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Relaxant effect of a metal-based drug in human corpora
cavernosa and its mechanism of action
AS Leitão Junior1, RM Campos2, JBG Cerqueira1, MC Fonteles3, CF Santos2, G de Nucci4, EHS Sousa5, LGF Lopes5, LF Gonzaga-Silva1 and
NRF Nascimento2

We studied the mechanisms involved in the human corpora cavernosa (HCC) relaxation induced by a new metal-based nitric oxide
(NO) donor, the ruthenium complex cis-[Ru(bpy)2Imn(NO)]+3 (FOR0811). FOR0811 produced relaxation in phenylephrine (PE)-
precontracted HCC with a maximal response that achieved 112.9 ± 10.6%. There was no difference between the maximal relaxation
induced by FOR0811 when compared with sodium nitroprusside (SNP) (106.8 ± 7.3%), BAY41-2272 (107.6 ± 4.1%) or vardenafil
(103.4 ± 3.8%), however, FOR0811 was less potent than SNP and vardenafil. L-NG-nitroarginine methyl ester (L-NAME), a NO
synthase inhibitor, had no effect in the concentration–response curve elicited by FOR0811. 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-
one (ODQ), a heme-site inhibitor of soluble guanylyl cyclase (sGC) was able to either block or reverse the relaxation induced by
FOR0811. On the other hand, the relaxation induced by FOR0811 was not affected by glibenclamide, a blocker of ATP-sensitive
potassium channels. FOR0811 (10 μM) was able to increase cyclic guanosine monophosphate (cGMP) levels in corpora cavernosa
strips. FOR0811 completely relaxes HCC by a sGC-cGMP-dependent mechanism and can be a lead compound in the development
of new stable NO donors.
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INTRODUCTION
ED is defined as the inability to achieve or maintain an erection
sufficient for satisfactory sexual activity.1 Modern data suggest
that 55% of men above 75 years have ED, and the incidence of ED
increases from 5.1% at the age of 40 to 15% at the age of 70
years.2 At least 40% of Brazilian men aged 55–59 years suffer from
this condition.3

The normal erectile function is achieved when three simulta-
neous and synergic processes occur: increase of arterial blood
influx in penis, relaxation of corpus cavernosum smooth muscle
and restriction of venous blood outflow.4

Furchgott and Zawadzki5 first described the endothelium-
derived relaxing factor (EDRF), which opened new avenues in the
study of the hemodynamics of the erectile mechanism. Later,
Moncada et al.6 showed by using a superfusion cascade bioassay
that nitric oxide (NO) released from endothelial cells was
indistinguishable from EDRF and suggested that EDRF was NO.
NO was also demonstrated to be a neurotransmitter released from
autonomic nerves. Ignarro et al.7 showed that NO released from
non-adrenergic non-cholinergic fibers was the main neurotrans-
mitter involved in penile erection in both rabbit and HCC. After
sexual stimulation, NO is released from the cavernous nerve and
also from the endothelium to induce relaxation of the corpora
cavernosa and helicinal arteries increasing intracavernosal pres-
sure. To evoke such relaxation, NO activates the soluble guanylyl
cyclase (sGC), which catalyzes cyclic guanosine monophosphate
(cGMP) production from guanosine triphosphate. cGMP acts on

intracellular effectors leading to reduced intracellular calcium
levels, dissociation of actin and myosin fibers, and smooth muscle
relaxation.8

Many different mechanisms have been studied as a target for
ED treatment. PDE5 inhibitors (PDE5is), such as sildenafil,
vardenafil and tadalafil, were the first effective and safe oral
pharmacological treatment for ED.9

NO donors are substances that releases NO in vivo and in vitro,
and one of the most studied donors is sodium nitroprusside (SNP).
SNP can be used as a powerful vasodilator for the emergency
treatment of high blood pressure (hypertensive crisis). This drug
has the disadvantage of being very unstable and producing
cyanide, which is very toxic to the vascular endothelium.10

Recently, new compounds that are more stable and less toxic
have been synthesized. S-nitrosoglutathione and S-nitroso-N-
acetylcysteine-ethylester have been shown to promote relaxation
of human corpus cavernosum strips showing potential for the
treatment of ED refractory to traditional medical treatments.11

