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INTRODUCTION

Nitric oxide (NO) is a key mediator for penile erection 
[1,2]. In the penis, NO is normally produced by neuronal and 
endothelial NO synthase (nNOS and eNOS). The nNOS-
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derived NO is involved in initiation of  penile erection, 
while eNOS-derived NO is involved in maintaining the 
penile erection [3]. The endogenous NO moves into corpus 
cavernosum smooth muscle cells, activates guanylate cyclase 
(GC), and then converts guanosine 5’-triphosphate to cyclic 
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guanosine monophosphate (cGMP). Next, cGMP activates 
cGMP-specific protein kinase and causes relaxation of the 
corpus cavernosum smooth muscle, which allows penile 
erection [4]. Phosphodiesterase-5 (PDE-5) degrades cGMP 
following erection initiation [5,6].

As a first therapy for erectile dysfunction (ED), PDE-5 
inhibitors are used to increase cGMP concentration; however, 
in some patients with diabetes-induced ED, those who are 
postprostatectomy, or have other types of severe vascular 
dysfunction, a PDE-5 inhibitor may not necessarily improve 
erectile function [7]. Saenz de Tejada et al. [8] reported that 
patients with ED and diabetes had an impaired endothelial-
derived NO-stimulated relaxation response in the penile 
corpus cavernosum. In these cases, increasing NO production 
may be key to improving erectile function, while PDE-5 
inhibitor effects may be low. Making this NO-based therapy 
potentially even more attractive to clinicians and patients, 
there are currently no noninvasive and effective therapies 
for penile rehabilitation. Thus, controlling NO production 
may be a novel, condition-specific, noninvasive therapy for 
ED and/or penile rehabilitation. Accordingly, we created a 
tool to facilitate this task, the NO releaser, NOBL-1.

Designed by Ieda et al. [9], NOBL-1 is a light-controllable 
releaser of  NO (Fig. 1). Though some light-sensitive NO 
donors already exist, they are limited by factors such 
as cytotoxicity, due to transition metal components, or 
expense, requiring two photon devices [9,10]. NOBL-1 does 
not contain transition metals that can cause cytotoxicity 
and is composed of N-nitrosoaniline and a BODIPY dye. In 
spite of the carcinogenic property of the N-nitroso structure, 
Namiki et al. [11] reported that the N-nitrosoaniline 
structure did not show strong toxicity, and BODIPY dyes 
have been utilized for molecular imaging owing to their 
less cytotoxic fluorescent molecules [12]. In addition, NOBL-

1’s NO production can be easily controlled by blue light 
[9]. Considering these advantages, we aimed to determine 
whether NOBL-1 could be an effective and simple ED 
therapy by allowing light-controlled relaxation of the penile 
corpus cavernosal smooth muscle. 

MATERIALS AND METHODS

1. Animals
Fifteen-week-old male Wistar-ST rats (SLC, Shizuoka, 

Japan) were used in this study. Animals were housed in 
a temperature and humidity-controlled room with a 12-
hour light/dark cycle and free access to laboratory chow 
and water. All experiment protocols were performed with 
approval by the Animal Care and Use Committee of Nagoya 
City University.

2. Isometric tension study
Penises were obtained from rats after euthanasia. The 

tunica albuginea, urethra, and veins were removed. The 
remaining corpus cavernosum was prepared in a chilled 
Krebs solution composed of 119 mM NaCl, 4.6 mM KCl, 1.5 
mM CaCl2, 1.2 mM MgCl2, 15 mM NaHCO3, 1.2 mM NaH2PO4, 
and 11 mM glucose. One side of  the prepared corpus 
cavernosum was clipped, and the other side was ligated and 
connected to a force transducer (ADInstruments, Bella Vista, 
Australia). The force transducer was connected to a bridge 
amp and PowerLab 4/26 (ADInstruments), and tension was 
measured using LabChart 7 software (ADInstruments). 
The experimental tools were placed in a dark room to avoid 
ambient room light (Fig. 2A). 

3. Experimental protocols
Measurements were taken at least 1 hour af ter 

collecting and preparing the corpus cavernosum. The corpus 
cavernosum was treated with L-NAME (10−4 M) to inhibit 
endogenous NO production.

