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DMED is a common complication of diabetes, for which 
new treatment methods are urgently required. Focused 
on DMED, the pharmacological mechanism of simvas-
tatin (Sim) was probed. A model of DMED was made in 
rats with streptozotocin and orally medicated with Sim. 
Lentiviral vectors that interfere with miR-9-5p or PDCD4 
were injected, and the erectile function, histopathology 
of cavernous tissue, and α-SMA expression were evalu-
ated. Cavernous smooth muscle cells (CMSCs) obtained 
from DMED rats were treated with Sim and transfected 
with the plasmid vector that interferes with miR-9-5p 
or PDCD4 to observe cell viability and apoptosis. The 
binding relationship between miR-9-5p and PDCD4 was 
checked. After 8-week treatment with Sim, erectile func-
tion was improved and the corpus cavernosum injury 
was alleviated. Upregulating miR-9-5p or downregulat-
ing PDCD4 further improved erectile function and cav-
ernous injury in rats. miR-9-5p targeted regulation of 
PDCD4. In vitro cell experiment results showed that Sim 
induced proliferation and reduced apoptosis of CSMCs 
by enhancing miR-9-5p-targeted regulating PDCD4 in 
vitro. Sim attenuates DMED in rats via miR-9-5p/PDCD4.
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INTRODUCTION

Erectile dysfunction (ED) is defined as erection failure 
during sexual intercourse and is a common complication 
of diabetes (Che et al., 2020). With lifestyle changes and 
population ages, the incidence rate of ED is increasing 
(He et al., 2019). The incidence rate of ED in the normal 
population is 0.1–18%, while that in diabetic patients is 
nearly 3 times higher (Seftel, 2005). ED can affect physi-
cal, emotional, social, sexual, and interpersonal relation-
ships, for which drug therapy is the main treatment, in-
cluding PDE5 inhibitors, androgen therapy, and vasoac-
tive drugs (Lau et al., 2007). Compared with other treat-
ments, such as intracavernous injection or intraurethral 
injection of alprostadil, drug treatment is less invasive 
(Talib et al., 2021). However, the effect of oral medica-

tion on ED is significantly lower (Martínez-Salamancaet 
al., 2014). Therefore, there is an urgent need to develop 
new drugs for the treatment of diabetes mellitus erectile 
dysfunction (DMED).

Statins are 3-hydroxy-3-methylglutaryl CoA reductase 
inhibitors, which are widely used to reduce cholesterol 
levels in patients with lipid metabolism disorders. Sim-
vastatin (Sim) is one of the most widely used lipophilic 
statins (Aschenbrenner et al., 2021) that has therapeutic 
value in human diseases, such as fracture healing (Haji-
alizade et al., 2020), tumorigenesis (Kopacz et al., 2020), 
hydrocephalus (Chen et al., 2017), Parkinson’s disease 
(Carroll et al., 2017). Sim can alleviate DMED by en-
hancing autophagy (Ding et al., 2020), but other potential 
mechanisms of Sim action have not been fully studied.

MicroRNA (miRNA) involves in a variety of disease-
related signaling pathways after transcription (Rupai-
moole et al., 2017). miR-126-engineered MDSCs can 
reconstruct blood vessels and repair rat cavernous in-
jury, to reduce ED caused by rat cavernous injury (Zou 
et al., 2021) and miR-205 is involved in the pathogen-
esis of DMED (Wen et al., 2019). miR-9-5p has been 
widely studied in tumors, such as liver cancer (Wang et 
al., 2020), prostate cancer (Wang et al., 2021), and gastric 
cancer (Ba et al., 2021). However, the role of miR-9-5p 
in DMED is not yet clear.

Our research aims to explore the potential mechanism 
of DMED by targeting miR-9-5p/PDCD4 and provide a 
new treatment for DMED.

