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Nitro-oleic acid (NO,-OA) ameliorates erectile dysfunction in a rat
model of diabetes mellitus via modulation of fibrosis, inflammation
and autophagy
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Background: Inflammation, fibrosis and autophagy represent closely related factors associated with the
pathogenesis of diabetes mellitus erectile dysfunction (DMED). In this study, the therapeutic effect of nitro-
oleic acid (NO,-OA) in a streptozotocin-induced rat model of DMED was evaluated.

Methods: Sixty rats were randomly divided into four groups: control, DMED, DMED + Vehicle and
DMED + NO,-OA. DMED was induced by intraperitoneal injection of streptozotocin in male rats. Blood
glucose and body weight were measured every 2 weeks. After 4 weeks of NO,-OA treatment, erectile
function was measured by electrical stimulation of cavernous nerve (CN). Western blotting, quantitative
real-time polymerase chain reaction (QRT-PCR), enzyme-linked immunosorbent assay (ELISA),
immunofluorescence and Masson’s trichrome staining were used to verify the related factors and protein
expression levels.

Results: We found that NO,-OA could significantly increase erectile pressure in the corpus cavernosum
of DMED rats. Results of western blot, confocal immunofluorescence and qRT-PCR assays revealed that
NO,-OA significantly reduced inflammatory factors and the expression of nuclear factor kappa B (NF-«B).
In addition, Masson staining results indicated that NO,-OA significantly reduced the display of fibrotic
tissue in the corpus cavernosum. These beneficial effects may be related to reductions in the expression of
transforming growth factor-pl (T'GF-P1) and connective tissue growth factor (CTGF) and the increase in
the expression of o-smooth muscle actin (a-SMA). Finally, NO,-OA treatment increased the expression
of the autophagy marker, LC3, while P62 was decreased, effects suggesting that one of the underlying
mechanisms of NO,-OA may involve an activation of the PI3K/AKT/mTOR pathway to enhance the
capacity for autophagy within this tissue.

Conclusions: NO,-OA enhances erectile function within a rat model of DMED by inhibiting

inflammation and fibrosis along with activating autophagy.
Keywords: Diabetes mellitus erectile dysfunction (DMED); fibrosis; autophagy; inflammation; nitro-oleic acid
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Introduction

In recent years, there has been a sharp increase in diabetes.
A chronic complication associated with diabetes in male
patients, which has attracted increasing attention, is that
of erectile dysfunction (ED) (1,2). The incidence of ED in
diabetes mellitus (DM) patients is significantly greater (3.5-
fold) than that observed in non-diabetic males (3), with the
overall incidence of diabetes mellitus erectile dysfunction
(DMED) accounting for 50-75% in diabetes male patients (4).
Moreover, the morbidity of DMED increases with age and
duration of diabetes. DMED patients are prone to severe
anxiety, low self-esteem and a sense of failure, which not only
affects their physical and mental health, but also seriously
impacts their marital stability and family harmony (5).
Accordingly, research directed at understanding the
development and pathogenesis of this condition to enable the
implementation of new interventions and treatments is sorely
warranted.

While ED is closely related with diabetes, the specific
underlying mechanisms involved is yet to be fully elucidated
(6,7). It is generally believed that nerve damage, imbalances
in hormonal metabolism, vascular and endothelial
dysfunction as well as other factors may all contribute
to DMED (8-11). Results from an increasing number of
recent studies have suggested that chronic inflammation
of the cavernosal body, due to a persistent increase in
hyperglycemia, aggravates damage to the endothelium of the
cavernous body, thus leading to a decrease in the diastolic
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function of this structure (12). In addition, a persistent
endothelial injury leads to a proliferation of fibroblasts,
which in turn results in excessive fibrosis to further
aggravate the relaxation function of the corpus cavernosum
(13,14). Such effects represent important factors which can
then lead to decreased erectile function in diabetes patients.
It has also been reported that the PI3K/AKT/mTOR
and nuclear factor kappa B (NF-xB) related pathways
play important roles in the progression of inflammation
involved with DMED (15,16). The mechanisms of corpus
cavernosum fibrosis are quite complicated. In general, the
transforming growth factor-B1 (TGF-B1)/Smad signaling
pathway plays a key role in regulating corpus cavernosum
fibrosis (17), with results from several studies indicating
that persistent hyperglycemia can upregulate this pathway,
leading to the formation of corpus cavernosum smooth
muscle fibrosis (18,19). Therefore, inhibiting inflammatory
responses and progression of fibrosis of the cavernosal body
along with reducing the damage to cavernosal endothelial
cells would seem to be critical factors for improving the
relaxation function and thus enhancing frontal erection
function of the cavernosal body. In this regard, autophagic
activation has been proved to be an effective method for
treating DMED via its capacity to modulate detrimental
conditions such as inflaimmation and oxidative stress (20).
The underlying mechanisms for this beneficial effect appear
to involve the recycling of damaged organelles and cellular
components to maintain cellular homeostasis.

