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ABSTRACT

Introduction: Endothelial dysfunction characterized by endogenous nitric oxide (NO) deficiency made 56% of patients
affected with erectile dysfunction decline treatment with PDE-5 inhibitors. New forms of treatment are currently being
developed for this group of patients.

Materials and Methods: The study compared the effect of sodium nitroprusside (SNP) and two substances of the nitrosyl-
ruthenium complex, cis-[Ru(bpy)2(SO,)(NO)]PF-6-9 (“FONO1”) and trans-[Ru(NH,)4(caffeine)(NO)]C13 (“LLNO1”) on
relaxation of rabbit corpus cavernosum smooth muscle and aortic vascular endothelium. The samples were immersed in
isolated baths and precontracted with 0.1 uM phenylephrine (PE) and the corresponding relaxation concentration/response
curves were plotted. In order to investigate the relaxation mechanisms involved, 100 uM ODQ (a soluble guanylate cy-
clase-specific inhibitor), 3 uM or 10 uM oxyhemoglobin (an extracellular NO scavenger) or | mM L-cysteine (a nitrosyl
anion-specific scavenger) was added to the samples.

Results: All the NO donors tested produced a significant level of relaxation in the vascular endothelium. In corpus cav-
ernosum samples, FONO1 produced no significant effect, but LLNO1 and SNP induced dose-dependent relaxation with
comparable potency (pEC, = 6.14 + 0.08 and 6.4 + 0.14, respectively) and maximum effect (Emax = 82% vs. 100%,
respectively). All NO donors were found to activate soluble guanylate cyclase, since the addition of the corresponding
inhibitor (100 uM ODQ) completely neutralized the relaxation effect observed. The addition of oxyhemoglobin reduced
the relaxation effect, but did not inhibit it completely. In aortic vascular endothelium 3 pM oxyhemoglobin decreased the
relaxation effect by 26% on the average, while 10 uM oxyhemoglobin reduced it by over 52%. The addition of 100 uM
L-cysteine produced no significant inhibiting effect.

Conclusions: These results suggest that LLNO1 and FONO1 are potent vasodilators. LLNO1 was shown to induce a sig-
nificant level of relaxation in rabbit corpus cavernosum. The substances tested were shown to activate soluble guanylate
cyclase and release intracellular NO.
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INTRODUCTION . .
Conversely, penile erection occurs when the corpus
The vascular smooth muscles of the human cavernosum smooth musculature is relaxed by the
corpus cavernosum are contracted tonically by ad- activation of inhibitory nerve endings and the decrease
renergic stimulation to maintain the penis flaccid (1). in adrenergic stimulation.
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Nitric oxide was shown to be the neurotrans-
mitter released from the “non-adrenergic-non-cholin-
ergic” nervous fibers that elicited corpora cavernosa
relaxation and penile erection (2). Nitric oxide (NO)
is the main inhibitory neurotransmitter in animal and
human corpus cavernosum mediating penile erection
(1). It was primarily the work of Palmer and Moncada
that led to the discovery of NO as an endothelium-de-
rived relaxing factor (3). NO activates soluble guanyl-
ate cyclase, which in turn induces cyclic guanosine
monophosphate (cGMP) production from guanosine
triphosphate. cGMP acts on intracellular effectors,
such as protein kinase G, which reduce intracellular
calcium levels and dissociate actin and myosin fibers,
leading to smooth muscle relaxation (4).

NO donors are substances releasing NO in
vivo or in vitro. The NO donor sodium nitroprusside
(SNP) is a powerful vasodilator used clinically to treat
acute hypertension. However, the substance is very
unstable and may induce drug tolerance and release
not only NO but also cyanide, which is toxic for the
vascular endothelium (5).

Several more stable and less toxic NO donors
have been tested over the past years. Some of these,
S-nitrosoglutathione (GSNO) and S-nitroso-N-acet-
ylcysteina-ethylester, have been used in studies with
human corpus cavernosum strips mounted in isolated
tissue baths with a promising potential for tissue re-
laxation (6).

Likewise, NO donors with ruthenium metal
center have recently been the object of attention.
These substances, which were initially used on rat
hippocampus in vitro, have a potentializing effect
shown to be reversible by pretreating tissues with
oxyhemoglobin, an extracellular NO scavenger (7).
Because the ruthenium metal center controls the
levels of circulating NO by modulating the reduction
potential of the latter, it can reduce the side effects of
NO donors such as SNP in the clinical setting (8). In
experiments using rat aortic vascular endothelium in
vitro, substances of the nitrosyl-ruthenium complex
produced a relaxation effect similar to that of SNP
9).