First, to measure the effects of light irradiation in the 
absence of  NOBL-1, noradrenaline (10−5 M) was allowed 
to promote precontraction, and the sample was irradiated 
with light for 15 and 30 seconds (wavelength 470–500 nm, 
intensity 31 mW/cm2). Light was irradiated from outside of 
the organ bath by MAX-302 (Asahi spectra, Tokyo, Japan) 
in the dark room (Fig. 2B, C). Next, NOBL-1 (10−6 M) was 
added, and the sample received light for a further 15 and 30 
seconds.

Next, to investigate the synergistic effects of  PDE-
5 inhibitors, the sample was washed in Kreb’s solution, 
vardenafil (10−6 M) was added, and the corpus cavernosum 
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Fig. 1. Structure of NOBL-1. 
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was precontracted by noradrenaline (10−5 M). Then, NOBL-
1 (10−6 M) was added to the organ bath, and the sample 
received light for 15 and 30 s.

To confirm that these effects were indeed induced via 
the NO-GC-cGMP pathway, we then added a GC inhibitor, 
(1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one, ODQ) (10−5 M), and 
measured light-induced relaxation in the presence of NOBL-
1.

4. Statistical analysis
Results are expressed as means±standard error of the 

mean. Differences in the data were evaluated by repeated 
measures analysis of variance. Differences of p<0.05 were 
considered to be significant.

RESULTS

In the absence of  NOBL-1, light irradiation did not 
cause any change in the corpus cavernosum (Fig. 3, left); 
however, when the corpus cavernosum smooth muscle was 

precontracted by noradrenaline and NOBL-1 was added, the 
sample relaxed when irradiated with light. The relaxation 
responses were maintained during 15- and 30-second 
intervals (Fig. 3, right), although the tension returned when 
the light was removed (Fig. 3, right).

Upon examining the synergistic effects between NOBL-
1 and vardenafil, a PDE-5 inhibitor, we saw that the 
corpus cavernosum’s light-induced relaxation response was 
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Fig. 3. Corpus cavernosum’s response to light irradiation without (left) 
and with NOBL-1 (right). The yellow line represents light irradiation: 
short width, 15 seconds; long width, 30 seconds. NA, noradrenaline 
(10−5 M); NOBL-1 (10−6 M).

Fig. 2. Evaluation system. (A) This work 
was performed in a dark room. White 
arrows represent the light source. (B) Pe-
nile tissue in light-irradiated organ bath. 
(C) Pattern diagram of evaluation sys-
tem. Light was irradiated from outside 
the organ bath. 
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obviously enhanced as a result of vardenafil pretreatment 
(Fig. 4). In this scenario, tension was maintained both during 
and after irradiation (Fig. 4).

The results of analysis showed Fig. 5. The penile corpus 
cavernosum were significantly relaxed with the response to 
light both with only NOBL-1 and NOBL-1 under vardenafil 
compared with the response to light without NOBL-1.

To confirm whether those responses were induced by NO, 
we examined the sample’s response to light in the presence 
of a GC inhibitor, ODQ. The response to light irradiation 
completely disappeared in the presence of ODQ treatment, 
suggesting that the relaxation response occurred via the GC 
pathway (Fig. 6).

DISCUSSION

This study showed that the corpus cavernosum’s 
relaxation response was controllable by NOBL-1 and light 
irradiation. In addition, the response was enhanced in 
the presence of vardenafil. When treated with ODQ, the 

relaxation response ceased, suggesting that NO, known to 
be both the cause of this relaxation response and ultimately 
initiate and maintain penile erection, was produced by the 
effects of NOBL-1 and light irradiation. In turn, this suggests 
that NOBL-1 might be useful for treating ED caused by low 
levels of NO. This phenomenon may also be useful for more 
general penile rehabilitation.

