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Abstract

Erectile dysfunction (ED) is a major sexual problem for men. Nogo-B receptor (NgBR) has
been found to be involved in the regulation of vascular remodeling and angiogenesis. The
present study explores the effects of NgBR in penile corpus cavernosum in rats with diabetic
ED. Firstly, the ED model of Sprague Dawley rats was established. Hematoxylin-eosin stain-
ing and Masson staining were conducted to observe pathological morphology. Immuno-
chemical assay was adopted to detect a-smooth muscle actin (a-SMA), NgBR and
intercellular cell adhesion molecule-1 (ICAM-1) expression. Reverse transcription quantita-
tive polymerase chain reaction assay and Western blot analysis were carried out for the
assessment of NgBR, factors correlated to ICAM-1, including steroid receptor coactivator
(SRC) and proline-rich tyrosine kinase2 (PYK2), and factors associated with apoptosis,
including B-cell ymphoma-2 (Bcl-2), Bcl-2 associated protein X (Bax), caspase 3 and
cleaved-caspase 3. The results found that capillaries and vascular smooth muscle cell con-
tent reduced, and NgBR and ICAM-1 were elevated in rats with diabetic ED. si-NgBR
relieved ED by decreasing penile corpus cavernosum smooth muscle systolic percentage
and increasing erectile time and rate, intracavernous pressure (ICP)/mean arterial pressure
(MAP) and diastolic percentage, improving the pathological changes and inhibiting caverno-
sum cell apoptosis. si-NgBR also resulted in the down-regulation of ICAM-1 and down-
stream SRC and PYK2 and promoted a-SMA expression. In conclusion, si-NgBR can
provide a potential therapy for diabetic ED in rats by down-regulating ICAM-1, SRC and
PYK2, making it a potential therapeutic option for diabetic ED.

Introduction

Erectile dysfunction (ED) is a common disease in male, which is characterized by the inability
to achieve and maintain an erection for long enough to get satisfactory results from sexual
intercourse, which can be a predictor of cardiovascular disease [1]. ED affects men in various
age ranges, the risk of which is 9.1% for men within the ages of 40-49 years, 15.2% for 50-59
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years, 29.4% for 60-69 years and 54.9% for men who are 70 or over [2]. The risk factors that
contribute to the development of this condition include coronary artery disease, obesity,
hypertension, depression and diabetes [3]. Importantly, the importance of diabetes, obesity,
and metabolic syndrome in sexual dysfunction has also been clarified that overweight or obese
men are more susceptible to ED, a frequent comorbidity of obesity [4]. In addition, ED also
places a huge burden on human relationships from perspectives of society and sex and has a
significant adverse effect on the life quality for patients [5]. Moreover, a functional meta-analy-
sis or systematic review has revealed that ED in men with diabetes can be indicative of cardio-
vascular risk, highlighting the significance of diabetes in ED [6]. In the present study, diabetic
ED rat models were used to come up with a novel therapeutic strategy for ED.

Neurite outgrowth inhibitor-B (Nogo-B) is a modulator for the motility and adhesion of
vascular endothelial cells as a reticulon-4 isoform by binding to its receptor, Nogo-B receptor
(NgBR) [7]. Nogo-B has been found to be a regulator for vascular remodeling and angiogenesis
[8]. Furthermore, NgBR has been reported to interact with Nogo-B and to influence several
pathophysiological procedures, including angiogenesis, cell proliferation and apoptosis [9], by
which we inferred that its effects on angiogenesis may be applicable to ED; however, its involve-
ment in ED remains unclear. NgBR is a cell surface receptor and plays a role by binding farnesy-
lated Ras in order to aid the translocation of Ras to the plasma membrane [10]. NgBR has been
demonstrated to be strongly related to estrogen receptor alpha and survivin in breast cancer [11].
Notably, Nogo-B is an important regulator of in vitro cell processes like cell migration and in vivo
activities including vascular remodeling and angiogenesis, of which the endothelial one has been
reported as a regulator for intercellular adhesion molecule-1 (ICAM-1) [12]. ICAM-1 is a trans-
membrane glycoprotein that belongs to the immunoglobulin superfamily, which is an important
factor in signal transduction and cell adhesion [13]. There is a high expression in ICAM-1 in
aging-related ED [14]. In addition, the expression of ICAM-1 has been observed to increase in
penile cavernosal dysfunction that occurs as a result of chronic stress [15]. The ICAM-1 engage-
ment has been shown to activate steroid receptor coactivator (SRC) and proline-rich tyrosine
kinase2 (PYK2), both of which in return are recruited to the ICAM-1 engagement sites in human
leukocytes and endothelial cells [16]. According to the biological characteristics and interaction of
NgBR and ICAM-1, the present study aims to determine whether NgBR and ICAM-1 can interact
with each other involving SRC and PYK2 as a way to regulate penile corpus cavernosum smooth
muscle of rats with diabetic ED, in order to find a novel therapeutic approach for ED patients.

