosis in vitro. The impacts of
circRNA_013145 knockdown on apoptosis, migration and
cell proliferation were investigated in vitro by transfecting
siRNA circRNA_013145 into CCSMCs and HUVECs. The
number of CCSMC colonies was significantly higher in the
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Figure 2. Effects of circRNA_013145 knockdown on cell viability, inflammation and oxidative stress in CCSMCs and HUVECs. (A) circRNA_013145 levels
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HG + si-Circ_NC group than in the HG + si-Circ_#1 group
(Fig. 3A). Conversely, circRNA_013145 knockdown promoted
HUVEC proliferation. Wound healing assay demonstrated
circRNA_013145 knockdown inhibited CCSMC but enhanced
HUVEC migration (Fig. 3B).

Flow cytometry showed that circRNA_013145 knock-
down significantly inhibited apoptosis in both CCSMCs and
HUVECsS (Fig. 3C). Immunofluorescence and western blotting
were performed to investigate phenotypic transformation/apop-
tosis-related protein expression. Immunofluorescence staining
showed that circRNA_013145 knockdown increased the expres-
sion of the contractile markers a-SMA and desmin, while
decreasing the expression of the synthetic marker osteopontin
in HG-induced CCSMCs (Fig. 4A), suggesting attenuation of
CCSMC phenotypic transformation. Western blotting showed
that si-Circ#1 increased p62,PKG, and Bcl-2 levels and decreased
Beclin-1, Caspase-9, LC3-II/LC3-I, Bax and Caspase-3 levels in
CCSMCs. In HUVECS, circRNA _013145 knockdown increased
p62, PKG, Bcl-2 and eNOS expression, while decreasing
Beclin-1, caspase-9, caspase-3, LC3-II/LC3-I, Bax, VCAM-1
and ICAM-1 levels (Fig. 4B). These results suggested that
circRNA_013145 silencing alleviated HG-induced phenotypic
transformation, apoptosis, autophagy-associated activation and
endothelial inflammatory injury in vitro.

circRNA_013145 serves as an miRNA sponge for miR-185-5p.
Given the predominant cytoplasmic localization of

circRNA_013145, it was hypothesized its involvement in the
biological activity of CCSMCs and HUVECs may be mediated
via miRNA sponge interactions. miR-185-5p was identified as
a candidate with a binding site within the circRNA_013145
sequence (Fig. 5A). Luciferase assay confirmed that increased
levels of miR-185-5p notably decreased luciferase activity in
CCSMCs and HUVECs within the circ-WT group, but had no
effect on luciferase activity in CCSMCs and HUVEC:s in the
circ-Mut group (Fig. 5B).

The present study demonstrated a significant decrease in
miR-185-5p expression levels in penile tissue (Fig. 5C) and
HG-induced CCSMCs and HUVECs (Fig. 5D). RT-qPCR
analysis confirmed that miR-185-5p mimic markedly increased
miR-185-5p levels, whereas the miR-185-5p inhibitor signifi-
cantly decreased miR-185-5p levels in CCSMCs and HUVECs
(Fig. SE). In addition, circRNA_013145 expression was nega-
tively associated with miR-185-5p expression in CCSMCs
and HUVECs (Fig. 5F), with circRNA_013145 knockdown
significantly increasing miR-185-5p expression (Fig. 5G).
These findings suggested that circRNA_013145 interacts with
miR-185-5p during DMED development.

circRNA_013145 may regulate RhoA expression by sponging
miR-185-5p. Bioinformatics analyses revealed RhoA as a target
gene for miR-185-5p (Fig. 6A). Luciferase assay confirmed
that miR-185-5p binds to RhoA 3'-UTR, leading to decreased
RhoA luciferase activity in CCSMCs and HUVECs (Fig. 6B).
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Figure 3. Effects of circRNA_013145 knockdown on CCSMC and HUVEC proliferation, migration and apoptosis. (A) Effect of circRNA_013145 knock-
down on cell proliferation was determined via the colony formation assay. (B) Effect of circRNA_013145 knockdown on migration was determined via the
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RhoA expression was significantly higher in penile tissue from
DMED rats than in control rats (Fig. 6C) and in HG-induced
CCSMCs and HUVECs compared with the corresponding
control cells (Fig. 6D).