MATERIALS AND METHODS

DMED rat model

The animal treatment complied with the “Experimen-
tal Animal Care and Guide” and was approved by the 
Experimental Animal Ethics Committee of Tongji Hos-
pital, Tongji University School of Medicine, ShangHai 
(NO.T20116A301). Healthy male SD rats, aged 8 weeks 
old, were standard fed in a non-pathogenic environment, 
and blood glucose was tested a week later. After 24 h of 
fasting, 64 rats were injected with streptozotocin (STZ)-
citrate buffer at 60 mg/kg, and the other 6 rats were 
with citric acid buffer. After that, rats were given normal 
feeding. At 24 h, 72 h, and 1-week post-injection, blood 
glucose was assessed and >16.67 mmol/L indicated the 
induction of diabetes. After 8 w of normal feeding, rats 
were subcutaneously injected with Apomorphine (APO) 
at 100 μg/kg in the neck and placed in the dark for 30 
min during which the number of penis erections was re-

Vol. 70, No 4/2023
791–797

https://doi.org/10.18388/abp.2020_6315

mailto:catottisina@hotmail.com
mailto:wallyxiang@126.com
https://doi.org/10.18388/abp.2017_


792           2023Y.M. Weng and others

corded. A total of 54 DMED rats (rats without erection) 
were established, and the success rate was 84.4%.

Animal treatment

After modeling, rats were given oral medication 
with Sim (dissolved in DMSO and physiological saline, 
2 mg/kg) or saline, once a day, for 8 days. Meanwhile, 
48 DMED rats were intravenously injected with 7.6×107 
IFU lentivirus (10 mg/kg), carrying miR-9-5p agomir, 
agomir NC, miR-9-5p antagomir, antagomir NC, si-
PDCD4, si-NC, miR-9-5p agomir + oe-PDCD4, and 
miR-9-5p agomir + oe-NC, respectively. After the last 
injection, rats were fed ad libitum for 3 days, and body 
weight and blood glucose were measured. The rats were 
euthanized to harvest corpus cavernosum which was 
preserved in liquid nitrogen.

Construction and injection of lentivirus

Plasmid DNA (12.5 μg) and liposomes (9 μL) were 
diluted in 250 μL of serum-free RPMI1640 medium 
(R8758, Gibco, CA, USA), respectively, and mixed to 
form a plasmid-liposome complex which was then added 
into 293T cells (ATCC, VA, USA). After that, cells were 
incubated for 6–8 hours, and the whole culture medium 
was centrifuged at 716 g for 20 min to obtain lentivirus-
enriched supernatant. Next, the supernatant was filtered 
through a 0.45 μm filter, stored at –80°C, and injected 
into the tail vein of DMED rats.

Evaluation of erectile function in vivo

Rats were anesthetized by intraperitoneal injection of 
2% pentobarbital sodium (3 mg/kg). After the separa-
tion of the corpus cavernosum, the prostate was exposed 
and then the left common carotid artery was separated. 
Intracavernous pressure (ICP) and mean arterial pres-
sure (MAP) to 50-s electrical stimulation were monitored 
(20 Hz, 5 V, 0.2 ms). The electrode stimulation interval 
lasted 15 min.

H&E staining

Penile tissue was routinely made into paraffin slices 
(about 4 μm) for staining with hematoxylin for 5 min 
and with eosin for 2 min. Afterward, the slices were de-
hydrated with ethanol, cleared with xylene, and sealed 
with neutral glue for microscopic observation.

Immunofluorescence

Sections were dewaxed, dehydrated in gradient etha-
nol, treated overnight with sodium citrate buffer solu-
tion (pH 6.0), permeabilized with 0.5% Triton X-100 
and incubated at 5% bovine serum albumin. The slices 
were then treated with primary antibody α-SMA (1:200, 
millipore sigma) and the secondary antibody combined 
with Alexa fluor 488 or Alexa fluor 555 (1:200). Next, 
counter-staining with 4,6-diamidino-2-phenylindole was 
performed to capture the images under a fluorescence 
microscope (Olympus, ix83-fv3000, Tokyo, Japan) fol-
lowed by quantification using ImageJ (v1.8.0, NIH, MD, 
USA).

TUNEL staining

Apoptosis in the paraffin section was detected by 
Apop Tag Plus In situ apoptosis Detection kit (Oncor 
Inc, Gaithersburg) and analyzed under an optical micro-
scope (Nikon, Japan) (Hirfanoglu et al., 2019).