Materials and methods
2.1. Ethics statement

The protocol was approved by the Institutional Animal Care and Use Committee of China-
Japan Union Hospital of Jilin University. Animals would be well treated as possible as we
could to relieve the pain of animals.

2.2. Model establishment

A total of 170 healthy Sprague Dawley (SD) rats (6 weeks old; 250-300 g; Shanghai SLAC Labora-
tory Animal Co., Ltd., Shanghai, China) of specific pathogen free level were collected and accli-
mated for 1 week; 150 SD rats were randomly selected to establish ED model [17]. Next, 10 mg/
mL streptozotocin (STZ) was prepared by sodium citrate-citrate buffer solution bathed in ice.
These rats were injected with 60 mg/kg STZ solution in their left lower abdominal cavity. Follow-
ing the injection, blood glucose was measured by collecting blood from tail veins; this was con-
ducted once every week, which was lowered to once every two weeks after injection for 4 weeks.
After injection for 12 weeks, rats were injected with 100 pg/kg apomorphine (prepared by normal
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saline and 0.5% Vitamin C injection) at the cervical skin. Then, the occurrence and time of erectile
were immediately observed for 30 min and recorded. Rats without hyperemia of the penis or
appearance of scapus penis and with blood glucose value > 16.7 mol/L were regarded as ED rats.
Following the successful establishment of the rat models, 20 rats were randomly selected as the
ED group. Another 20 rats were selected as the sham group and received an injection with 0.1 M
sodium citrate solution (pH = 4.5) in the abdominal cavity.

2.3. Rat grouping and treatment

Eighty successfully established SD rat models were selected for the following treatment.
Penises of rats in the si-negative control (si-NC) group were injected with 3 ug/10 pL siRNA of
non-relevant sequence (5’ ~TTCTXXGAACGTGTCATGT-3") once per day; penises of rats in
the si-NgBR group were injected with 3 pg/10 uL NgBR siRNA (5’ ~AAGGAAATACATAGAC
CTACA-3") once per day [18-20]; penises of rats in the NgBR + anti-NC group were injected
with the mixture of NgBR overexpression plasmid [21, 22] and normal saline once per day;
penises of rats in the NgBR + anti-ICAM-1 group were injected with the mixture of NgBR
overexpression plasmid and ICAM-1 antibody (100 ug, Sigma-Aldrich Chemical Company, St
Louis, MO, USA). Each group had 20 rats. The penis erection rate was calculated 2 weeks later
using the following formula: (the number of rats with penis erection/total number of rats in
the group) x 100%.

2.4. Detection of intracavernous pressure (ICP)/mean arterial pressure
(MAP)

Rat cervical skin was incised and the carotid artery was intubated. Next, a median incision was
made on the lower abdomen to expose pelvic cavity ganglion and cavernous nerves of penis,
which was later stimulated by bipolar hook-like electrodes (stimulus parameter: 5.0 mV; fre-
quency: 20 Hz; amplitude: 5 ms; duration: 1 min). At the same time, a 23 G syringe needle con-
taining 250 U/mL heparin was inserted into crus of penis. Two pathways were connected to
pressure transducer to measure MAP and ICP values respectively and the ICP/MAP value was
calculated to evaluate erectile function [23].