During the last decades, many metal-based nitrosyl compounds
have been developed as NO donors. Among these compounds,
ruthenium-based complexes have dominated the field, where
they have showed promising pharmacological activities.12 A new
group of substances, which have in common a ruthenium-
coordinated complex, has been produced and tested as NO
donors. These substances are soluble in water, have thermal
stability and do not generate13,14 cyanide as their byproduct. Testing
a new ruthenium compound in rat aortic rings, Bonaventura et al.
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showed relaxation effects similar to SNP.10 Two other
ruthenium compounds, cis-[Ru(bpy)2(SO3)(NO)]PF6 (FOR0810)
and trans-[Ru(NH3)4(caffeine)(NO)]C13 (FOR0C13), were evaluated
by our group and shown to significantly relax rabbit corpora
cavernosa strips.15

The aim of the present study was to test the effect of a new
ruthenium complex, cis-[Ru(bpy)2Imn(NO)]+3 (FOR0811), in HCC
strips and compare its effects to known corpora cavernosa-
relaxing compounds. In addition to this, we tried to confirm the
major role of sGC and cGMP pathway in HCC relaxation induced
by FOR0811.

MATERIALS AND METHODS
All studies were performed according to a protocol approved by the ethics
committee of research with human subjects of the Federal University of
Ceara and the National Committee of Ethics of Research of the Brazilian
Health Ministry under protocol # 191.528 and the Animal Experimentation
Ethics Committee of the Ceara State University under number 08628332-4.
Cis-[Ru(bpy)2(imN)(NO)]+3 (FOR0811; Figure 1) was synthesized by

Dr Luiz Gonzaga de França Lopes from the Department of Organic and
Inorganic Chemistry, Federal University of Ceara, according to the method
described previously, and its NO-releasing properties were demonstrated
in vitro.13

Human corpus cavernosum (HCC) erectile tissues were obtained from
donor cadaver (n= 16; average 34 years) during surgery for organ
transplantation. Tissues from patients who had a previous history of
diabetes, hypertension, dyslipidemias, smoking or drug addiction were
discarded from the study. A total of 64 strips of human corporal smooth
muscle were excised. The experiments were arranged in such way that
strips from one donor were used for different experiments and the number
of repetitions for a specific protocol was completed with additional donors.
Strips that did not present sustained contractions to phenylephrine (PE) or
high potassium (80mM K+) were discarded.
After removal, the tissue was placed immediately in ice-cold transporta-

tion buffer (Collin’s solution), maintained at 4 °C and used within 24 h after
operation. The corpus cavernosum tissue was dissected following removal
of the connective tissues of the tunica albuginea, with each corpora
cavernosum providing up to six segments of corpus cavernosum
(1 cm×0.3 cm×0.2 cm). The samples were mounted in isolated tissue
baths containing 5 ml Krebs-Henseleit solution (37 °C; pH 7.4) bubbled with
carbogen (95:5 O2/CO2). The samples were mounted in the bath and
attached to an isometric force transducer (TRI202P, Panlab, Barcelona,
Spain). The strips were mounted under 1 g tension and monitored during
60min with tension adjustment and nutritive solution change at every
15-min intervals. The data were acquired by using a Powerlab data
acquisition system (ADInstruments, Sydney, NSW, Australia).
All the drugs used in the experiments outlined herein were purchased

from Sigma Aldrich (Saint Louis, MO, USA) except FOR0811. All the salts

were purchased from Vetec (a branch of Sigma Aldrich Brazil, Rio de
Janeiro, Brazil).
Following the 60-min resting period, the tissues were precontracted

with a isotonic high potassium Krebs–Henseleit solution (80mM K+) to
‘awake’ the tissues and load internal stores with calcium. The tissues were
then washed with Krebs–Henseleit solution until baseline was achieved
and were used for the following experimental protocols:
Experiment 1: Initially, the effects of FOR0811 were evaluated in HCC

precontracted with 10 μM PE or 80mM K+. After the plateau phase for the
contractile agents was achieved, cumulative concentrations ranging from
10− 9 to 10− 4M of FOR0811 were added to the baths. The effect of each
concentration was observed during 5 min, and after that, a new
concentration was added. Dimethyl sulfoxide was the solvent used to
dilute FOR0811 and the maximal concentration used in the baths was 1%.
The response of the tissues to dimethyl sulfoxide was tested by incubating
this solvent isovolumetrically during the same time interval as the test
drugs for the whole experimental period. In another set of experiments,
similar concentration–response curves to SNP, a NO donor, BAY 41-2272,
an NO-independent guanylyl cyclase stimulator, or vardenafil, a PDE5i,
were studied in tissues precontracted with 10 μM PE.
Experiment 2: HCC strips were incubated for 30min with 30 μM 1H-[1,2,4]