The objective of the present study was
to compare the effect of SNP and of two sub-
stances of the nitrosyl-ruthenium complex, cis-
[Ru(bpy)2(SO,)(NO)]PF-6-9 (henceforth termed
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FONOI) and trans-[Ru(NH,)4(caffeine)(NO)]C13
(henceforth termed LLNO1) upon the relaxation of
rabbit corpus cavernosum smooth muscle and aortic
vascular endothelium.

MATERIALS AND METHODS

The study was approved by the Ethics Com-
mittee for Animal Research of the Federal University
of Ceara. Tissue samples were obtained from adult
male New Zealand rabbits weighing 2-3 Kg. After
anesthetizing the animal, the penis was excised and
immediately immersed in Krebs-Henseleit solution.
Following sternotomy and excision of the heart, the
thoracic aorta was dissected, removed and sectioned
into circular fragments, which were immediately im-
mersed in Krebs-Henseleit solution.

The corpus cavernosum tissue was dissected
following removal of the connective tissues of the
tunica albuginea, with each penis providing two seg-
ments of corpus cavernosum (1 cm x 0.3 cm x 0.2
cm). The samples were mounted in isolated tissue
baths containing 10 mL Krebs-Henseleit solution
(37°C; pH 7.4) bubbled with carbogen (95:5 O,/CO,).
The samples were mounted in the bath between two
L-shaped electrodes, one of which was connected to
an isometric force transducer and the other to a mobile
rack for resting tension adjustment. All samples were
subjected to 1g tension.

The samples were monitored for 60 minutes
with resting tension adjustment and solution change
at 15-minute intervals. Variations in tension were
measured with isometric transducers and registered
with a polygraph (Gemini 7070, Ugo-Basile, Varese,
Italy).

Following the 60-minute resting period, the
tissues were precontracted with 0.1 uM phenylephrine
(PE) and relaxation concentration/response curves
were plotted.

Methodology

Experiment 1: Following precontraction with
1 uM PE, graded concentrations (10'? to 10 M) of
SNP, FONO1 or LLNO1 were added to the baths and
relaxation concentration/response curves were plot-
ted.
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Experiment 2: 10 uM oxyhemoglobin was
added to the baths 30 minutes before precontraction
with 1 uM PE to evaluate the associated NO release
rates. Relaxation concentration/response curves were
plotted as in the previous experiment.

Experiment 3: To determine whether the
substances tested released the NO- scavenger
nitrosyl during relaxation, 100 pM L-cysteine
(L-cyst) was added to the baths 30 minutes before
precontraction with 1 uM PE. Relaxation con-
centration/response curves were plotted as in the
previous experiment.

Experiment 4: To evaluate cGMP produc-
tion induced by the test substances, 100 uM soluble
guanylate cyclase-specific inhibitor was added to the
baths 30 minutes before precontraction with 1 uM
PE. Relaxation concentration/response curves were
plotted as in the previous experiment.

Statistical Analysis

The relaxation effect corresponded to the
plateau of phenylephrine contraction and was ex-
pressed as a percentage reversal. The maximum effect
(Emax) was considered as the maximum amplitude
response observed in the concentration-effect curve
for each agent. The concentration required to produce
half the maximum relaxation amplitude (EC, ) was
determined after log transformation of the normalized
concentration-response curves and expressed as nega-
tive logarithms (pEC, ) of the mean values for each
tissue (n=9). The statistical analyses were performed
with the software GraphPad Prism 3.0 (Graph Pad
Software Corporation, San Diego, CA.). Findings
were expressed as average + standard error (SE). In
each group of experiments n indicates the number
of samples analyzed. The statistical significance of
differences between average values was determined
with one-way variance analysis (ANOVA), followed
by the Tukey-Kramer test. The level of statistical
significance was set at p < 0.05.

RESULTS

Evaluation of Relaxation Induced by Test Sub-
stances

Precontraction with 1 uM PE produced a
100% increase in basal tension (1g-2g) in rabbit cor-
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pus cavernosum (RbCC). The maximum relaxation
(Emax) and maximum potency (pEC, ) produced by
SNPwas 109.7% (p <0.05) and 6.4 +0.14, respective-
ly. FONO1 induced little relaxation in RbCC samples
(Emax: 31.2%). LLNO1 induced relaxation with
potency and maximum effect similar to SNP (Emax:
81%; pEC,: 6.14 +0.08) (p < 0.05) (Figure-1).