2.5. Detection of penile corpus cavernosum smooth muscle systolic and
diastolic function

Penis tissues were dissected from anesthetized rats, some of which were preserved for further
experiments, while the remainder was placed in 4°C Krebs solution to remove urethral caver-
nosum, penile cartilage, nerve and blood vessels to expose penile corpus cavernosum. The 6
mm X 2 mm X 2 mm muscle strip was prepared, one end of which was fixed in thermostatic
bath and the other end was connected to ton transducer. The smooth muscle tension F2 was
recorded following the equilibration of the muscle strips. The smooth muscle tension F1 was
recorded after the addition of polyethylene (PE) (50 umol/L). Next, (F1—F2)/F1 was
accounted as the systolic percentage. Then PE effect was removed by rinse with Krebs solution.
The smooth muscle tension F3 was recorded after the addition of Ach (100 umol/L). Finally,
(F1—F3)/F1 was accounted as the diastolic percentage.

2.6. Hematoxylin-eosin (HE) staining

Penis tissues were fixed by 4% paraformaldehyde, rinsed with phosphate buffer saline (PBS)
and dehydrated with ethanol of gradient concentrations. The tissues were cleared with xylene,
waxed, embedded with paraffin and sliced into sections (about 4 um thick) by. These sections
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were dewaxed with ethanol and prepared into tissue sections for HE staining. Subsequently,
the sections were stained with hematoxylin for 5 min, rinsed, stained with eosin for 2 min,
dehydrated with ethanol, cleared with xylene and sealed by neutral gum. The penis tissue mor-
phology was observed under an optical microscope and the cavernous sinus capillaries con-
taining erythrocyte were detected, with twenty randomly selected fields. Capillary density (a
capillary/mm?®) was calculated. Some of the sections were then preserved at -20°C.

2.7. Masson staining

Masson staining was performed to evaluate the fibrosis of corpus cavernosum of penis. The
sections were dewaxed and fixed in Bouin solution overnight, followed by Weigert iron hema-
toxylin staining for 5-10 min, 1% hydrochloric acid ethanol differentiation, Ponceau S acid
fuchsin staining for 5-10 min and phosphomolybdic acid for 5 min. The sections were coun-
terstained with aniline blue solution for 5 min, treated with 1% glacial acetic acid for 1 min
and dehydrated with 95% ethanol several times, followed by further dehydration with anhy-
drous ethanol. Following xylene clearing and neutral gum sealing, collagenous fiber was
observed to present in blue, elastic fiber in brown, muscle fiber, cellulose and erythrocyte in
orange-red and cell nucleus in dark blue.

2.8. Immunohistochemistry

The 3% H,0O, was added to block endogenous enzyme. The sections were boiled in antigen
retrieval buffer. After being cooled for 5 min, the heating-cooling operation was repeated
twice. Then, the sections were sealed with 5% bull serum albumin (BSA) at room temperature
for 20 min. After the removal of the surplus liquid, the sections were incubated at 4°C over-
night with primary antibodies to rabbit anti-rat a-smooth muscle actin (a-SMA) (ab5831, 1:
3000), NgBR (ab168351, 1 : 1000), and ICAM-1 (ab171123, 1 : 1000) (all from Abcam Inc.,
Cambridge, MA, USA). Afterwards, the biotinylation goat anti-rabbit antibody to Immuno-
globulin G (IgG) (ab172730, Abcam Inc., Cambridge, MA, USA) was added for further incu-
bation at 37°C for 40 min. After 3 PBS rinses, streptomycin avidin-peroxidase solution
(ZSGB-Bio, Beijing, China) was added and incubated with the sections at 37°C for 20 min, fol-
lowed by additional 3 washes with PBS. Then, diaminobenzidine (DAB) (ZSGB-Bio, Beijing,
China) was introduced for coloration. Three sections were obtained from each specimen and
three fields were randomly selected from each section. Image-pro plus software (Media Cyber-
netics, Rockville, MD, USA) was used for quantitative analysis of the image. Expression level
was measured and expressed as integral optical density (IOD) of positive staining.

