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Purpose: To determine whether microRNA could be a therapy target of erectile dysfunction (ED) and the underlying mecha-
nisms.

Materials and Methods: Eight-week-old fasting male SD rats were intraperitoneally injected with streptozotocin to construct
diabetic rat models. Diabetic ED rats were treated with miRNA-92a inhibitor. The cavernous nerves were electrically stimu-
lated to measure the intracavernous pressure and mean arterial pressure of rats in each group. After the detection, the penile
cavernous tissues are properly stored for subsequent experiments. Rat aortic endothelial cells were used in in vitro studies.
Results:The expression of miR-92a was significantly increased in the corpus cavernosum of Streptozocin (STZ)-induced di-
abetic rats and injection of miR-92a antagomir into the corpus cavernosum of diabetic rats significantly increased eNOS/NO/
cGMP signaling pathway activities, cavernous endothelial cell proliferation, endothelial cell-cell junction protein expression
and decreased the levels of oxidative stress. These changes restored erectile function in STZ-induced diabetic rats. Moreover,
in vitro study demonstrated that the miR-92a expression increased significantly in endothelial cells treated with high glucose,
inhibiting AMPK/eNOS and AMPK/Nrf2/HO-1 signaling pathways in rat aortic endothelial cells via targeting Prkaa2, causing
endothelial dysfunction and overactive oxidative stress, miR-92a inhibitor can improve the above parameters.

Conclusions: miRNA-92a inhibitor could exert an inhibition role on oxidative stress and endothelial dysfunction to improve
diabetic ED effectively.
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INTRODUCTION

Erectile dysfunction (ED) is defined as the inability
of the penis to reach or maintain sufficient rigidity
to complete satisfactory sexual intercourse [1]. ED is
a common male disease, and there are hundreds of
millions of men worldwide with varying degrees of
ED [2,3]. ED has a close relationship with diabetes mel-
litus, the incidence of ED in male diabetic patients is
as high as 75% [4], and the symptoms in these patients
appear earlier and are more severe. The prevalence of
diabetes is increasing rapidly. The International Diabe-
tes Federation predicts that by 2040, the number of pa-
tients with diabetes worldwide will increase to 642 mil-
lion, and the number of men with diabetes-related ED
will also increase significantly [5]. At present, phospho-
diesterase 5 inhibitors (PDEbis) can significantly im-
prove erectile function and quality of life in most ED
patients. This targeted therapy restores erectile func-
tion mainly by inhibiting the degradation of ¢cGMP
in smooth muscle cells of the corpus cavernosum (CC),
promoting continuous relaxation of smooth muscle and
thus maintaining the erection. However, PDE5is are
less effective in diabetic ED (DMED) patients [6]. Stud-
ies have shown that the effective rate of treatment
with PDE5is in nondiabetic ED patients is 85%, while
the effective rate of first-time treatment with PDE5is
in patients with type 2 diabetes ED is only 56% [7].
Therefore, there is an urgent need to explore new tar-
gets for ED treatment in diabetes.

MicroRNAs (miRNAs) are a class of noncoding
and highly conserved small-molecule RNAs with a
length of approximately 20 to 25 nucleotides [8]. By
complementary base pairing with the 3’ untranslated
region (3UTR) of the target mRNA, it degrades target
mRNA or inhibits protein translation, thus regulat-
ing the expression of the target gene. Numerous stud-
ies have proven that miRNAs play important roles in
the development of diabetes mellitus [9-11], especially
in diabetic angiopathies such as diabetic retinopathy,
diabetic nephropathy and coronary arterial disease [12].
ED is a common complication of diabetes mellitus and
the pathogenesis has a close relationship with diabetic
angiopathies. It has been reported that miRNAs can
regulate some key procedures during erection. For
example, miRNAs can regulate nitric oxide synthase
(NOS) activity, miR-92a was reported to decrease NOS
activity [13], thereby affecting the bioavailability of
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nitric oxide (NO); miRNAs can regulate the function of
endothelial cells and smooth muscle cells, inhibition of
miR-92a could improve re-endothelialization and pre-
vent neointima formation [14]; and miRNAs can also
regulate the function of androgen receptors, miR-30b-
3p and miR-30d-5p were reported as direct regulators
of androgen receptor [15]. Therefore, the biological ef-
fects of miRNAs are highly related to the pathological
mechanism of ED. However, only limited studies have
focused on the function of miRNAs in DMED. In this
study, we tried to identify the key miRNAs that regu-
late the development of DMED, to clarify the underly-
ing mechanisms and to find a potential therapeutic
method.