Nitro-oleic acid (NO,-OA) is one type of nitrated fatty
acids (NO,-FA), which serves as an important endogenous
signaling mediator (21). Interestingly, NO,-OA has been
shown to exert effective anti-inflammatory and anti-
fibrotic effects as demonstrated in several disease models
(22,23), and is currently being tested in phase II clinical
trials for the treatment of chronic pulmonary and renal
diseases (24). However, its therapeutic effects in DMED
are yet to be investigated. The purpose of this study was to
assess the protective effects of NO,-OA in the treatment
of streptozotocin-induced diabetes in a rat model as well as
to identify some of the possible mechanisms for its effects.
We present this article in accordance with the ARRIVE
reporting checklist (available at https://tau.amegroups.com/
article/view/10.21037/tau-23-547/rc).

Methods
Amnimals and the DMED model
Eight-week-old male Sprague Dawley (SD) rats (N=60)
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were purchased from the Experimental Animal Center of
Shandong University. Procedures involving animal subjects
were approved by the Animal Care and Use Committee of
Liaocheng People’s Hospital (Liaocheng, China; Approval
No. 2023046). This study involving rats was conducted
in accordance with the Laboratory Animal Care and
Use Guidelines of the National Institute of Health. The
protocol was prepared before the study without registration.
DM was induced with a single intraperitoneal injection
of 60 mg/kg STZ (Sigma-Aldrich, St. Louis, MO, USA).
Three days later, blood glucose levels were determined and
rats with a blood glucose of 16.7 mmol/L were considered
as diabetic. Twelve weeks after DM induction, all rats were
treated with apomorphine (APO) hydrochloride (80 pg
per kg body weight; A4393; Sigma-Aldrich), an established
method for evaluating erectile function in rats as described
previously (25). APO was injected subcutaneously into
the neck of all rats, after which the rats were placed in
a dark chamber observation cage for 30 min. When the
appearance of an engorged glans penis and distal penis
shaft was considered standard for penile erection. DM rats
demonstrating a positive APO test response were designated
as DMED rats and were used for subsequent experiments.
All DMED rats were randomly divided into three groups,
with N=15/group: DMED, DMED + NO,-OA and DMED
+ Vehicle group. An additional untreated control group
(N=15) was also included. Measures of erectile responses
were performed in all four groups. The DMED rats in
DMED + NO,-OA group and DMED + Vehicle were
treated with the vehicle [polyethylene glycol (PEG)/ethanol,
90:10, v/v] or the vehicle with NO,-OA (7.5 pg per kg body
weight per day) via osmotic mini-pumps (ALZET Model
2002, Durect, Cupertino, CA, USA) that were implanted
subcutaneously into the flanks for a 4-week period. The
specific regioisomer of 10-nitro-octadec-9 (E)-enoic acid
(NO,-OA) was provided by Bruce Freeman, PhD, from the
University of Pittsburgh (Pittsburgh, PA, USA) (Figure 14).