2.9. Reverse transcription quantitative polymerase chain reaction (RT-
qPCR)

Liquid nitrogen was used to cryopreserve penis tissues. Trizol assay was used to extract total
RNAs in penis tissue from SD rats and total RNAs were preserved at -80°C. PrimeSeript @ RT
reagent Kit (Perfect Real Time) (Takara Biotechnology Ltd., Dalian, Liaoning, China) was
applied for reverse transcription of total RNAs to cDNAs, which were then stored at -20°C.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected as an internal reference.
RT-qPCR assay was carried out using an ABI7500 qPCR instrument (ABI Company, Oyster
Bay, NY). The primers were NgBR: 5’ —TGCCAGTTAGTAGCCCAGAAGCAA- 3’ (forward)
and 5’ —TGATGTGCCAGGGAAGAAAGCCTA- 3’ (reverse); ICAM-1: 5’ —AGGTATCCATC
CATCCCACA-3’ (forward) and 5’ —GCCACAGTTCTCAAAGCACA—3’ (reverse); steroid
receptor coactivator (SRC): 5/ —CTGAGCAGATGAATGATCCA—3’ (forward) and 5’ —GGA
CGTCAGCAAACACCTGA—3" (reverse); PYK2: 5/ —AGA TTC CCG ACG AAA CCC—3’

PLOS ONE | https://doi.org/10.1371/journal.pone.0220715  August 23, 2019 4/13


https://doi.org/10.1371/journal.pone.0220715

@ PLOS|ONE

si-NgBR downregulating ICAM-1 in VSMCs

(forward) and 5’ —CAC GGC GAA CAT CCA GAC—3’ (reverse); GAPDH: 5’ —TGGTGA
AGGTCGGTGTGAAC—3’ (forward) and 5’ —GGTGGTGAAGACGCCAGTAG—3’ (reverse). The
relative expression level was analyzed using the 2"*“* formula.

2.10. Western blot analysis

Liquid nitrogen was used to cryopreserve the penis tissues and protein lysis buffer (Shanghai
Genechem Co., Ltd., Shanghai, China) was used to extract total proteins. Bradford assay
(Shanghai Genechem Co., Ltd., Shanghai, China) was performed for protein quantification. A
total of 50 g total proteins were separated using 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and then transferred to a polyvinylidene fluoride (PVDF) membrane
(Millipore, MA, USA). After being blocked with 5% skimmed milk powder at 37°Cfor L hina
shaker, the membrane was respectively incubated with monoclonal antibodies to NgBR
(ab47080), ICAM-1 (ab171123), SRC (ab47405), PYK2 (ab32571), a-SMA (ab5694), B-cell
lymphoma-2 (Bcl-2) (ab32124), Bcl-2 associated protein X (Bax) (ab32503), caspase 3
(ab13585), cleaved-caspase 3 (ab2302), and GAPDH (ab8245) (all from Abcam Inc., Cam-
bridge, MA, USA) at 4°C overnight. After being rinsed with phosphate buffered saline with
Tween-20 (PBST) 3 times (5 min for each time), horseradish peroxidase labeled secondary
antibody (1 : 4000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was added and incu-
bation was carried out with the membrane at room temperature for 1 h, followed by develop-
ment with enhanced chemluminesence. The relative protein expression was accounted as the
ratio of gray value of target band to that of internal reference band (GAPDH).

2.11. Statistical analysis

All data were processed with the use of SPSS 21.0 statistical software (IBM Corp. Armonk, NY,
USA). Enumeration data were expressed by rate or percentage. Chi-square test was used to com-
pare data among multiple groups. Measurement data were expressed by mean + standard devia-
tion. Student t-test was used to compare data between two groups. One-way analysis of variance
(ANOVA) was used for comparisons among multiple groups. Kolmogorov-Smirnov assay was
used to assess data normality. Data obeying normal distribution were analyzed by one-way
ANOVA for comparisons among multiple groups, followed by Tukey’s post hoc test. Data in
skewed distribution were analyzed by non-parametric Kruskal-Wallis, followed by Dunn’s multi-
ple comparison. p value less than 0.05 was considered to be of statistical significance.