MATERIALS AND METHODS

1. Animals and treatments

Eighty 8-week-old male Sprague-Dawley rats were
used in this study. Streptozocin (60 mg/kg; Sigma-
Aldrich, St. Louis, MO, USA) and the vehicle (0.1 mol/L
citrate-phosphate buffer, pH=4.2) were injected intra-
peritoneally into 70 rats and 10 rats, respectively. At 3
and 7 days after the injection, the blood glucose levels
were measured. Only rats with >16.7 mmol/L fasting
glucose levels at both measurements were considered
to have diabetes. At 12 weeks, 62 of the 70 rats injected
with streptozotocin had survived. Then we conducted
an apomorphine (APO) test [16] to determine the rats
with DMED. Briefly, each rat was injected subcu-
taneously of APO (80 mg/kg; Sigma-Aldrich) in the
loose skin of neck. Erectile responses, determined as a
distended and congested gland, were recorded for 30
minutes. Rats that did not exhibit an erectile response
were considered DMED rats. Thirty rats with DMED
were selected and divided into 3 groups, the DMED
group, the DMED+miRNA-92a antagomir group, and
the DMED+miRNA-92a antagomir control group, n=10
in each group. DMED rats were anesthetized via pen-
tobarbital sodium (40 mg/kg, intraperitoneally) and
placed in a supine position. After the penis was ex-
posed, an elastic band was tied at the base of the penis.
A 10 nmol miRNA-92a antagomir or antagomir control
(total volume 50 ul; RiboBio, Guangzhou, China) was
injected into the CC. The elastic band was removed 3
minutes after the injection. The injection was adminis-
tered every 3 days for 2 weeks.
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2. Evaluation of erectile function

The rats were anesthetized via intraperitoneal injec-
tions of pentobarbital sodium (40 mg/kg). A PE-50 tube
intubated into the carotid artery was used for continu-
ous monitoring of the mean arterial pressure (MAP),
and a 25-gauge needle inserted into the right crura
was used to monitor the intracavernous pressure (ICP).
Cavernous nerves were then isolated and stimulated
continuously for 1 minute at a frequency of 15 Hz and
voltages of 25 V and 5 V, with a 3-minute interval be-
fore the next stimulation. The maximal ratio of ICP to
MAP and the area under the ICP curve (AUC) were
calculated and analyzed to evaluate erectile function.
After the measurement, the CC of each rat was cut
into 4 to 5 pieces, which were immediately frozen in
liquid nitrogen and stored at -80°C or fixed overnight
in 4% paraformaldehyde (Beyotime Biotechnology,
Shanghai, China) and then were embedded in paraffin
for further experiments.

3. Microarray analysis of miRNAs

The microarray analysis was used to compare the
expression profiles of miRNAs in the CC of DMED
rats and normal rats. Specifically, the ligation mixture
was added to the dephosphorylated RNA samples and
incubated for 2 hours. After the samples were dehy-
drated and re-dissolved, we added GE Blocking Agent
(10x) and Hi-RPM Hybridization Buffer (2x) (Aligent,
Santa Clara, CA, USA) to the samples and incubated
them in a 100°C dry thermostat for 6 minutes. Then,
we used 45 pL of the mixture to assemble the SureHyb
chamber (Aligent, Santa Clara, CA, USA) and placed it
on the hybridization oven for 20 hours with 55°C and
20 rpm. After hybridization the chips were washed
and put into the slide holder, and Agilent Scan Control
Software was used to scan the chips and obtain data.

4. Cell line and reagents
Rat aortic endothelial cells were obtained from

American Type Culture Collection (ATCC) and main-
tained in DMED cell culture medium supplemented
with 10% fetal bovine serum in a 37°C cell culture
incubator with 5% CO, The miR-92a mimic and miR-
92a inhibitor were from RiboBio. The transfection was
conducted using the complexes of Lipofectamine 3000
(Invitrogen, Waltham, MA, USA) and miR-92a inhibi-
tor (100 nM)/mimic (50nM) or negative controls accord-
ing to the manufacturer’s instructions. Dorsomorphin
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(compound C) was obtained from SelleckChem (Hous-
ton, TX, USA).

5. Prediction of targeted genes via

bioinformatics

The miRanda database [17] (http://www.microrna.org/
microrna/home.do) and the TargetScan database [18]
(http://www.targetscan.org/vert_72/) were used to pre-
dict the target genes of miR-92a, and the two predic-
tion results were intersected (Supplement Table 3),
which were further enriched by Kyoto Encyclopedia of
Genes and Genomes (KEGG) signaling pathway analy-
sis (https//www.kegg.jp), and the genes in the most rel-
evant pathways were selected for further analysis.