Penile rehabilitation may be performed for patients 
who develop ED after undergoing radical prostatectomy [13]. 
Penile rehabilitation commonly focuses on three interrelated 
concepts as follows: (1) improving cavernosal oxygenation, 
(2) preserving endothelial structure and function, and (3) 
preventing smooth muscle structural changes [14]. Currently, 
injecting prostaglandin E1 into the corpus cavernosum 
or long-term treatment with PDE-5 inhibitors are the 
standard therapies for these patients [13-17]. Unfortunately, 
prostaglandin E1 injections are invasive and may cause 
pain, and PDE-5 inhibitor regimens may not be useful if 
low levels of NO are the cause of the ED. nNOS plays an 
essential role in initiating erection by NO production from 
the nitrergic nerve [3]. Bilateral transection of cavernous 
nerves was reported to cause a reduction in the nNOS-
positive nerve fibers from 3 weeks after surgery, and 
regeneration was not observed in an animal study [18]. Thus, 
the reduction in nNOS is suggested to be a cause of ED 
after radical prostatectomy. In these cases, NOBL-1 and light 
irradiation may be a more effective rehabilitation method.

Patients with ED have generally been treated with 
oral PDE-5 inhibitors as a first-line therapy, although 
approximately 30% of  patients fail to respond to this 
treatment. Common causes of  this response failure are 
diabetes mellitus and severe neurological or vascular 
disease [7,19-21]. Only if NO is being produced after sexual 
arousal can PDE-5 inhibitors affect penile tissue; in the 
aforementioned conditions, NO production may be too low 
to initiate PDE-5 effects or entirely nonexistent. On the 
other hand, in this study, NOBL-1 could freely initiate 
and maintain an erection in the presence of light without 
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Fig. 4. Corpus cavernosum’s response to light irradiation with NOBL-1 
and vardenafil. The yellow line represents light irradiation: short width, 
15 seconds; long width, 30 seconds. Var, vardenafil (10−6 M); NA, nor-
adrenaline (10−5 M); NOBL-1 (10−6 M).
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Fig. 5. Analysis of relaxing response to light irradiation. Relaxing re-
sponse to light irradiation without NOBL-1 (white column), with NOBL-
1 (gray column), and with NOBL-1 under vardenafil treatment (black 
column). Var, vardenafil, n=4, *p<0.05, **p<0.01.
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Fig. 6. Corpus cavernosum’s response to light irradiation with NOBL-
1 and ODQ, a GC inhibitor. The yellow line represents light irradiation: 
short width, 15 seconds; long width, 30 seconds. ODQ, 1H-[1,2,4]
oxadiazolo[4,3-a]quinoxalin-1-one (10−5 M); NOBL-1 (10−6 M).
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any need for sexual stimulation. We also investigated 
whether NOBL-1 and light irradiation could still produce 
a relaxation response in the presence of a PDE-5 inhibitor, 
since patients may still take PDE-5 inhibitors. As expected, 
PDE-5 inhibitors enhanced the relaxation response. Thus, 
a combination of NOBL-1 and a PDE-5 inhibitor treatment 
might be ef fective for ED. In that case, attention to 
hypotension is considered necessary, although the method 
that uses NOBL-1 and light irradiation can produce NO 
focally.

In addition to its occasional lack of  ef fectiveness, 
some patients treated with PDE-5 inhibitor therapy also 
experience systemic side effects such as headaches, flushing, 
dyspepsia, and back pain [19]. Because NOBL-1 was able to 
produce site-specific NO upon light irradiation, such adverse 
events may be less likely to occur using this novel therapy.

This study did have some limitations. Primarily, the use 
of rat models makes generalizability to humans difficult, 
and the small sample size and short follow-up should be 
addressed in future efforts to improve novel methods of 
penile rehabilitation.

In conclusion, the corpus cavernosum’s relaxation 
response was controlled by light irradiation in the presence 
of  NOBL-1. In addition, pretreatment with vardenafil 
enhanced the relaxation response. Both with and without 
pretreatment, tension returned after irradiation ceased. 
Therefore, NOBL-1 might be a useful therapy for ED and 
penile rehabilitation.

CONCLUSIONS

The corpus cavernosum’s relaxation response was 
controlled by light irradiation in the presence of  NOBL-
1. In addition, pretreatment with vardenafil enhanced the 
relaxation response. Both with and without pretreatment, 
tension returned after irradiation ceased. 
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