Results
3.1. NgBR and ICAM-1 are highly expressed in the diabetic ED rat model

SD rats were injected with STZ solution to establish an ED rat model. Four days later, SD rats
presented with polydipsia, diuresis, emaciation, dried fur and a higher blood glucose level
compared to the rats in the sham group (Fig 1A). One rat died after being administered with
STZ solution at the 7th week and the 8th week, respectively. After injections for 12 weeks, 140
ED rats were successfully established, suggesting a success rate of 93.33% for model establish-
ment. Penile corpus cavernosum tissues were stained by HE, by which cavernous sinus
capillaries could be observed to contain erythrocytes and inter-weaved net-style. Penile corpus
cavernosum tissues in the sham group were composed of a large number of capillaries while
those in the ED group had fewer capillaries, suggesting a significant difference between the
two groups (p < 0.05) (Fig 1B and 1C). Then, 0o-SMA immunohistochemical staining was
used to evaluate VSMC content in cavernosum tissues. Rats in the ED group presented with
evidently lowered VSMC content in cavernosum compared to the sham group (p < 0.05). The
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Fig 1. The result of immumohistochemical assay showed that NgBR and ICAM-1 expression was up-regulated in
penile corpus cavernosum tissues of rats with diabetic ED. A, rats in the ED group had a higher blood glucose level
than the sham group. B, HE staining for penis tissues showed that rats in the ED group had fewer capillaries than the
sham group (x 200, scale bar = 50 um). C, rats in the ED group had a lower blood vessel density of penis tissues than the
sham group and statistical values were analyzed by Student t-test between groups. D, a-SMA was down-regulated and
NgBR and ICAM-1 were overexpressed in the ED group detected by immumohistochemical assay of rat penis tissues (x
400, scale bar = 25 um). E, the histogram showed that o-SMA was down-regulated and NgBR and ICAM-1 were
overexpressed in rat penis tissues in the ED group and statistical values were analyzed by Student ¢-test between groups. *
P < 0.05 vs. the sham group, n = 20.

https://doi.org/10.1371/journal.pone.0220715.9001

results from immumohistochemical assay revealed that NgBR and ICAM-1 expression in
penile corpus cavernosum tissues in rats of the ED group was significantly higher than those
in the sham group (p < 0.05) (Fig 1D and 1E). The above results suggested that the ED rat
model was successfully established and NgBR and ICAM-1 were overexpressed in penile cor-
pus cavernosum tissues of rats with diabetic ED.

3.2. NgBR siRNA plasmid decreases NgBR expression while NgBR
overexpression plasmid increases NgBR expression
Western blot analysis was used to detect transfection efficiency of NgBR siRNA and NgBR

overexpression plasmid. The results showed that compared with the si-NC group, NgBR
expression significantly decreased in the si-NgBR group but significantly increased in the
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AB, NgBR protein level by Western blot analysis showed that the si-NgBR group had a significant decrease of NgBR
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were analyzed by one-way ANOVA among multiple groups, followed by Tukey’s post hoc test. * p < 0.05 vs. the si-NC
group.

https://doi.org/10.1371/journal.pone.0220715.9002

NgBR + anti-NC group (p < 0.05). The results indicated that NgBR siRNA plasmid specifically
silenced NgBR, and NgBR overexpression plasmid could stabilize NgBR protein level (Fig 2).

3.3. si-NgBR and down-regulation of ICAM-1 improve penis erectile
function

Penile corpus cavernosum smooth muscle systolic and diastolic functions were assessed to
observe penis erectile function of rats in all groups. Following treatment for 2 weeks, the detec-
tion results revealed that compared with the si-NC group, blood glucose level and systolic
percentage significantly decreased, while erectile times and rates, ICP/MAP and diastolic per-
centage increased in the si-NgBR group (p < 0.05). The aforementioned results showed that
si-NgBR could improve blood glucose and penis erectile function for rats with diabetic ED. In
comparison to the NgBR+anti-NC group, blood glucose level and systolic percentage signifi-
cantly decreased, while erectile times and rates, ICP/MAP and diastolic percentage were obvi-
ously elevated in the NgBR + anti-ICAM-1 group (p < 0.05) (Table 1). These results elucidated
that ICAM-1 participated in the regulating process of ED in diabetic rats.