6. Luciferase activity assay

HEK293 cells were cotransfected with the miR-92a or
the control vector and wild type or the mutant Prkaall
Prkaa2 3'UTR plasmid combined with pcDNA-R124P-
HA or pcDNA-Scramble-HA. Cells lysates were used
for detecting firefly and Renilla luciferase activities
by using a dual-luciferase reporter assay kit (Promega,
Madison, WI, USA) according to the manufacturer's
protocol. The normalized values (Renilla/firefly activ-
ity) were used for the analysis. Experiments were per-
formed in triplicate.

7. Statistical analysis

Data are presented as the mean+SEM. The Wilcoxon
rank-sum test was used for data with non-nonnormal
distributions or data with small sample sizes such as
quantitative real-time polymerase chain reaction (qQRT-
PCR) analyses. Statistical analyses were carried out
using one-way analysis of variance (ANOVA) followed
by the Tukey-Kramer’s test for post hoc comparisons.
Data were analyzed using GraphPad Prism 80 (Graph-
Pad Software, San Diego, CA, USA). Differences among
groups were considered statistically significant at
p<0.05.

8. Ethics statement

All animal experiments were conducted in accor-
dance with the accepted standards of humane animal
care approved by the Academic Administration Com-
mittee of Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wu-
han, China. All animal experiments were conducted
based on the guidelines of the Academic Animal Care
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and Use Committee. Institutional animal care and use
committee (IACUC) approval is required (No. 81501246).

RESULTS

1. Metabolic parameter

The body weights and blood glucose levels of each
group are shown in Table 1. The results showed that
before streptozocin instead injection the body weights
of each group ranged from 182 g to 214 g, and blood
glucose ranged from 3.8 mmol/L to 56 mmol/L. No dif-

Table 1. Metabolic parameters
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ference was observed among all rats. Before harvesting,
the body weights of DMED rats, including the DMED,
DMED+miR-92a antagomir, and DMED+miR-92a an-
tagomir control groups, were significantly compared
with those of the control group, with no differences
among all the three DMED groups. In contrast, the fast-
ing blood glucose level increased significantly in all the
three DMED groups compared with the control group.

Group Initial weight (g)  Final weight (g) Initial fasting glucose (mmol/L) Final fasting glucose (mmol/L)
Control 193.59+7.21 451.2+40.71 4.79£0.72 4.83+0.48
DMED 200.26+8.80 224.11+£18.17* 4.98+0.48 27.24+3.36*
DMED+miR-92a antagomir 197.06+£10.64 224.93+20.02* 5.25+0.37 27.42+2.89*%
DMED-+miR-92a antagomir control 200.91+£10.82 222.18+19.35*% 4.85+0.48 28.48+2.93*
Values are present as mean+SEM.
DMED: diabetic erectile dysfunction.
¥p<0.05 when compared with the control group (n=10 per group).
A CON DMED (o} B NG
rno-m!R-210 - IC
o iR 345.5p 03 HG
rno-miR-352 *kk
R S0 51
rno-miR-223 c L
rno-m!R-133? g dkk
e miR 155 2 4-
rno-miR-99a* =
rno-miR-22 %
rno-miR-24-2* [0 . . . .
mo-et-7c © 37 Fig. 1. Elevation of miR-92a in the corpus
rno-miR-199a-5p N . .
mo-miR 272 = cavernosum of DMED rats and diabetic
mo-miR 301a % 2 endothelial cells. (A) Expression of miR-
moleta o NAs changed 3-fold above or 1/3 below
mo-miR-322 T 11 in the corpus cavernosum of diabetic
molet7y & rats compared with CON group (nf4 per
S8 g g 3 0 - : , group). (B) qRT-PCR results of miR-92a
AT S < 48h 72h expression in control group and DMED
I .
group (n=5). (C) qRT-PCR analysis show-
ok ing increased expression of miR-92a in
B D ok the endothelial cells treated with HG (48
= 1
5 - 4- h and 72 h after treatment) (n=4-5). (D)
5 T 5 N miR-92a inhibitor treatment decreased
§ 4 § T the expression of miR-92a in the endo-
5 5 31 thelial cells treated with HG, while miR-
i 3 E 92a mimic induced the expression of
N N o miR-92a in the endothelial cells treated
x 5l x© with NG. Data are meanSEM. **p<0.01,
d% GE) ***¥p<0.001. qRT-PCR: quantitative real-
2 4 2 17 time polymerase chain reaction, CON:
< < control, DMED: diabetic erectile dysfunc-
& 0 © 0- tion, NG: normal glucose (5 mmol/L), IC:
CON  DMED NG HG HG NG isotonic control, HG: high glucose (30