In aortic rings SNP yielded an Emax value of
112.4% and a pEC_ value of 7.8 + 0.10 (p < 0.05).
The corresponding values were 149.8% and 7.5 + 0.38
for FONO1 and 112.8% and 7.02 + 0.10 for LLNO1
(p <0.05) (Figure-2).

Effect of Soluble Guanylate Cyclase-Specific
Inhibitor on Tissue Relaxation Induced By Test
Substances

Incubation of tissues with 100 uM soluble
guanylate cyclase-specific inhibitor (ODQ) com-
pletely neutralized the tissue relaxation effect of the
three substances tested (data not shown).

Effect of L-Cysteine on Relaxation Induced by
Test Substances

Incubation with 100 pM of the NO-scavenger
L-cysteine produced no significant change in the tis-
sue relaxation effect of the three substances tested.
Emax and pEC,  remained unchanged for both corpus
cavernosum strips and aortic rings (Figure-3).

Effect of Oxyhemoglobin on Tissue Relaxation
Induced by LLNO1 and FONO1

Incubation with 3 uM of the extracellular
NO scavenger oxyhemoglobin reduced, though not
significantly, the relaxation power of the substances
tested. Emax and pEC, | values were greater in aortic
rings than in RbCC treated with LLNO1. However,
when adding 10 uM oxyhemoglobin, LLNO1 and
FONO1-induced tissue relaxation decreased signifi-
cantly with regard to both Emax and pEC,.

In samples treated with LLNOI1, with the
addition of 3 uM oxyhemoglobin Emax and pEC,
values decreased less for RbCC than for aortic vascu-
lar endothelium. The maximum effect of LLNO1 in
RbCC decreased from 80% to 63.98% (Figure-4).

In samples of aortic rings treated with
LLNO1, 3 uM oxyhemoglobin reduced maximum
tissue relaxation from 112% to 48%. At 10 uM oxy-
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Figure 1 — Effect of LLNOI1, FONOI and sodium nitroprusside (SNP) upon rabbit corpus cavernosum (RbCC) strips. The RbCC strips
were precontracted with 1 WM phenylephrine and relaxation concentration/response curves (concentrations graded from 107? to 107
M) were plotted. Findings are expressed as average + standard error, based on six experiments. * p < 0.05 vs. SNP (ANOVA followed
by the Tukey-Kramer test). #p < 0.05 vs. LLNOI (ANOVA followed by the Tukey-Kramer test).

hemoglobin, the pEC, value changed from 7.02 + pEC,, values in relation to control samples (42.74%
0.10 to 6.9 = 0.23 and the Emax value was further vs. 150% and 6.9 +0.23 vs. 7.5 + 0.38, respectively;
reduced to 38% (p < 0.05) (Figure-5). p < 0.05) (Figure-5). At 10 uM oxyhemoglobin, the

In samples of aortic rings treated with FONOL, Emax value was further reduced from 42.74% to 26%
3 uM oxyhemoglobin significantly reduced Emax and (p <0.05) (Figure-5).
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Figure 2 — Effect of LLNOI upon aortic vascular endothelium rings. The rings were precontracted with 1 WM phenylephrine and relax-
ation concentration/response curves (concentrations graded from 107 to 107 M) were plotted for LLNOI and compared with sodium
nitroprusside curves. Findings are expressed as average * standard error, based on six experiments.
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Figure 3 — Effect of LLNO1 alone and in combination with L-Cysteine (L-Cyst) upon rabbit aortic rings. The rings were precontracted with
1 UM phenylephrine and relaxation concentration/response curves (concentrations graded from 107 to 10 M) were plotted for LLNO1
alone and in combination with 100 uM L-Cyst. Findings are expressed as average * standard error, based on six experiments.
p>0.05vs. LLNOI + L-cyst, SNP, LLNO1 (ANOVA followed by the Tukey-Kramer test).
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Figure 4 — Effect of LLNOI alone and in combination with oxyhemoglobin upon rabbit corpus cavernosum strips. The RbCC strips were
precontracted with 1 WM phenylephrine and relaxation concentration/response curves (concentrations graded from 107° to 107 M) were
plotted for LLNOI alone and in combination with 3 WM or 10 uM oxyhemoglobin. Findings are expressed as average + standard error,
based on six experiments. * p < 0.05 vs. LLNOI + oxyhemoglobin (ANOVA followed by the Tukey-Kramer test).