Erectile function assessment

Intracavernous pressure (ICP) and mean arterial pressure
(MAP) were measured as described previously (26).
Briefly, following anesthetization with pentobarbital
sodium (35 mg/kg, Nembutal, St. Louis, MO, USA), a
cannula was inserted into the isolated left carotid artery
with a heparinized saline (2501U/mL) filled PE-50 tube
to monitor MAP. Next, after identifying and isolating the
cavernous nerve (CN), a bipolar hook electrode connected
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to a signal generator (Taimeng, Chengdu, China) was
placed to the left of the CN for electrical stimulation using
monophasic rectangular pulses (5 V and 15 Hz with a pulse
width of 1.0 ms for 1 min at 3-min intervals). ICP and
MAP were measured continuously with use of a BL-420V
pressure transducer system (AD instrument).

Western blot

Extraction of penile tissue and western blot assays were
performed as described by Li e a/. in 2020 (27). Penile
tissue was carefully isolated and homogenized in radio
immunoprecipitation assay (RIPA) lysis buffer. After
determining the protein concentration with use of a
BCA kit (Beyotime, Shanghai, China), the samples were
diluted with 1x loading buffer, heated at 100 °C for 10 min
for protein denaturation, and stored at -20 °C. Proteins
(30 pg) from tissue samples were loaded into each lane,
electrophoretically separated on SDS-PAGE gels and
then transferred onto PVDF membranes for overnight
incubation at 4 °C with the following primary antibodies:
PI3K (1:2,000; 4292S; Cell Signaling Technology,
Danvers, MA, USA), AKT (1:5,000; 9272S; Cell Signaling
Technology, Danvers, MA, USA), NF-«B (1:1,000;
BS90940; Bioworld Technology, Nanjing, China), TGF-f1
(1:500; BS1361; Bioworld Technology), CTGF (1:500;
BS7445; Bioworld Technology), o-SMA (1:1,000; BS70000;
Bioworld Technology), mTOR (1:1,000; 2972S; Cell
Signaling Technology, Danvers, MA, USA), P62 (1:1,000;
23214S; Cell Signaling Technology, Danvers, MA, USA),
LC3I/II (1:1,000; 12741S; Cell Signaling Technology,
Danvers, MA, USA) and GAPDH (1:5,000; 10494-1-AP;
Proteintech, Wuhan, China). The secondary antibody was
horseradish peroxidase-conjugated to mouse anti-rabbit/
mouse IgG (1:5,000, Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Immunoblots were developed with use
of enhanced chemiluminescence (ECL) and protein band
densities, normalized to GAPDH, were quantified using
Image J software (NIH, Scion Corporation, Frederick, MD,
USA).

Confocal immunofluorescent assay

Frozen penile tissue serial coronal sections (30 pm)
were incubated overnight at 4 °C with diluted primary
antibodies including: TGF-p1 (1:200; BS1361; Bioworld
Technology), CTGF (1:200; BS7445; Bioworld Technology),
a-SMA (1:200; BS70000; Bioworld Technology) and CD63
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Figure 1 Effects of NO,-OA on metabolic parameters and erectile dysfunction in DMED rats. (A) Flow chart illustrating timeline of the
experiment. (B) Body weights. (C) Blood glucose levels. (D) Representative traces of ICP in control, DMED, DMED + Vehicle and DMED
+ NO,-OA rats. (E) Maximal ICP/MAP ratios. The data are presented as means + SEMs. N=6 per group. ****, P<0.0001 compared with
control group; ", P<0.001 compared with DMED group. DM, diabetes mellitus; DMED, diabetes mellitus erectile dysfunction; NO,-OA,

nitro-oleic acid; PCR, polymerase chain reaction; ICP, intra-cavernous pressure; MAP, mean systemic arterial pressure; SEM, standard error

of mean.