+inhibitor +mimic  mmol/L).
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2. The miR-92a expression increased in the
corpus cavernosum of diabetic erectile
dysfunction rats and diabetic endothelial
cells

The RNA expression profiling analyzed by Agilent

Rat miRNA V180 showed that 13 miRs changed sig-

nificantly (2-fold above or 1/2 below) in the DMED

group compared with the control group, in which 3

miRs changed 3-fold above or 1/3 below (Fig. 1A). All of

the normalized reads and fold changes of the 13 miRs

are shown in Supplement File 1 (Supplement Table 1,

2). Using qRT-PCR analysis, it was validated that the

expression of miR-92a increased significantly in the

CC of the DMED group (Fig. 1B). Similar results were

also observed in the endothelial cells treated with high

glucose (HG; 48 h and 72 h after treatment). Moreover,

The World Journal of

MEN's HEALTH

the expression of miR-92a was higher in the endothe-
lial cells treated with HG for 72 hours than that at 48
hours, however, the difference was not significant (Fig.
10). It was also determined that the miR-92a inhibitor
significantly inhibited the expression of miR-92a in the
endothelial cells, and the miR-92a mimic increased the
expression of miR-92a, similar to the endothelial cells
treated with HG (Fig. 1D).

3. The miR-92a antagomir protected against
diabetic erectile dysfunction
The ratio of maximum ICP/MAP in the DMED
group was sharply attenuated compared with that of
the control group (p<0.001). However, erectile function
was partially restored in the miR-92a antagomir treat-
ment group, although it was still lower than that in

A DMED+miR-92a DMED+miR-92a
Control DMED antagomir antagomir control
— 100-: 100; 100—: 100-: =
D g e 802 80< 802
T 1 \ 3 1 :
> £ 50-2 //- 3 eo-i so-i / - 60-§
2 Q\E: 40-; [f l: 40% /// \\\< 40-; / 40-2 i = Y
Q ZZ J R — zz ~ 1 min ZZ 1 min ‘H ZZ — qmin
100+ - 1007 100+ 1007
:E’a 8- / \ 80- 8- ’,/\‘\ 80-
> E 602 / H 60= 602 / N 60=
g i \ : — : / : -
0 = wjll \ 403 7~ \ 40 f 403 N
o 205/ . N 203/ . - 205l . 203 ;
= B 1 min a: 1 min o 1 min 0 1 min
El Control [ DMED El Control [ DMED
Il DMED+miR-92a antagomir Il DMED+miR-92a antagomir
[ DMED+miR-92a antagomir control [] DMED+miR-92a antagomir control
B C *kk
1.5 < 6,000
3
*kk hakadd *CD 5,000 .
o *kk kkk KEE = T
<§E xRk ok E 4,000 - Fig. 2. The miR-92a antagomir improved
o S 3.000 - erectile function via decreased the ex-
% 2 ' pression of miR-92a in the corpus caver-
g a 2,000 nosum of DMED rats. (A) Representative
Q 1000 ICP tracing through stimulation of 2.5
g ' volts and 5 volts for 1 minute, respective,
T ) = 0 - in each group (n=10 per group). (B) The
25V SV max ratio of ICP to MAP of different vols
" stimulation to cavernous nerve in each
hx ok ok group (n=8-10 per group). (C) The total
D H ‘ ICP (AUC) of different vols stimulation to
s 6 B Control cavernous nerve in each group Fn=8—10
2 [ DMED per group). (D) qRT-PCR analysis show-
) Bl DMED-+miR-92a antagomir ing decreased expression of miR-92a
a [1 DMED+miR-92a antagomir control .
X 4 in the corpus cavernosum of DMED
Q0 3 rats treated with miR-92a antagomir
T (n=4-5 per group). Data are mean+SEM.
g 2 *p<0.05, **p<0.01, ***p<0.001. DMED:
q ] diabetic erectile dysfunction, ICP: intra-
x cavernous pressure, MAP: mean arterial
= g4 . , pressure, AUC: area under curve.
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antagomir control