The connection between RhoA, miR-185-5p and
circRNA_013145 was verified by RIP assays with anti-Ago2
antibodies. circRNA_013145, miR-185-5p and RhoA levels
were significantly higher in CCSMCs and HUVECs in the
Ago?2 group than in CCSMCs and HUVEC:s in the IgG groups
(Fig. 6E). Transfection with miR-185-5p mimic significantly
inhibited RhoA expression in CCSMCs and HUVECs
(Fig. 6F). Similarly, circRNA_013145 knockdown with
si-Circ_#1 decreased RhoA protein levels in both cell types
(Fig. 6G). Collectively, these findings demonstrated that the
circRNA_013145/miR-185-5p/RhoA pathway may contribute
to DMED progression.

miR-185-5p downregulation reverses the effects of
circRNA_013145knockdown.TodeterminewhethermiR-185-5p
mediates the protective effects of circRNA_013145 knock-
down, rescue experiments were performed by co-transfecting
si-Circ#1 with a miR-185-5p inhibitor under HG conditions. In
the colony formation assay, si-Circ#1 decreased CCSMC but
enhanced HUVEC proliferation, whereas miR-185-5p inhibi-
tion partially reversed these effects (Fig. 7A). Flow cytometry
showed that circRNA_013145 knockdown decreased apop-
tosis in both CCSMCs and HUVECs and this anti-apoptotic
effect was weakened by miR-185-5p inhibition (Fig. 7B). In
the wound healing assay, si-Circ#1 suppressed CCSMC migra-
tion and promoted HUVEC migration, while co-transfection

with the miR-185-5p inhibitor partially reversed these changes
(Fig. 7C). si-Circ#1 decreased TNF-a, IL-6 and MDA and
increased SOD, NO and cGMP levels, whereas miR-185-5p
inhibition attenuated these improvements in inflammatory and
oxidative stress-associated indicators (Fig. 7D). Consistently,
western blotting showed that the si-circ#1-induced changes in
phenotypic transformation-, apoptosis-, autophagy- and endo-
thelial function-related proteins were also partially reversed
by miR-185-5p inhibition (Fig. 7E). These findings indicated
that circRNA_013145 aggravated HG-induced CCSMC and
HUVEC injury, at least in part, via the miR-185-5p/RhoA
regulatory pathway.

Effects of circRNA_013145 knockdown on erectile function,
phenotypic transformation and apoptosis in rats with DMED.
To evaluate the in vivo effects of circRNA_013145 knockdown,
Ad-sh_circRNA_013145 was delivered into the CC of DMED
rats. Behavioral assessment showed that DMED rats exhibited
decreased erection frequency and duration, together with
prolonged erection latency, whereas Ad-sh_circRNA_013145
partially restored these parameters compared with the
DMED and Ad-NC groups (Fig. 8A). Consistently, max ICP
and ICP/MAP ratio were markedly decreased in DMED rats
and partially recovered following Ad-sh_circRNA_013145
treatment (Fig. 8B).

Histological analysis showed marked cavernosal remod-
eling in DMED rats. H&E staining revealed a decrease in the
number of visible blood vessels and vascular-like structures
in the CC, whereas Masson's trichrome staining showed
increased collagen deposition and decreased smooth muscle
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content. These pathological changes were partially reversed
by Ad-sh_circRNA_013145 (Fig. 8C). CD31 immunofluo-
rescence staining also showed that CD31-positive vascular
structures were decreased in the DMED and Ad-NC groups,
whereas Ad-sh_circRNA_013145 increased the number
of CD3l1-positive vascular structures in the CC (Fig. 8D).
TUNEL staining demonstrated increased apoptosis in DMED
penile tissue, which was significantly decreased following
Ad-sh_circRNA_013145 treatment (Fig. 8E).

The in vivo knockdown efficiency of Ad-sh_
circRNA_013145 was validated by RT-PCR. Compared

with Ad-sh_NC, Ad-sh_circRNA_013145 significantly
decreased circRNA_013145 expression in rat penile tissue
(Fig. S7C). RT-qPCR showed that Ad-sh_circRNA_013145
increased miR-185-5p expression and decreased RhoA
expression in DMED penile tissue (Fig. 8F). Western
blotting showed that Ad-sh_circRNA_013145 increased
a-SMA, desmin, p62, PKG, eNOS and Bcl-2 levels, while
decreasing RhoA, Beclin-1, VCAM-1, ICAM-1, osteopontin,
LC3-II/LC3-I and Bax levels (Fig. 8G). These in vivo find-
ings were consistent with the in vitro results and suggested
that circRNA_013145 knockdown improves erectile
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function and cavernosal pathological remodeling through the
miR-185-5p/RhoA-associated pathway.