Cell culture

The euthanized DMED rats were sterilized in 75% al-
cohol, the penis was dissected along the inferior edge of 
the pubis, and the glans of the penis were collected. The 
albuginea vessels and urethra were stripped, and the cor-
pus cavernosum was cut into 0.5–1 mm3 pieces and cul-
tured for 5–7 days in a medium containing 20% fetal bo-
vine serum. After 2-3 passages, cavernous smooth muscle 
cells (CMSCs) were treated with Sim (2 μM) for 24 h.

Cell transfection

CMSCs were transfected with miR-9-5p mimic, 
mimic NC, miR-9-5p inhibitor, inhibitor NC, sh-NC, 
sh-PDCD4, miR-9-5p mimic + pcDNA-PDCD4 and  
miR-9-5p mimic + pcDNA-NC using Lipofectamine 
2000 (11668019, Invitrogen). The above plasmid was 
constructed by Sangon (Shanghai, China) with pEGFP-
4.1N (Invitrogen) as the vector.

Cell viability assay

CMSCs proliferation was assessed at 24, 48, and 72 
h using cell counting kit-8 (CK04, Dojindo, Kumamoto, 
Japan) by evaluating the optical density (OD) at 450 nm 
on a microplate reader.

Flow cytometry

CMSCs apoptosis was measured by annexin V-FITC 
apoptosis Kit (Abcam, Cambridge, UK) and detected 
on a flow cytometer (br168323; Luminex, Austin, TX, 
USA). Data were analyzed by Kaluza C analysis software 
(Beckman Coulter, CA, USA).

RNA extraction and analysis

Total RNA was extracted with RNeasy Mini Kit (Qia-
gen, CA, USA), and cDNA was generated with Prime-
Script RT reagent Kit (RR047A, Takara, Japan) or miR-
NA first-strand cDNA synthesis Kit (Sangon). qPCR 
was performed using SYBR Premix Ex Taq™ II (Perfect 
Real Time) kit (DRR081, Takara, Japan) and ABI7500 
Real-Time PCR system (ABI, Foster City, USA). Glycer-

Table 1. Primer sequences

Genes Sequences (5’– 3’)

miR-9-5p F: GTGCAGGGTCCGAGGT

R: GCGCTCTTTGGTTATCTAGC

PDCD4 F: ATGTGGAGGAGGTGGATGTG

R: TGGTGTTAAAGTCTTCTCAAATGC

PCNA F: GCCATATTGGAGATGCTGT

R: TGAGTGTCACCGTTGAAGA

Bax F: GATCGAGCAGGGCGAATG

R: CATCTCAGCTGCCACTCG

U6 F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

GAPDH F: CGGAGTCAACGGATTTGGTCGTAT

R: AGCCTTCTCCATGGTGGTGAAGAC

Note: miR-9-5p, microRNA-9-5p; PDCD4, Programmed cell death 4; 
PCNA, Proliferating cell nuclear antigen; Bax, Bcl-2-associated X; GAP-
DH, glyceraldehyde 3-phosphate dehydrogenase
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aldehyde-3-phosphate dehydrogenase (GAPDH) and U6 
were considered internal controls. The primer sequences 
are shown in Table 1, miRNA negative primers and U6 
upstream primers were provided by miRNA first-strand 
cDNA synthesis (Tailing Reaction) kit. Relative expres-
sion levels were calculated using the 2-ΔΔCt method.

Western Blot

Proteins were extracted using RIPA lysis buffer (P0013C, 
Beyotime, China) and analyzed BCA protein detection kit 
(20201ES76, Yeasen, Shanghai, China). Proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and then transferred to polyvinylidene fluoride 
membranes. After blocking with 5% skim milk, membranes 
were incubated with primary antibodies PDCD4 (1:1000, 
9535, Cell Signaling Technology) and GAPDH (1:1000, 
ab8245, Abcam) and with goat anti-rabbit IgG (ab205718, 
Abcam) to analyze gray values using ImageJ 1.48u (NIH).