The miR-92a antagomir improved erectile function via amelioration of eNOS/NO/cGMP signaling pathway and endothelial cell-to-cell junc-
tions. (A) Representative western blot results of eNOS and p-eNOS in the corpus cavernosum of all rats. (B) The expression levels of eNOS and p-eNOS,
with B-actin as the loading control, and the relative ratio of p-eNOS/eNOS in the corpus cavernosum of each group are presented as bar graphs (n=6-8
per group). (C) NO and cGMP levels were determined in all four groups (n=4-5 per group). (D) Representative western blot results of VE-cadherin,
occludin, and claudin-5 in the corpus cavernosum of all rats. (E-G) The expression levels of VE-cadherin, occludin, and claudin-5, with B-actin as the
loading control, in the corpus cavernosum of each group are presented as bar graphs (n=6-8 per group). (H) Representative immunofluorescence re-
sult of CD31 in the corpus cavernosum of rats of all four groups. Representative immunofluorescence result of CD31 in the corpus cavernosum of rats
of all four groups at X200 magnification. Data are meanSEM. *p<0.05, **p<0.01, ***p<0.001. DMED: diabetic erectile dysfunction, NO: nitric oxide.
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the control group, while the miR-92a antagomir control
showed no protective effect (Fig. 2A, 2B). The AUCs at
25 and 5 V in all 4 groups exhibited the same trend
as the maximum ICP/MAP values (Fig. 2C). Moreover,
qRT-PCR analysis showed that the expression of miR-
92a decreased significantly in the miR-92a antagomir
treatment group compared with the DMED group, and
the expression level was similar to the control group.
The expression level of miR-92a in the antagomir con-

trol treatment group showed no differences from that
in the DMED group (Fig. 2D).

DMED+miR-92a

MEN’'s HEALTH

4. miR-92a antagomir improved erectile
function via amelioration of endothelial
function

Western blotting was performed to test the expres-
sion of eNOS and p-eNOS (Ser1177). The results dem-
onstrated a lower expression of eNOS and p-eNOS

(Ser1177) in the DMED group than in the control

group. However, the miR-92a antagomir partly en-

hanced the expression of eNOS and p-eNOS (Serl1177)
compared with the DMED group (Fig. 3A, 3B). In ad-
dition, NO and ¢cGMP levels were also tested in the

CC of all four groups, which showed similar trends as

the expression of eNOS and p-eNOS (Fig. 3C). More-

DMED+miR-92a

A Control DMED antagomir antagomir control
%)
o
©
The miR-92a antagomir improved
— erectile function via inhibition of oxi-
o . .
< dative stress and restoration of HO-1
expression. (A) Representative images of
the ROS fluorescent probe in the corpus
cavernosum of all rats at X400 magnifi-
W cation. The scale bar represents 50 um.
8 (B, C) Representative western blot results
w of p22°"”, p47°", and gp91°"* in the
=
corpus cavernosum of all rats. Expres-
sions of p22°", p47™, and gp91°"*
B Control with B-actin as the loading control in all
I DMED rats are presented as bar graphs (n=5-6
B C Bl DMED+miR-92a per group). (D) MDA levels determined
o » = 10- O aD',]\;laEgSTr;]riR_QZa by enzyme-linked immunosorbent assay
qu& AQ_@"’(\@ g antagomir control  (ELISA) in the corpus cavernosum of all
S & 2 o8- rats (n=4-5 per group). (E) SOD activities
(\\@\ S $%§° @Q%g@ = determined by ELISA in the corpus cav-
& N O OF € 06 |—| ernosum of all rats (n=4-5 per group).
p22"" | — = @w— 22 Kd i - (F) Representative immunofluorescence
pATT [T wm— wee] 47 Kd % 0.4 1 and immunohistochemistry result of
gpmpmx } I 60 Kd g 02 HO-1 in the corpus cavernosum of rats
p-actin | e e o o] 45 Kd © of all four groups at x40 and x100 mag-
& 0.0+ ohor v p—— nification, respectively. (G) Representa-
p22 pa7 gp91 tive western Blot results of HO-1 in the
D E corpus cavernosum of all rats. (H) The
507 [= expression levels of HO-1, with B-actin
= x * E gﬁﬂnérgl as the loading control, in the corpus cav-
" >\;E: 40 4 Bl DMED+miR-92a ernosum of each group are presented
© 2 E B 30 — aD"‘\;IaEQSTr;riR_QZa as bar graphs (n=6 per group). Data
i’Tm 8TQ antagomir control € MeanSEM. *p<0.05, **p<0.01,
Ao € 05 - 8 g 20 ***¥p<0.001. DMED: diabetic erectile dys-
= g ' n 5 10 function, ROS: reactive oxygen species,
£ = MDA: malondialdehyde, SOD: superox-
0.0 - T T T ) 0 - ide dismutase.
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DMED+miR-92a
antagomir control

o)
I
o)
T |
G H
1.5 2 Il Control
s " = DMED
g = « Il DMED+miR-92a
© B 1.0 antagomir
g9 1 DMED+miR-92a
— DRSS antagomir control
HO-1 [T [*3
- 20 0.5
p-actin (G GHEED GEED @ES| 45 Kd =T
o=
o
0.0 Fig. 4. Continued.