3.4. si-NgBR and down-regulation of ICAM-1 attenuate pathological
changes of corpus cavernosum in rats with diabetic ED

HE staining was applied to penile corpus cavernosum tissue sections of rats that were eutha-
nized 2 weeks later. Blood capillaries were observed with the density measured (Fig 3A). Mas-
son staining was adopted to assess the degree of fibrosis of penile corpus cavernosum (Fig 3B).
In the si-NC group, capillary density was decreased and VSMC content and collagen deposi-
tion was obvious, indicating penile corpus cavernosum tissue fibrosis. In comparison to the si-
NC group, capillary density, and the ratio of VSMC content to collagen in cavernosum tissues
were significantly elevated in the si-NgBR group (all p < 0.05). When compared with the
NgBR + anti-NC group, capillary density, and the ratio of VSMC content to collagen were sig-
nificantly elevated in the NgBR + anti-ICAM-1 group (all p < 0.05). The results manifested
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Table 1. Erectile function parameters showed that si-NgBR and ICAM-1 antibody treatments decreased blood glucose and ameliorated ED.

Groups si-NC si-NgBR NgBR + anti-NC NgBR + anti-ICAM-1

Blood glucose level (mol/L) 18.21 + 3.42 11.91 + 2.13* 21.21£2.33 11.54 + 1.26"

Average erectile time 0.20 £ 0.41 1.85 £ 1.04" 0.25+0.44 1.95 + 0.94"
Number of rats with erectile 4 16* 5 17*
Erectile rate (%) 20 80" 25 85"

ICP/MAP 26.71 £ 7.56 42.31 +6.79* 24.39 £ 6.76 41.75 + 9.49

Systolic percentage (%) 23.75+7.12 15.29 + 6.73* 24.13 £9.32 17.34 + 8.56"

Diastolic percentage (%) 22.13 +6.34 40.51 +7.21* 21.01 £ 7.65 37.94 +7.32°

Notes: ICP, intracavernous pressure; MAP, mean arterial pressure; blood glucose level and average erectile time were analyzed by Student -test between groups;

Number of rats with erectile and erectile rate were analyzed by chi-square test between groups

*, p < 0.05, compared with the si-NC group

#, p < 0.05, compared with the NgBR+ anti -NC group, n = 20.

https://doi.org/10.1371/journal.pone.0220715.t001

that si-NgBR could improve pathological changes in penile corpus cavernosum tissues of rats
with diabetic ED, the process of which was also regulated by ICAM-1.

3.5. si-NgBR may down-regulate expression of ICAM-1 and its downstream
SRC and PYK2

RT-qPCR assay and Western blot analysis for penile corpus cavernosum tissue sections were
applied to determine ICAM-1 and downstream SRC and PYK?2 protein levels. Compared with
the si-NC group, there was a significant decrease in mRNA expressions and protein levels of
ICAM-1, SRC and PYK2 in the si-NgBR group (all p < 0.05). Compared with the NgBR

+ anti-NC group, mRNA expressions and protein levels of ICAM-1, SRC and PYK2 all signifi-
cantly diminished in the NgBR + anti-ICAM-1 group (all p < 0.05) (Fig 4A-4C). These
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Fig 3. The results of HE staining, a-SMA immunochemical staining and Masson staining showed that si-NgBR could
improve pathological changes in penile corpus cavernosum tissues of rats with diabetic ED and regulated by ICAM-1.
A, statistical histogram showed that capillary density in penile corpus cavernosum tissues of rats treated with si-NgBR,
down-regulation of ICAM-1 elevated capillary density and statistical values were analyzed by Student -test between two
groups. B, the ratio of smooth muscle cell to collagen in penile corpus cavernosum tissues of rats was promoted by si-
NgBR and down-regulation of ICAM-1 and statistical values were analyzed by one-way ANOVA among multiple groups. *
P < 0.05 vs. the si-NC group; # p < 0.05 vs. the NgBR + anti-NC group, n = 20.

https://doi.org/10.1371/journal.pone.0220715.g003

PLOS ONE | https://doi.org/10.1371/journal.

pone.0220715 August 23,2019 8/13


https://doi.org/10.1371/journal.pone.0220715.t001
https://doi.org/10.1371/journal.pone.0220715.g003
https://doi.org/10.1371/journal.pone.0220715