(1:500, SC-5275, Santa Cruz Biotechnology) followed by
the Alexa Fluor488-conjugated goat anti-rabbit IgG or
Alexa Fluor594-conjugated goat anti-mouse IgG secondary
antibody (all 1:200, Sigma-Aldrich). Images were captured
with use of a LSM780 laser scanning confocal microscope
(ZEISS, Germany). A minimum of 6 images were taken
from each animal for analysis by Image-Pro plus 6.0

software.
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Quantitative real-time polymerase chain reaction
(qRT-PCR) analysis

Total RNA was extracted from a 100 mg sample of
cryopreserved penile tissue using the TRIzol kit and was
reverse transcribed into cDNA using reverse transcriptase
(GeneCopoeia, USA). GAPDH served as a loading control
in each sample and targeted gene expression levels were
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Table 1 PCR primers used in this study

541

Gene Forward (5'—3') Reverse (5'—3")

IL-6 CTCTCCGCAAGAGACTTCCA TCTCCTCTCCGGACTTGTGAA
IL-1p GGGATGATGACGACCTGC CCACTTGTTGGCTTATGTT

IFN-y ATTCATGAGCATCGCCAAGTTC TGACAGCTGGTGAATCACTCTGAT
TNF-a TGATCGGTCCCAACAAGGA TGCTTGGTGGTTTGCTACGA
GAPDH AGTGCCAGCCTCGTCTCATA GGTAACCAG GCG TCCGATAC

PCR, polymerase chain reaction.

evaluated using the 274

detailed in Table 1.

method. The primers used are

Masson’s trichrome staining

Slices of penile tissue (5 pm) were fixed in 4%
paraformaldehyde overnight to assess the level of fibrosis
as determined using the Masson’s Trichrome Staining Kit
(D026-1-3; Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the instructions provided.

Statistical analysis

All data were expressed as means and standard error of
the means (means =+ SEMs). Group comparisons were
performed using an analysis of variance. Two-way analysis
of variance (ANOVA) was used for determinations of
statistical significance. Tukey’s test was used to determine
the subsequent pairwise differences. P<0.05 was required
for results to be considered as statistically significant. The
Statistical Product and Service Solutions (SPSS) 16.0
(SPSS, Chicago, IL, USA) software was used for these data
analyses.

Results

NO,-0A4 improves basal metabolic parameters and erectile
function

There were no statistically significant differences in initial
body weights and blood glucose concentrations among
the four groups. However, following the induction of
diabetes, the three DMED groups all showed significantly
lower body weights and significantly higher blood glucose
concentrations as compared with the control group. Within
the DMED + NO,-OA group there were some restorations

© Translational Andrology and Urology. All rights reserved.

of body weights and blood glucose levels (Figure 1B,1C) and
significant increases in ICP and ICP/MAP (Figure 1D,1E)
as compared with that of the DMED groups (DMED alone
and DMED + Vehicle).

NO,-OA ameliorates fibrosis in penile tissue of DMED
rats

Western blot results revealed that expressions of TGF-1
and CTGF were significantly decreased in penile tissue after
NO,-OA treatment, while that of a-SMA was increased.
Such results suggest that an increase in smooth muscle tissue
is present in response to this NO,-OA treatment (Figure
24,2B). Masson trichrome staining was performed to assess
the ratio of smooth muscle to collagen. A decreased smooth
muscle/collagen ratio was observed in the vehicle-treated
DMED and DMED group as compared with the control
group, while 4 weeks of NO,-OA treatment significantly
increased these ratios (Figure 2C,2D). Immunofluorescence
assay results revealed that the expression levels of TGF-1,
CTGF and a-SMA were also significantly different among
the four groups (Figure 2E-27%).

NO,-0A activates autopbagy in penile cavernous tissue via
the PI3K/AKT/mTOR pathway in DMED rats

As shown in Figure 34, the PI3K/AKT/mTOR signaling
pathway represents a key pathway for regulating autophagy
and, in this study, we found that all three of these proteins
were increased in the NO,-OA versus the DMED group
(Figure 3B-3D). Elevated expressions of the autophagy
marker, LC3, and decreased levels of the autophagy
substrate, p62, were observed in the NO,-OA as compared
with the DMED group (Figure 3E,3F). These results
suggest that one of the means through which NO,-
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Figure 2 Effects of NO,-OA on reducing fibrosis in DMED rats. (A) Representative western blots and (B) protein expressions of TGF-B1,
CTGF and o-SMA. (C) Masson trichrome staining (red, smooth muscle; and blue, collagen areas). (D) Ratio of smooth muscle to collagen in
Masson’s trichrome-stained corpus cavernosum tissue. Representative immunofluorescence and quantification of (E,F) TGF-1, (G,H) CTGE,
and (I,J) 0-SMA within the corpus cavernosum of the four groups. Scale bar is 50 pm. N=6 per group. **, P<0.01; ***, P<0.001; ****, P<0.0001
compared with the control group. *, P<0.05; ¥ P<0.01; ** P<0.0001 compared with the DMED group. TGF-1, transforming growth
factor-B1; CTGE, connective tissue growth factor; 0-SMA, a-smooth muscle acting DMED, diabetes mellitus erectile dysfunction; NO,-OA,