COMMENT

Endothelial dysfunction is observed in many
patients with erectile dysfunction or comorbidities
such as arterial hypertension and diabetes (10). The
syndrome is characterized by a deficiency in the
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endogenous production of nitric oxide (11). Since
approximately 56% of subjects affected with erectile
dysfunction decline treatment with the commercially
available PDE-5 inhibitors (11), new drugs capable of
increasing the availability of endogenous NO are be-
ing tested. The present study tested the ability of two
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Figure 5 — Effect of LLNOI and FONOI alone and in combination with oxyhemoglobin or L-cysteine upon aortic vascular endothelium
rings. The rings were precontracted with 1 uM phenylephrine and relaxation concentration/response curves (concentrations graded from
10 to 107 M) were plotted for LLNOI and FONOI alone and in combination with 100 uM L-Cyst or 3 uM or 10 uM oxyhemoglobin.
Findings are expressed as average * standard error, based on six experiments. *p < 0.05vs. LLNOI + 3 uM or 10 uM oxyhemoglobin.
FONOI + 10 uM oxyhemoglobin (ANOVA followed by the Tukey-Kramer test).

new substances of the nitrosyl-ruthenium complex
to promote relaxation in rabbit corpus cavernosum
smooth musculature and aortic vascular endothe-
lium.

The fact that FONO1 and LLNO1 produced
a larger maximum relaxation effect (Emax) in aortic
vascular rings than SNP, with potencies (pEC, ) simi-
lar to SNP, shows that substances of this group are as-
sociated with greater endogenous NO availability than
SNP. Similar results were published by Bonaventura
and colleagues (9) in a study evaluating substances
of the nitrosyl-ruthenium complex. In that study, one
of the substances tested achieved a maximum effect
of 102% and a pEC, 0f 6.61 + 0.09, thus supporting
the present findings that substances of the nitrosyl-
ruthenium complex can be potent vasodilators.

In this study, FONOI failed to induce sig-
nificant levels of relaxation in corpus cavernosum
samples. The performance of LLNO1 was similar
to that of SNP, though Emax values were lower than
for vascular endothelium samples. This may be ex-
plained by the different mechanisms displayed by NO
donors in vessels of different sizes. As demonstrated
by Sathishkumar et al. (12), while NO donors of the
thiol group, such as S-nitroso-N-acetylpenicillamine
(SNAP), act on small vessels or peripheral vascular
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beds primarily through the activation of guanylate
cyclase, they act on larger vessels by activating potas-
sium ion channels leading to cell hyperpolarization.
Our findings may also be explained by the fact that
the inhibition of phosphodiesterase by caffeine in the
LLNOL1 structure increases the relaxation effect of NO
donors. This would also account for the smaller effect
of LLNOI on large vessels, in comparison to FONOI1,
where caffeine is known to be vasoconstrictive. The
study did not investigate alternative mechanisms,
such as ion channel blockers, involved in tissue re-
laxation.

It has been demonstrated that oxyhemoglobin
reduces the effect of substances of the nitrosyl-ruthe-
nium complex upon rat hippocampus (7). The present
study shows that the presence of oxyhemoglobin does
not neutralize but reduces the relaxation effect dose-
dependently. In other words, even in the presence of
an extracellular scavenger, LLNO1 and FONO1 are
still capable of inducing vasodilation by releasing
intracellular NO.

Similar findings were reported by Figueredo
etal. (13) in a study demonstrating that oxyhemoglo-
bin reduces but does not completely neutralize the
relaxation effect of SNP upon the vascular endothelium.
This is supported by the findings of Bonaventura, et al.
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who showed that oxyhemoglobin reduces the potency
but not the maximum effect of substances of the nitro-
syl-ruthenium complex upon rat aortic rings (9).

Studies by McDonald and Murad show that NO
acts by activating soluble guanylate cyclase and thereby
increasing the synthesis and availability of intracellular
cGMP (14). When the authors incubated tissues with
high doses of soluble guanylate cyclase-specific inhibi-
tor (ODQ; 100 uM), the relaxation response induced
by LLNOI1 or FONOI1 was completely neutralized,
thus evidencing the participation of those substances
in the NO/cGMP intracellular signaling mechanism.
One of the flaws of our study was to have used doses
of ODQ high enough to interfere with NO donation, as
demonstrated by Feelisch and colleagues (15).