@ PLOS|ONE

si-NgBR downregulating ICAM-1 in VSMCs

A B Cc

Em siNC Em siNC
si-NgBR CAM-| "% e oub e si-NgBR
é 2.0 NgBR + anti-NC c 1.09 NgBR + anti-NC
x B NgBR + anti-ICAM-1 SRC NS = N @® 8 NgBR + anti-ICAM-1 T
5 0.8
5 151 T 5
#
S " 1 Pyiz D = D @& - |
] # go.
o 1.01 3
g . : . GAPDH D GBI @0 @B G 0.4 . .
2 T N o - T
> 0.5 L & O 3 o #
5 g S Ll P :
K M & N 2
0.0 . ; : §;2~ & & 0.0- r T T
ICAM-1 SRC PYK2 < §§?’ ICAM-1 SRC PYK2
e

Fig 4. The results of RT-qPCR assay and Western analysis showed that si-NgBR down-regulated ICAM-1 and
downstream SRC and PYK2. A, RT-qPCR assay showed that si-NgBR down-regulated ICAM-1 and downstream SRC
and PYK2 mRNA expression. BC, Western blot analysis showed that si-NgBR down-regulated ICAM-1 and downstream
SRC and PYK?2 protein levels. The statistical values were analyzed by Student t-test. * p < 0.05 vs. the si-NC group; #

p < 0.05 vs. the NgBR+ anti-NC group, n = 20.

https://doi.org/10.1371/journal.pone.0220715.g004

findings suggest that si-NgBR might affect rat erectile function by down-regulating ICAM-1
and its downstream SRC and PYK2.

3.6. si-NgBR inhibits VSMC apoptosis in rat penile corpus cavernosum by
down-regulating ICAM-1

Western blot analysis was performed to determine protein levels of Bax, caspase 3, cleaved-cas-
pase 3 and Bcl-2. The results from Western blot analysis revealed that compared with the si-
NC group, the si-NgBR group had lower protein levels of Bax and cleaved-caspase 3, while
Bcl-2 protein level was significantly higher (all p < 0.05). The difference regarding caspase 3
expression between the si-NC and the si-NgBR groups was considered insignificant (p > 0.05).
These findings showed that apoptosis in the si-NgBR group was suppressed than that in the si-
NC group, indicating that si-NgBR might result in the inhibition of penile corpus cavernosum
cell apoptosis of rats with diabetic ED. However, compared with the NgBR + anti-NC group,
the NgBR + anti-ICAM-1 group had lower protein levels of Bax and cleaved-caspase 3 but a
higher Bcl-2 protein level (all p < 0.05) (Fig 5A and 5B). The results showed that down-regula-
tion of ICAM-1 expression led to the inhibition of NgBR’s promoting effects on rat penile cor-
pus cavernosum vascular smooth muscle cell apoptosis.

Discussion

ED patients frequently present with atherosclerotic disease or other comorbid vascular disor-
ders. [24, 25] The present study used diabetic ED rat models to evaluate the underlying molec-
ular mechanism of ED development in order to provide a potential therapeutic option for ED.
Our findings showed that NgBR and ICAM-1 were elevated in penile corpus cavernosum tis-
sues of rats with diabetic ED, and si-NgBR or down-regulated ICAM-1 attenuated penile cor-
pus cavernosum VSMC apoptosis of rats with diabetic ED.

One of our findings revealed an overexpression of NgBR and ICAM-1 in penile corpus
cavernosum tissues of rats with diabetic ED, and silencing of NgBR decreased high blood glu-
cose and attenuated erectile function of rats with diabetic ED. A decrease in penile vascular
resistance can result in an increase in penile blood flow, the process of which is widely known
as a way to achieve penile erection. [26] Cyclic guanosine monophosphate that is present in
VSMCs of penis can also improve penile erection [27] It has been reported that the changes of
content of cavernosal smooth muscle were related to the deterioration of ED; particularly in
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Fig 5. The results of Western blot analysis showed that si-NgBR and down-regulating ICAM-1 inhibited penile
corpus cavernosum cell apoptosis. AB, Western blot analysis showed that si-NgBR or down-regulating ICAM-1 elevated
Bcl-2 but inhibited caspase 3, cleaved-caspase 3 and Bax protein levels. The statistical values were analyzed by Student ¢-
test. * p < 0.05 vs. the si-NC group; # p < 0.05 vs. the NgBR + anti-NC group, n = 20.