Discussion

DMED is a common and difficult to treat complication of
diabetes, and its pathogenesis involves complex interactions
between endothelial dysfunction, oxidative stress, inflam-
mation, cavernosal smooth muscle injury and structural
remodeling (1,30). Hyperglycemia-induced oxidative stress
and inflammatory responses are key contributors to endothelial
damage (31), whereas phenotypic transformation of CCSMCs
compromises cavernosal relaxation and penile hemody-
namics (32,33). The present study identified circRNA_013145
as a significantly upregulated circRNA in penile tissue from
DMED rats and in HG-treated CCSMCs and HUVECs. These
findings suggested that circRNA_013145 may participate in
the pathological response of cavernosal vascular and smooth
muscle cells to diabetic conditions.

A key step in circRNA research is distinguishing the
circular transcript from its corresponding linear host tran-
script. circRNA_013145 is derived from the Asph gene; the
present RNase R and actinomycin D assay demonstrated that
circRNA_013145 was more stable than linear Asph mRNA
and resistant to RNase R digestion, supporting its identity as

a circRNA. In addition, nuclear-cytoplasmic fractionation and
FISH analysis showed that circRNA_013145 was predomi-
nantly localized in the cytoplasm, indicating that it may exert
post-transcriptional regulatory effects. Consistent with this,
dual-luciferase reporter assay and RIP analysis confirmed that
circRNA_013145directlyinteracted withmiR-185-5p.Moreover,
luciferase reporter assays supported the binding of miR-185-5p
to the RhoA 3'-UTR), and circRNA_013145 knockdown
reduced RhoA expression in a miR-185-5p-dependent manner.
These data identified circRNA_013145/miR-185-5p/RhoA as
a key regulatory pathway in DMED. A schematic summary of
the proposed circRNA_013145/miR-185-5p/RhoA regulatory
mechanism in DMED is shown in Fig. S8.

The decline in erectile function in DMED is associated
with cavernosal vascular dysfunction, impaired neurovas-
cular repair, smooth muscle loss, collagen deposition and
fibrosis (34-36). These pathological changes compromise
penile blood filling, veno-occlusive function and erectile
hemodynamics. In the present study, circRNA_013145 knock-
down partially restored erectile behavior, increased max ICP
and the ICP/M AP ratio, increased the number of CD31-positive
vascular structures and decreased cavernosal fibrosis and
apoptosis in DMED rats. At the cell level, circRNA_013145
knockdown attenuated HG-induced oxidative stress and
inflammation, restored NO/cGMP- and PKG-associated
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indicators and improved the biological behavior of CCSMCs
and HUVECs. Given the key role of the NO/cGMP/PKG
pathway in erectile physiology (19,37), these results suggested
that circRNA_013145 may contribute to DMED by linking
hyperglycemia-induced cell injury with impaired cavernosal
vascular function. Oxidative stress is also a key mechanism
that disrupts endothelial function, decreases NO bioavailability
and contributes to ED (38).

circRNAs typically regulate gene expression by acting
as miRNA sponges, interacting with RNA-binding proteins
or modulating post-transcriptional processes (39). Increasing
evidence also indicates that circRNAs participate in diabetes
and its vascular complications (16,40). In the present study,
circRNA_013145 was primarily localized in the cytoplasm
of CCSMCs and HUVECs, supporting a potential post-tran-
scriptional regulatory role. The present study identified
circRNA_013145 as a sponge for miR-185-5p and confirmed
RhoA as adownstream target of miR-185-5p. Advanced glycation
end products disrupt endothelial function through RhoA-related

signaling (41). RhoA/ROCK activation may negatively influ-
ence NO/cGMP-mediated relaxation, which is key for normal
erectile function (42). More broadly, RhoA/ROCK signaling
contributes to endothelial dysfunction, vascular smooth muscle
remodeling and diabetes-associated vascular injury (43,44), and
pharmacological inhibition of this pathway has been shown
to improve ED in preclinical models (45,46). Therefore, the
circRNA_013145/miR-185-5p/RhoA pathway may represent a
mechanistic link between hyperglycemia-induced non-coding
RNA dysregulation and cavernosal vascular dysfunction in
DMED.