Bonaventura, et al. have shown that com-
pounds of the nitrosyl-ruthenium complex act by
donating free nitric oxide (NO) and nitrosyl anions
(NO"). However, the addition of the nitrosyl anion-
specific scavenger L-cysteine did not reduce the re-
laxation effect produced by those compounds. It may
thus be concluded that LLNO1 and FONOI, although
they both pertain to the nitrosyl-ruthenium complex,
do not trigger the release of nitrosyl anions when in-
ducing relaxation. On-going studies are expected to
identify which NO derivative is involved in LLNO1
and FONO1-induced relaxation.

Our results allow us to conclude that LLNO1
and FONOL1 are potent vasodilators acting through dif-
ferent mechanisms capable of releasing intracellular
NO and activating guanylate cyclase. Further studies
are being carried out in order to evaluate the action of
LLNO1 and FONO1 upon ATP-dependent potassium
ion channels and calcium-activated medium and high-
conductivity potassium ion channels and to quantify
cAMP and cGMP dosages.
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EDITORIAL COMMENT

Worldwide only 50% of Viagra prescrip-
tions are repeated. On the same hand, the drop-out
rate of self-injection therapy varies from 40% to
70%. It means that we just do not have a therapy for
erectile dysfunction that is totally accepted by most
patients.

Despite already very well studied the NO
donors continue to be a important topic of erectile
dysfunction. The current study is very important as
a practice of research and a resource of knowledge.

EDITORIAL COMMENT

In clinical practice when treating patients
with erectile dysfunction (ED) it seems that the use
of phosphodiesterase type 5 inhibitors (PDE-5-1)
have an efficacy of less than 70%. This is lower than
what was proposed by and expected from the phase
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and other cytochrome P-450 enzymes involved in
nitric oxide donor bioactivation. Mol Pharmacol. 1999;
56: 243-53.
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Furthermore, a new NO donor molecule that produces
erection may also mean a new way of releasing nitric
oxide. Otherwise, NO donors have been exhaustively
studied in the last three decades without any practi-
cal results. In this way, maybe one should pay much
attention on the research of new molecules but NO
donors that could produce erection and play a clinical
role in its therapy.

Dr. Joaquim A. Claro

University of Sao Paulo

Sao Paulo, Brazil

E-mail: joaquimclaro@hotmail.com

III studies of the different PDE-5-1 compounds.
This is probably due to severe deficiency of endog-
enous nitric oxide (NO) in the endothelium, which
appears in many patients with ED, but also with
metabolic syndrome and related co-morbidities
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such as long term diabetes and arterial hyperten-
sion.

Since the publications about NO in Nature
in 1987 and the description in the New England
Journal of Medicine in 1992 that NO is a mediator of
relaxation of the corpus cavernosum in response to
neurotransmission, intensive experimental work was
done to explore the mechanism of action of NO and
the clinical applications.

Finding a drug which will be capable of in-
creasing the availability of NO could be an alternative
therapeutic approach in the case of treatment failure
with the available PDE-5-inhibitors.

NO donors are substances which release or
lead to the release of NO. They are possible relax-
ants of corpus cavernosum and cause vasodilatation.
Sodium nitroprusside (SNP) is a NO donor with a
strong vasodilatation property, but it can not be used
for treatment of ED due to its instable properties
and some times the release of toxic components like
cyanide.

In this study the authors aim to test in vitro
the effect of two NO donor’s substances (FONO1
and LLNOV1) of the Ruthenium complex on the relax-
ation of smooth muscle of the corpora and vascular
endothelium. In the medical literature there are only
41 studies concerning the use of Nitrosyl Ruthenium
complex. Only one of the studies deals with the effect
of the complex on the endothelium. This study is the
first to test these two substances effect on the corpus
cavernosum smooth muscle as previous studies were
only performed using the vessels endothelium . The
authors also try to evaluate the relaxation mechanism
involved. A comparison was made with SNP.
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The study presents a clear description of the
experiments done but the action mechanism of the
substances FONO1 and LLNOI1 should be studied in
vivo and in vitro in the near future. Both substances
are associated with great endogenous NO availability
and LLNO1 induced significant level of relaxation in
the corpus cavernosum sample. I expect that in the
near future these studies will contribute to the devel-

opment of a new therapeutic approach on ED.
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