over, immunofluorescence and western blotting were
both conducted to determine the expression of target
proteins, which indicated the function of endothelial
junctions. We found that target protein (VE-cadherin,
occludin, and claudin-5) expression was lower in the
DMED group than in the control group, while there
was a great increase in the DMED+miR-92a antagomir
group compared with the DMED group (Fig. 3D-3G).
Immunofluorescence result of cavernous tissues with
an antibody against CD31 was performed in all four
groups, and a similar trend was observed for the ex-
pression of endothelial junction proteins (Fig. 3H). To-
gether, miR-92a antagomir improved erectile function
by ameliorating the endothelial function. Furthermore,
as the cavernous nerve function was as important
as the endothelial function in the process of erection,
the cavernous nerve function was also determined in
the CC of all four groups. Western blotting and im-
munofluorescence results indicated that the miR-92a
antagomir might exert a neuroprotective effect on the
cavernous nerve function, as the miR-92a antagomir
could partly restore the expression of nNOS in the CC
of DMED rats (Supplement Fig. 1). An in vitro study
showed similar results in endothelial cells. Inhibition
of miR-92a improved endothelial function via amelio-
ration of the AMPK/eNOS signaling pathway (Supple-
ment Fig. 2A, 2B, 2D).

5. The miR-92a antagomir improved erectile
function via inhibition of oxidative stress
The intracellular reactive oxygen species (ROS) of
CC was detected by a fluorescent probe. The levels of
ROS increased significantly in the DMED group and
were reduced by miR-92a antagomir administration
(Fig. 4A). The expression levels of nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH oxidase) sub-
units were also detected, including p22™>, p47""™, and
gp91™™*, the expression levels of which in all groups
showed a similar trend as those of ROS (Fig. 4B, 4C).
The levels of malondialdehyde (MDA) and activities
of superoxide dismutase (SOD) were also determined.
The MDA levels were higher in the DMED group and
DMED+miR-92a antagomir control group than that in
the control group and the miR-92a antagomir treat-
ment group (Fig. 4D), while the SOD activities showed
an opposite trend (Fig. 4E). Immunofluorescence, IHC

phox

and western blotting analyses showed that the ex-
pression level of HO-1 was significantly lower in the
DMED group than in the control group. The miR-92a
antagomir administration activated the expression of
HO-1, which was significantly higher than those in the
DMED group and DMED+miR-92a antagomir control
group (Fig. 4F-4H). An in vitro study showed similar
results in endothelial cells. Inhibition of miR-92a im-
proved oxidative stress by ameliorating the AMPK/
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Nrf2/HO-1 signaling pathway (Supplement Fig. 2A, 2C,
2D). Together, the miR-92a antagomir improved erec-
tile function partly by ameliorating oxidative stress.

6. Prkaa2 was one of the genes targeted by

miR-92a

The miRANDA and TargetScan predicted 149 genes
targeted by miR-92a in total (Fig. 5A), which is shown
in Supplement Table 3. All the potential genes were
further explored via KEGG pathway analysis, and four
signaling pathway that were most relevant to diabetes
mellitus, were selected for choosing the potential target
genes. Prkaa2 was predicted as a putative target of
miR-92a (Fig. 5B). We also brought Prkaal into further
study, and the sequence bound to miRNA-92a in the
Prkaal/Prkaa2 3UTR was highly conserved in rats

A miRANDA TargetScan
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[ Insulin resistance pathway
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and humans (Fig. 5C). gRT-PCR analysis validated that
both Prkaal and Prkaa?2 decreased significantly in the
endothelial cells treated with the miR-92a mimic, and
the expression of Prkaa2 was even lower than that of
Prkaal (Fig. 5D). Dual luciferase reporter gene experi-
ments verified that Prkaa?2 is a direct target gene of
miRNA-92a, while Prkaal was unlikely to be a direct
target gene of miRNA-92a (Fig. 5E, 5F).