Functionally, circRNA_013145 silencing attenuated
multiple pathological processes associated with DMED. In
CCSMCs, circRNA_ 013145 knockdown increased levels of
the contractile markers a-SMA and desmin and decreased
expression of the synthetic marker osteopontin, suggesting inhi-
bition of HG-induced phenotypic transformation. In HUVECs,
circRNA_013145 knockdown increased eNOS expression
and decreased VCAM-1 and ICAM-1 levels, indicating
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circRNA_013145 silencing. (C) Migration of co-transfected CCSMCs and HUVECs as determined via a wound healing assay. (D) TNF-a, IL-6, MDA,
SOD, NO and cGMP levels in co-transfected CCSMCs and HUVECs, as determined via ELISA. (E) miR-185-5p knockdown abolished the effects of
si-circRNA_013145 on a-SMA, desmin, osteopontin, p62, LC3, Beclin-1, Bax, Bcl-2, Caspase-9, Caspase-3, PKG, eNOS, VCAM-1 and ICAM-1 expression
in HG-induced CCSMCs and HUVECs. "P<0.05, “P<0.01 vs. HG + si-Circ_#1. miR, microRNA; circ, circular; CCSMC, corpus cavernosum smooth muscle
cells; HUVECSs, human umbilical vein endothelial cells; MDA, malondialdehyde; SOD, superoxide dismutase; NO, nitric oxide; cGMP, cyclic guanosine
monophosphate; a-SMA, a-smooth muscle actin; PKG, protein kinase G; eNOS, endothelial nitric oxide synthase; VCAM-1, vascular cell adhesion molecule-1;
ICAM-1, intercellular adhesion molecule-1; HG, high-glucose; NC, negative control.

improvement of endothelial inflammatory injury. In both cell
types, circRNA_013145 silencing decreased expression of
apoptosis- and autophagy-associated injury markers, including
Bax, caspase-3/9, Beclin-1 and LC3-1I/LC3-I, while increasing
Bcl-2 and p62. Autophagy has recently been recognized as a
key regulator of erectile function under pathological conditions,
including diabetes-associated injury (47). Although the present
improvements are consistent with enhanced cell homeostasis
after circRNA_013145 silencing, whether these changes are
direct consequences of RhoA downregulation or involve addi-
tional downstream pathways remains to be clarified.

The rescue experiments supported the functional relevance
of miR-185-5p in the regulatory axis. Inhibition of miR-185-5p
partially reversed the beneficial effects of circRNA_013145
knockdown on proliferation, migration, apoptosis, inflamma-
tion, oxidative stress and protein markers related to CCSMC
phenotype and endothelial function. These findings indicated
that miR-185-5p is required, at least in part, for the protec-
tive effects induced by circRNA_013145 silencing. However,
because circRNAs may interact with multiple miRNAs or
RNA-binding proteins, additional targets of circRNA_013145
cannot be excluded.
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The in vivo findings were consistent with the cellular
results. At the molecular level, Ad-sh_circRNA_013145
decreased circRNA_013145 and RhoA expression while
increasing miR-185-5p expression in penile tissue. Western
blotting further confirmed favorable changes in markers of
smooth muscle phenotype, endothelial function, apoptosis
and autophagy-related activation. These results suggested that
circRNA_013145 knockdown can improve both functional and
structural abnormality in DMED, supporting the translational
relevance of the circRNA_013145/miR-185-5p/RhoA pathway.

The present study has limitations. First, the use of a
rat DMED model and in vitro cell systems limits direct
extrapolation to human DMED. Second, although HUVECs
provide a useful endothelial model, they do not fully reca-
pitulate penile cavernous endothelial cells. Third, although the
circRNA_013145/miR-185-5p/RhoA pathway was experimen-
tally validated, other potential miRNA targets or RNA-binding
protein interactions of circRNA_013145 were not explored.
Fourth, the downstream involvement of RhoA/ROCK
signaling, autophagy and apoptosis was primarily inferred
from changes in associated markers; pathway-specific rescue
or inhibition experiments are needed for stronger causal valida-
tion. Finally, the long-term efficacy and safety of Ad-mediated
circRNA_013145 silencing remain to be investigated.

In conclusion, the present study demonstrated that
circRNA_013145 was upregulated in DMED and promoted
cavernosal cellularinjury by sponging miR-185-5p and increasing
RhoA expression. Silencing circRNA_013145 alleviated oxida-
tive stress, inflammation, CCSMC phenotypic transformation,
endothelial injury, apoptosis and cavernosal remodeling,
improving erectile function in DMED rats. These findings
identified circRNA_013145 as a potential molecular target for
DMED and provide new insight into circRNA-mediated regula-
tion of diabetic cavernosal dysfunction.
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