nitro-oleic acid.
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Figure 3 Effects of NO,-OA on autophagy in DMED rats. (A) Representative western blot and protein expressions of (B) PI3K, (C) AKT,
(D) mTOR, (E) p62 and (F) LC3. N=6 per group. **, P<0.01; ***, P<0.001; ****, P<0.0001 compared with the control group. *, P<0.05; *,
P<0.01; ", P<0.0001 compared with the DMED group. DMED, diabetes mellitus erectile dysfunction; NO,-OA, nitro-oleic acid; PI3K,
phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; LC3, microtubule-associated protein 1 light

chain 3.

OA improves erectile function is through induction of
autophagy via the PI3K/AKT/mTOR signaling pathway.

NO,-OA inhibits inflammation in penile cavernous tissue
of DMED rats

It appears that NO,-OA treatment can effectively reduce
inflammation in these DMED rats, as the expression of
NF-«B (p65) was increased in the DMED versus control
group, while NF-«kB (p65) expression was decreased in
the DMED + NO,-OA versus the DMED group (Figure
4A4,4B). In addition, we found that mRNA expressions
of several essential proinflammatory cytokines, such as
interferon-y (IFN-y), tumor necrosis factor-o (TNF-a),
interleukin-1p (IL-1B) and IL-6, were all significantly
increased in the DMED as compared to that observed in
control group (Figure 4C-4F). However, the levels of IFN-y,

© Translational Andrology and Urology. All rights reserved.

TNF-a, IL-1p and IL-6 were all decreased in the DMED +
NO,-OA versus DMED group. Results from the confocal
immunofluorescent assay indicated that the expression of
CD63 was also increased in DMED rats, but decreased after
NO,-OA treatment (Figure 4G,4H).

Discussion

Findings from a number of studies have indicated that
fibrosis and autophagy play important roles in the
pathogenesis of DMED (28-30). Our current results are in
accordance with previous findings as we found that erectile
function was decreased, penile tissue fibrosis was obvious
and autophagy was diminished in DMED rats. While it
has been reported that NO,-OA can exert a significant
anti-inflammatory effect to inhibit ED (31), our current
results provide novel evidence indicating that NO,-OA

Transl Androl Urol 2024;13(4):537-547 | https://dx.doi.org/10.21037/tau-23-547
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Figure 4 Effects of NO,-OA on inflammation in DMED rats. (A) Representative western blot and (B) protein expression of NF-kB. qPCR
assay results for mRINA expression levels of (C) TNF-o, (D) IFN-y, (E) IL-6 and (F) IL-1p. Representative (G) immunofluorescence (x200)
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tumor necrosis factor-a; IFN-y, interferon-y; IL, interleukiny DMED, diabetes mellitus erectile dysfunction; NO,-OA, nitro-oleic acid,;

qPCR, quantitative polymerase chain reaction.

can also enhance autophagy. In this way, the significant
improvement in erectile function of DMED rats treated
with NO,-OA may be related to these anti-fibroses and
enhanced autophagic effects of NO,-OA. Moreover, NO,-
OA may restore the corpus cavernosum smooth muscle cell
(SMC) and its structural integrity through inhibition of the

© Translational Andrology and Urology. All rights reserved.

TGF-p1/CTGF pathway.