7. AMPK inhibition by compound C reversed
the ameliorative effect of miR-92a
inhibition on endothelial function and
oxidative stress

To determine whether AMPK mediated the effect of

miR-92a inhibition on improving endothelial function
and attenuating oxidative stress, we used compound C
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Fig. 5. Prkaa2 was one of the genes targeted by miR-92a. (A, B) Bioinformatic analysis showing Prkaa2 was predicted as one of the genes target-
ed by miR-92a. (C) Predicted target region on the 3'UTR of Prkaa and Prkaa2 as well as the seed sequence of miR-92a by bioinformatic analysis.
(D) Decreased expression of both Prkaal and Prkaa2 in the endothelial cells treated with miR-92a mimic. (E) Dual luciferase assay showing nei-
ther WT nor MUT Prkaa1 3'UTR activity was suppressed in the endothelial cells transfected with rno-miR-92a. (F) Dual luciferase assay showing
WT but not MUT Prkaa2 3'UTR activity was suppressed in the endothelial cells transfected with rno-miR-92a. Data are mean+SEM. **p<0.01,
¥*%p<0.001. 3'UTR: 3' untranslated region, WT: wild type, MUT: mutant, NC: normal control.
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to inhibit AMPK activity in endothelial cells. As shown
by immunofluorescence, the activation of HO-1 and
CD31 induced by miR-92a inhibition was reversed by
compound C in the endothelial cells treated with HG (Fig.
6A, 6B). Consistently, western blotting showed lower
expression of p-eNOS and HO-1 and higher expression of

gp9

1phox

, which were reversed by compound C (Fig. 6C).

DISCUSSION

The relationship between miR-92a and eNOS has
been tentatively elucidated in the cardiovascular sys-
tem. miR-92a downregulates the expression level and
activity of eNOS, while inhibition of miR-92a can
improve cardiac function and promote vascular regen-
eration by increasing the activity of eNOS [19]. Under
diabetic conditions, nNOS expression is downregulated
in multiple tissue types [20]; reduced nNOS levels are
also found in CC tissues from patients with neurogenic
ED or DMED [21]. In our study, the miR-92a antagomir
improved ED by upregulating the expression levels of
eNOS, p-eNOS (Ser1177), and nNOS, promoting their

D Diabetes mellitus

miR-92a
Q

Nitric oxide

Zhe Tang, et al: Inhibition of miR-92a Improved ED I

HO-1 inhibition by compound C
reversed the ameliorative effect of miR-
92a inhibition in vitro. (A, B) Representa-
tive immunofluorescence result of HO-1
and CD31 of endothelial cells of all four
. groups at X200 magnification, showing
antagomir Compound C reversed the effect of miR-
92a inhibitor on restoration of HO-1 and
CD31 in endothelial cells. (C) Represen-

NRF2 tative western blot results of Prkaal,
Prkaa2, p-eNOS, HO-1, and gp91°"™ of
HO-1 endothelial cells in each group. (D) Sche-

matic diagram showing miR-92a-AMPK
signaling axis in regulation of endotheli-
Oxisaie al function and oxidative stress, and thus

stress regulating erectile function in diabetes.
NG: normal glucose, HG: high glucose,
ROS: reactive oxygen species.

ROS

activity and increasing NO production, and preserv-
ing the CD31-positive endothelial area and endothelial
cell-to-cell junctions in the CC of diabetic rats, thereby
increasing downstream ¢cGMP concentrations and im-
proving erectile function.

Hyperglycemia-induced over-activated oxidative
stress disrupt penile endothelial function and vascular
homeostasis [22], cause oxidative/antioxidative imbal-
ance, impede the regulatory role of the endothelial sys-
tem 1n vascular and smooth muscle contraction, weak-
en cavernous vasodilator function, and affect blood
flow perfusion and erectile function [23,24]. Increased
ROS production is a hallmark of oxidative stress and
reacts with NO to interfere with NO bioavailabil-
ity [25,26]. Endogenous ROS are primarily produced by
NADPH oxidase, a multi-subunit enzyme that includes
subunits of p47"", p67™"™, gp91™™™, p22*"*, and p40™™
in cell membranes [27], mitochondria, peroxisomes, and
the endoplasmic reticulum. The expression levels of
NADPH oxidase subunits are altered in response to
changes in oxidative stress levels. Malondialdehyde
(MDA) is a toxic substance produced by lipid peroxi-
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dation of the cell membrane, which can indirectly re-
flect the level of oxidative stress; SOD is an important
scavenger of oxidative free radicals in the body, and
its activity can also indirectly reflect the level of oxida-
tive stress. HO-1 is an important antioxidant enzyme
that catalyzes the metabolism of heme to ferrous iron,
carbon monoxide and bilirubin. It has been shown
that the expression level of HO-1 is decreased under
hyperglycemia condition [28]; in the homocysteine-
induced rat ED model, the level of oxidative stress is
significantly increased and the expression level of HO-1
is significantly decreased [29]. In our study, the ROS
content, the MDA concentration and the expression of
NADPH oxidase subunit of penile cavernous tissue of
the DMED group rats were significantly higher than
that of the Control group, while the SOD activity was
significantly decreased, reflecting the significant up-
regulation of oxidative stress in the DMED rats. The
above parameters were improved after treatment with
the miRNA-92a inhibitor.