Dual-Luciferase Reporter Experiment

The 3’UTR fragment of PDCD4 and its mutation 
containing potential miR-9-5p binding site were inserted 
into the PGLO vector, namely PGLO-PDCD4 wild type 
(WT) and PGLO-PDCD4 mutant (MUT). The vectors 
were co-transfected with miR-9-5p mimic and mimic NC 
into 293T cells, respectively, thereby analyzing luciferase 
activity using a dual luciferase reporter gene detection 
system (e1910, Promega, WI, USA).

Data analysis

All data were statistically analyzed by SPSS 21.0 statis-
tical software. Reported as mean ± standard deviation, 
the measurement data were compared by independent 
sample t-test if following normal distribution, otherwise 
by one-way ANOVA and Tukey’s multiple comparison 
post hoc analysis. With P<0.05, the difference was con-
sidered to be statistically significant.

RESULTS

Sim can improve ED in DMED rats

Before intraperitoneal injection of STZ, rats showed no 
significant difference in body weight, blood glucose, or 
erectile function. Except for 8 rats that died due to STZ, 
the other 64 diabetic rats and 6 normal rats were subject-
ed to the APO test. Among them, 1-3 erections happened 
in 10 diabetic rats in 30 min, and no erection in the oth-
er 54 diabetic rats. To verify the improvement effect of 
Sim on DMED rats, DMED rats took Sim orally. Dia-
betic rats had reduced body weight and increased blood 
glucose, which could be ameliorated by Sim (Fig. 1A, B). 
The ICP/MAP values were decreased in diabetic rats and 
could be restored by Sim (Fig. 1C). Then, we observed 
the pathological condition of the cavernous by HE stain-
ing, which showed that the capillaries of the cavernous 
sinus contained erythrocytes, which were intertwined in a 
network. A large number of capillaries were seen in the 
corpus cavernosum tissue of sham-operated rats while 
less in diabetic rats; after Sim treatment, the corpus caver-
nosum injury was relieved (Fig. 1D). Immunofluorescence 
analysis in the penile cavernous demonstrated that α-SMA 
expression was decreased in DMED rats; Sim increased 
α-SMA expression (Fig. 1E, F). In addition, RNA and 
protein expression analysis revealed that miR-9-5p expres-
sion was decreased and PDCD4 expression was increased 
in DMED rats; after Sim treatment, their expression 
trends were recovered (Fig. 1G).

miR-9-5p alleviates corpus cavernosum damage in 
DMED rats

For defining the impacts of miR-9-5p in DMED rats, 
Sim-treated DMED rats were injected with the lentivi-
ral vector into the tail vein to interfere with miR-9-5p 
expression (Fig. 2A). Due to miR-9-5p overexpression, 

Figure 1. Sim can improve ED in DMED rats
(A–B) Changes in body weight and blood glucose of rats; (C) Erectile function assessment in vivo; (D) HE staining; (E–F) immunohisto-
chemical staining for α-SMA; (G) miR-9-5p and PDCD4 expression; values are expressed as mean ± standard deviation; *P<0.05 vs. Sham 
group; #P<0.05 vs. Model group.



794           2023Y.M. Weng and others

rats gained weight, blood glucose decreased, and ICP/
MAP values elevated (Fig. 2B-D), the corpus caverno-
sum damage was alleviated (Fig. 2E), and α-SMA expres-
sion was raised (Fig. 2F, G). While miR-9-5p inhibition 
counter-acted the ameliorating effect of Sim (Fig. 2B-G).

miR-9-5p targets PDCD4

The specific binding site between PDCD4 and miR-
9-5p was identified through the bioinformatic web-
site RNA22 (Fig. 3A). The binding of miR-9-5p to 
PDCD4 was verified by dual-luciferase reporter gene 
assay based on the experimental result that miR-9-5p 
mimic induced the impairment of PGLO-PDCD4-WT 
luciferase activity (Fig. 3B). Analysis of PDCD4 ex-
pression indicated that with the change in miR-9-5p 
expression, PDCD4 expression was altered in an op-
posite way (Fig. 3C).