https://doi.org/10.1371/journal.pone.0220715.9005

patients who suffer from veno-occlusive dysfunction, the erectile flow rates might be involved
with the values of cavernosal smooth muscle content. [28] Nogo-B/NgBR is mainly located in
the vasculature whose receptor NgBR, also known as nuclear undecaprenyl pyrophosphate
synthase 1 Homolog (NUS1), has been reported to inhibit platelet derived growth factor-regu-
lated VSMC migration. [29] NgBR is also reported to be involved in the nervous system, and
blocking NgBR expression in the neuron would lead to the loss-of-Nogo branching phenotype.
[30] ICAM-1 expression is upregualted by vascular endothelial growth factor in endothelial
cells during inflammation through activation of nuclear factor-kB with phosphatidylinositol
39-kinase-mediated inhibition. [31] These findings were confirmed that the potential ways to
treat ED may be involved in si-NgBR, and in our study, the data suggesting that capillary den-
sity, the ratio of VSMCs and collagen were all significantly elevated by silencing NgBR or
down-regulating ICAM-1, may provide a potential target for therapy in ED patients.

We also found that si-NgBR inhibited penile corpus cavernosum VSMC apoptosis of rats
with diabetic ED by down-regulating ICAM-1, decreasing downstream SRC and PYK2 and
lowering Bax and caspase 3 expressions. In addition, si-NgBR led to decreased penile corpus
cavernosum smooth muscle systolic percentage, and improved the time and rate of erection,
as well as ICP/MAP and diastolic percentage. The physiological SRC proto-oncogene is a
protein-tyrosine kinase that plays an important role in cell growth, division, migration, and
survival signaling pathways. There exists a correlation between SRC and malignant transfor-
mation and oncogenesis as a kind of non-receptor protein-tyrosine kinase. [32] PYK2 that
belongs to focal adhesion kinase family is also known as non-receptor-type proline-rich pro-
tein tyrosine kinase 2 and is mainly expressed in brain cells, hematopoietic cells and osteocytes.
[33] PYK2 plays an important role in sexual function such as sperm incorporation by being
recruited to the oocyte cortex, incorporating the sperm head via actin and responding to
sperm binding. [34] Allingham M] et al. investigated the function of tyrosine phosphorylation
in the mediation of junctions during leukocyte transendothelial migration and found that
ICAM-1 is involved in the mediation of SRC- and PYK2-dependent vascular endothelial
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cadherin tyrosine phosphorylation. [35] Moreover, a previous study has also demonstrated
that Nogo-B regulates ICAM-1-mediated leukocyte transmigration and acute inflammation,
which provides further evidence regarding the correlation of NgBR and ICAM-1. [12] Inflam-
matory cytokines such as TNF-a. as well as macrophage migration activities have been demon-
strated to be promoted by the overexpression of Nogo-B that participates in immune
responses by modulating macrophage recruitment [36]. The up-regulation of Nogo-B is also a
factor that can result in apoptosis of VSMCs [37]. In line with our results, siRNA-mediated
knockdown of NgBR has been indicated to suppress survivin, an apoptosis inhibitor, in the
context of breast cancer, the mechanism of which may be a potential marker for treatment
modalities [9]. Decreased levels in ICAM-1 in rats with unpredictable chronic mild stress-
induced ED have been suggested to be involved with the therapeutic effects of etanercept [15],
which provides supporting evidence that the silencing of NgBR or down-regulation of ICAM-
1 can be used to develop target treatments for ED.

In conclusion, the present study suggests that silencing NgBR or down-regulating ICAM-1
attenuated penile corpus cavernosum VSMC apoptosis of rats with diabetic ED, which could
be a potential therapeutic target to alleviate erectile function. Functionally, down-regulation of
ICAM-1 expression attenuated NgBR’s promoting effects on rat penile corpus cavernosum cell
apoptosis. However, the present study was based on a SD rat model and the potential for trans-
lational applications for patients were not investigated. In addition, the current study mainly
discussed rats with diabetic ED, which can never substitute for ED induced by hypertension,
obesity and coronary artery disease. Therefore, we will continue to conduct more studies to
examine the underlying mechanism in ED induced by other causes in order to provide a better
therapeutic method for ED patients.
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