Although oral PDES inhibitors can provide an effective
and safe treatment of ED in non-diabetics, DMED patients
often respond poorly to these drugs, mainly due to the
chronic inflammation induced by long-term hyperglycemic
stimulation, which then induces penile fibrosis and
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reduces penile diastolic function (32,33). Although in its
initial stages fibrosis represents an adaptive response to
unfavorable conditions such as tissue damage, its long-term
consequences are irreversible and often more harmful than
beneficial. Reductions in parenchymal cells are accompanied
with an increase and loading of fibrous connective tissue,
the direct result of which is a continuous decrease in
extensibility and rigidity of the tissue or organ (34). Such
processes will continue until the tissue or organ completely
loses all functions. In diabetic rats, the expression of
TGF-B1 and its downstream effectors, which regulate
fibrosis, were significantly increased in penile tissue.
TGF-B1 regulates fibrosis by activating receptor-associated
Smad2 and Smad3, and there is evidence that TGF-B1
signaling promotes apoptosis and inhibits the regenerative
capacity of penile SMCs (34). TGF-B1 may reduce penile
elasticity and compliance by altering collagen types and
increasing collagen synthesis. An additional pro-fibrotic
molecule in tissues that is regulated by TGF-p1 is CTGE.
Overexpression of CTGF induces fibroblast proliferation,
migration and extracellular matrix overexpression as well as
apoptosis in SMCs (18). In this study, a-SMA, which is the
typical isoform found in SMCs, was used to assess smooth
muscle content in the corpus cavernosum. Our results
showed that, in DMED rats treated with NO,-OA, TGF-p1
and CTGF were significantly decreased, while a-SMA was
increased.

Autophagy is a programmed process by which cells engulf
and degrade cytoplasmic contents to replenish metabolic
needs. It has been reported that enhancing autophagy can
improve erectile function by alleviating the fibrotic process
within the corpus cavernosum (35,36). Expression of the
autophagic degradation-related protein, p62, increases
when the degradation of downstream products of autophagy
is blocked. The underlying mechanism for this effect is
that ubiquitinated p62 binds to LC3-II and is degraded
together in autophagolysosomes (37). LC3 represents the
classic autophagy marker and, as a structural protein of
autophagosome, exists mainly in the forms of LC3-I and
LC3-II during the process of autophagy (38). In this study,
the increased level of autophagy in the corpus cavernosum
of the penis in DMED rats was increased in response to
NO,-OA treatment. When considering the possible reasons
for this effect, we speculate that the decreased autophagy in
the penile corpus cavernosum of DMED rats may be due
to the increase of damaging factors such as oxidative stress,
inflammation and hyperglycemia. However, NO,-OA
significantly improves the level of autophagy by inhibiting
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oxidative stress and inflammation. The P13K/AKT/mTOR
pathway represents a classic signaling pathway involved with
the ability to regulate the initiation of autophagy (39). Our
current results demonstrated that the expressions of P13K,
AKT and mTOR proteins and their corresponding mRINAs
in DMED rats were all significantly decreased while NO,-
OA treatment significantly increased these protein and
mRNA expressions. In this way, the abnormal inhibition of
the P13K/AKT/mTOR pathway in the corpus cavernosum
of DMED rats was activated in response to NO,-OA. Finally,
we have shown previously that the enhanced inflammatory
response mediated by NF-«xB represents an important
pathogenic component of DMED (40). Here, we now report
that NO,-OA reduced the expression of NF-xB and IL-6 as
well as other important proinflammatory factors.

This study has some limitations. For example, we only
studied the effects of a single dose. It is also necessary
to study the effect of different doses of NO, on DMED.
In addition, we did not detect whether NO,-OA could
improve the therapeutic effect of other conventional drugs
on DMED. In our future research, we also need to improve
this research.

Conclusions

In conclusion, in this study we demonstrated that NO,-OA
can improve erectile function in DMED rats, effects which
are related to activation of an over-inhibited P13K/AKT/
mTOR pathway in the corpus cavernosum and through
promotion of autophagy. In addition, there is an inhibition
of TGF-B-related pathways with NO,-OA, which can then
serve to diminish fibrosis. Taken together, these findings
provide a foundation for the development of new treatments
of DMED. This study provides a strong rational for
future clinical studies of the therapeutic regime in DMED
patients.
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