Prkaa?2 was initially predicted to be a possible target
gene of miRNA-92a using a bioinformatics approach,
and Prkaal was also found to be a possible target
gene of miRNA-92a when comparing the sequences
of miRNA-92a with those of potential target genes.
Moreover, Prkaal and PrkaaZ2 are genes encoding the
catalytic subunits al and a2 of AMPK, respectively.
AMPK is one of the main cellular energy sensors, and
the regulator of metabolic homeostasis is a heterotri-
meric enzyme consisting of a catalytic subunit (al or
02) and two regulatory subunits (31 or f2 and v1, y2, or
13) [30]. The metabolic effects of AMPK activation, in
particular the metabolic switch it causes from fat syn-
thesis to fat oxidation as well as its ability to promote
muscle glucose uptake, making it a potential therapeu-
tic target for diabetes [30]. We observed a decrease in
the phosphorylation level of AMPK and a significant
down-regulation of the direct substrate acetyl-CoA car-
boxylase (ACACA) when we cultured endothelial cells
in HG medium, and when treated with miRNA-92a
mimic in NG (normal glucose) medium, p-AMPK and
p-ACACA of endothelial cells showed similar changes.
Moreover, miRNA-92a mimic significantly reduced in-
tracellular Prkaal and Prkaa2 mRNA expression lev-
els, suggesting that Prkaal and Prkaa2 may be target
genes of miRNA-92a.

AMPK can directly phosphorylate serine at site 1177
of the eNOS protein (S1177) [31]. Several studies have
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demonstrated that the AMPK/eNOS signaling path-
way plays a key role in regulating endothelial func-
tion [32,33]. We found that the AMPK/eNOS signaling
pathway was significantly down-regulated in endothe-
lial cells of the HG group and NG+miRNA-92a group.
In contrast, miRNA-92a inhibitor significantly activat-
ed the AMPK/eNOS signaling pathway and improved
endothelial function. The cellular response to oxidative
stress 1s associated with multiple factors, of which the
Nrf2 pathway is considered to be the most important
factor. Nrf2 is a nuclear transcription factor that binds
to the antioxidant response element and can directly
regulate HO-1 promoter activity, thereby regulating
HO-1 expression levels [34]. In addition to antioxidant
stress effects, overexpression of HO-1 plays a defensive
and protective role against cardiovascular diseases
such as atherosclerosis and myocardial ischemia-
reperfusion injury [35]. Thus, the Nrf2/HO-1 signaling
pathway plays a key role in resisting oxidative stress
and protecting the vasculature. In our study, we found
that the AMPK/Nrf2/HO-1 signaling pathway was sig-
nificantly downregulated in endothelial cells in both
the HG and NG+miRNA-92a mimic groups, while the
miRNA-92a inhibitor, on the other hand, significantly
activated the AMPK/Nrf2/HO-1 signaling pathway and
resisted oxidative stress levels.

To verify further whether the miRNA-92a regulates
endothelial function and oxidative stress through
AMPK, we applied the AMPK inhibitor compound C to
detect its effect. Compound C reversed the ameliorative
effect of the miRNA-92a inhibitor, further suggesting
that the miRNA-92a regulates endothelial cell function
via AMPK. Based on bioinformatics predictions, we
verified by dual luciferase reporter gene experiments
that Prkaa? is a direct target gene of miRNA-92a and
that the sequence bound to miRNA-92a in the Prkaa2
3'UTR is highly conserved in rats and humans. Inter-
estingly, although the sequences binding to miRNA-
92a were also found in the Prkaal 3'UTR, dual-lucif-
erase reporter gene experiments showed that Prkaal
1s unlikely to be a direct target gene of miRNA-92a.
This finding indicates that sequence matching is not a
determining condition for finding miRNA-92a target
genes.

Our study provided evidence, we believe for the first
time, that miR-92a inhibitor was effective in partially
restoring erectile function in DMED rats, However, our
ED rat models of type 1 diabetes may not necessarily



The World Journal of

MEN's HEALTH

represent the pathologic processes that occur in ED in-
duced by type 2 diabetes or other risk factors, and we
explore endothelial cells in vitro, which is only one part
of CC, other structures could also be further studied.

CONCLUSIONS

Our study provides the first line of evidence that the
expression of miR-92a is increased in the CC of DMED
rats. The inhibition of miR-92a improved endothelial
function and oxidative stress by enhancing AMPK ex-
pression by directly targeting Prkaa2 (Fig. 6D). Thus,
targeting the miR-92a-Prkaal cascade can be an alter-
native therapeutic strategy for ameliorating DMED.
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