Depleting PDCD4 attenuates ED in DMED rats

In Sim-treated DMED rats, a lentiviral vector carrying 
si-PDCD4 or miR-9-5p agomir + oe-PDCD4 was injected 
into the tail vein (Fig. 4A). It was verified that si-PDCD4 

had the ameliorating effects as miR-9-5p agomir, however, 
oe-PDCD4 mitigated the protective role of miR-9-5p ago-
mir in Sim-treated DMED rats (Fig. 4B-G).

Sim protects CSMCs in vitro by enhancing miR-9-5p and 
suppressing PDCD4 expression

The regulatory role of Sim through the miR-9-5p/
PDCD4 axis was tested using CSMCs. CSMCs were 
treated with Sim and then transfected. Quantitative PCR 
detection (Fig. 5A) manifested that Sim treatment el-
evated miR-9-5p and restrained PDCD4 expression in 
CSMCs; miR-9-5p mimic and miR-9-5p inhibitor trans-
fection could strengthen and impair Sim-mediated ef-
fects; sh-PDCD4 transfection promoted the inhibitory 
effect of Sim on PDCD4 expression; pcDNA-PDCD4 
enhanced the level of PDCD4 that had been suppressed 
by miR-9-5p mimic. The regulatory effect of Sim on 
the biological characteristics of CSMCs was investigated, 
showing that Sim-mediated induction of proliferation 
and reduction of apoptosis could be further bolstered by 
overexpressing miR-9-5p or suppressing PDCD4 while 
impaired by inhibiting miR-9-5p; PDCD4 expression in-

Figure 2. miR-9-5p reduces corpus cavernosum damage in DMED rats.
(A) miR-9-5p expression; (B–C) Changes in body weight and blood glucose of rats; (D) Erectile function assessment in vivo; (E) HE stain-
ing; (F–G) immunohistochemical staining for α-SMA; values are expressed as mean ± standard deviation; *P<0.05 vs. agomir NC group; 
#P<0.05 vs. antagomir NC group.

Figure 3. miR-9-5p targets PDCD4
(A) binding site of miR-9-5p and PDCD4; (B) the targeting relationship between miR-9-5p and PDCD4; (C) PDCD4 expression; values are 
expressed as mean ± standard deviation.
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Figure 4. Depleting PDCD4 ameliorates ED in DMED rats
(A) PDCD4 expression; (B–C) Changes in body weight and blood glucose of rats; (D) Erectile function assessment in vivo; (E) HE staining; 
(F–G) immunohistochemical staining for α-SMA; values are expressed as mean ± standard deviation; *P<0.05 vs. si-NC group; #P<0.05 vs. 
miR-9-5p agomir + oe-NC group.

Figure 5. Sim protects CSMCs in vitro by enhancing miR-9-5p and suppressing PDCD4 expression
(A) miR-9-5p and PDCD4 expression; (B) cell viability; (C) cell apoptosis; (D–E) PCNA and Bax mRNA expression; values are expressed as 
mean ± standard deviation; *P<0.05 vs. Control group; #P<0.05 vs. DMED group; &P<0.05 vs. mimic NC group; $P<0.05 vs. inhibitor NC 
group; ^P<0.05 vs. sh-NC group; %P<0.05 vs. miR-9-5p mimic + pcDNA-NC group.
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duction served a blocker for miR-9-5p-mediated protec-
tion against anti-proliferation and apoptosis (Fig. 5B, C). 
As expected, mRNA expression of PCNA and Bax also 
confirmed the above results (Fig. 5D, E).

DISCUSSION

The number of diabetic patients is increasing every 
year and DMED affects more than half of men with 
diabetes (Huo et al., 2020). The pathogenesis of DMED 
involves a contraction-relaxation imbalance of CSMCs. It 
has been reported that CSMCs can change their pheno-
type from a contractile state to a diastolic state under 
hyperglycemic conditions (Wei et al., 2012). At present, 
oral drugs are often used in the clinical treatment of ED. 
Sim, a commonly used cholesterol-lowering drug, has 
been found to improve ED in patients over the age of 
40 (Trivedi et al., 2014). Particularly, our study suggested 
the therapeutic action of Sim in DMED by miR-9-5p/
PDCD4 axis and further provided evidence to verify the 
therapeutic potential of Sim for DMED.

Bilateral cavernous nerve injury is a cause of ED, 
leading to profound changes in the penis and damage to 
CSMCs (Hannan et al., 2014). It has been reported that 
a sufficient amount of relaxed smooth muscle is required 
for penile erection, and the lack of smooth muscle can 
lead to venous occlusive dysfunction that exacerbates the 
symptoms of ED (Rogers et al., 2003). α-SMA, an impor-
tant marker of smooth muscle, is downregulated during 
ED (Cho et al., 2015). It is well known that Sim treat-
ment upregulates α-SMA and enhances erectile function. 
Erectile function is generally assessed by measuring ICP/
MAP and low ICP/MAP is detectable in ED rats (Wang 
et al., 2019). We constructed an STZ-induced DMED 
rat model and evaluated it by APO. As the results pre-
sented, STZ treatment reduced body weight, ICP/MAP 
value, and α-SMA expression, increased blood glucose 
and corpus cavernosum damage, while Sim treatment at-
tenuated the damage of STZ to DMED rats. Further-
more, we determined that Sim exerted its effects by tar-
geting the regulation of the miR-9-5p/PDCD4 axis. To 
our knowledge, this is the first report that indicates that 
Sim regulates DMED by regulating miRNA expression.

Some miRNAs are abnormally expressed in the cor-
pus cavernosum of ED rats, including miR-1, miR-200a, 
miR-203, and miR-206 (Pan et al., 2014). In addition, 
miR-101a, miR-138, miR-338, and miR-142 are dysregu-
lated in a rat model of bilateral cavernous nerve crush 
(Liu et al., 2018). The abnormal expression of miR-9-5p 
is obvious in diabetes and controlling miR-9-5p confers 
a protection against pyroptosis in the illness (Roshan-
ravan et al., 2020). In addition, miR-9-5p has also been 
surveyed to affect the biological behavior of smooth 
muscle cells (Wang et al., 2021). Our paper described 
for the first time that miR-9-5p was downregulated in 
DMED rats, and upregulating miR-9-5p could further 
enhance the ameliorating role of Sim in ED rats and 
CSMCs while downregulating miR-9-5p resulted in the 
opposite consequences.

PDCD4 was selected as a downstream target gene of 
miR-9-5p. PDCD4 is a pro-apoptotic gene that regu-
lates many important cellular processes (Shuvalova et 
al., 2021) and involves in the progression of ED (Huo 
et al., 2020). Our research presented that PDCD4 ex-
pression was upregulated in DMED rats, and silencing 
PDCD4 protected DMED rats and CMSCs, but over-
expressing PDCD4 mitigated the protection induced by 
miR-9-5p.

However, the study had limitations. First of all, the 
sample size of the study was small, and we hope to ver-
ify our research results with a larger sample size in the 
future. Secondly, we only explored the regulatory axis of 
Sim/miR-9-5p/PDCD4, and other possible regulatory 
mechanisms of Sim in DMED were not explored. For 
example, studies have shown that Sim can improve the 
endothelial function of retinal capillary endothelial cells 
under high glucose conditions by increasing the expres-
sion level of eNOS mRNA and NO production (Tun 
et al., 2017). NOS is a kind of NO-generating enzyme 
with three isoforms: nNOS, iNOS, and eNOS (Suksawat 
et al., 2018). Recently, an increasing number of studies 
have demonstrated that NO is a critical neurotransmit-
ter in the corpus cavernosum for the mediation of pe-
nile erection (Coletto et al., 2018; Li et al., 2017). Evi-
dence from previous studies indicates that OS-induced 
NO- mediated endothelial dysfunction is a key process 
in DMED (Castela et al., 2016). Therefore, we hope to 
further explore NOS-related pathways in future studies 
and improve the molecular mechanism of simvastatin al-
leviating DMED.

CONCLUSION

Our study demonstrated that DMED was associated 
with apoptosis and Sim attenuated DMED by enhanc-
ing miR-9-5p-targeted regulation of PDCD4 expression 
to ameliorate cavernosal injury and apoptosis in CSMCs. 
Our results provide a reference for Sim as a therapeutic 
drug for DMED.
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