oxadiazole [4,3-a]quinoxalin-1-one (ODQ), and thereafter, the tissues were
precontracted with 10 μM PE. The concentration–response curve (10− 9 to
10− 4 M) to FOR0811 was then repeated in the presence of this inhibitor.
Two sets of protocols were carried out in aortic rings of rats to confirm

that the heme site of sGC was the major target for FOR0811 and that this
effect is species-independent. Male rats (250–275 g) were housed five per
cage on 12-h light/dark cycle, and fed a standard chow diet with water ad
libitum. Experimental protocols were approved by the animal care and use
committee of State University of Ceará.
The descending thoracic aorta was excised and cleaned of perivascular

tissue and cut in rings (3 mm). The rings were mounted between two wire
hooks under 1 g tension and monitored in organ bath system during
60min with conditions and data acquisition similar to that described for
HCC. In a first set of protocols (n=3), ODQ was added in the plateau of
0.3–1 μM PE-induced contraction, and 25min later, a single concentration
of FOR0811 (10 μM) was added in the organ bath. In other set of
experiments (n= 3), ODQ was added after a maximal relaxation to 10 μM
FOR0811 was achieved to check whether ODQ could reverse this effect. We
also added a heme-independent sGC activator, BAY 60–2770, to show that
the enzyme was indeed active, but not sensitive to a NO donor.
Experiment 3: To evaluate the potential role of endogenous NO in the

relaxation elicited by FOR0811, 100 μM of N-ω-nitro-L-arginine methyl ester
(L-NAME) was added to the baths 30min before precontraction with 10 μM
PE. As previously described, concentration–response curves to FOR0811
were constructed in the presence of this inhibitor.
Experiment 4: We also evaluate the role of the KATP channels in the

relaxation caused by the test substance. Glibenclamide (30 μM) was added
to the baths 30min before the precontraction with 10 μM PE. Thereafter,
the concentration–response curves to FOR0811 were constructed.
Experiment 5: HCC strips were precontracted with 10 μM PE and after the

plateau was achieved, the tissues were exposed to 10 μM FOR0811 or
dimethyl sulfoxide (0.1% in distilled water). After the maximal relaxant
response to this single concentration was achieved, the strips were
immediately frozen in liquid nitrogen and stored at − 80 °C. The cGMP
assay was performed as described by Bonaventura.10 Briefly, the tissues
were homogenized with a buffer enriched with 100 μM 3-isobutyl-1-
methylxanthine, a nonspecific phosphodiesterase inhibitor. The tissue total
protein content was measured by using the PIERCE BCA assay
(Thermo Scientific, Rockford, IL, USA). Samples were treated with 10%
trichloroacetic acid followed by 2000 g centrifugation for 15min at 4 °C.
Thereafter, the supernatant was washed five times with five volumes
water-saturated diethyl ether. The upper ether layer was discarded after
each wash. The aqueous extract remaining was dried at 60 °C in a nitrogen
atmosphere. The samples were suspended in the cyclic GMP enzyme
immunoassay buffer (Cayman Chemical Company, Ann Harbor, MI, USA),
and the acetylation procedure was followed. The concentration of cGMP
was expressed in fmol per mg protein.

Statistical analysis
The relaxations were normalized to the initial PE or 80mM K+ contraction
and were expressed as a percentage of reversal. The maximal effect (EMAX)
was considered as the maximum amplitude observed in the concentra-
tion–response curve for each agent. The concentration required to

Figure 1. Planar structure of cis-[Ru(bpy)2(imN)(NO)]+3 (FOR0811).
bpy, bipyridine; imN, imidazole (bound through nitrogen); NO,
nitric oxide.
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produce half maximal relaxation (EC50) was determined after log
transformation of the normalized concentration–response curves and
expressed as negative logarithms (pEC50). The statistical analyses were
performed with the software GraphPad Prism 5.0 (Graph Pad Software
Corporation, San Diego, CA, USA). The data were expressed as mean±
standard error (s.e.). The statistical significance was determined using one-
way variance analysis (ANOVA), followed by the Bonferroni's Multiple
Comparison test or unpaired Student’s t test. The level of statistical
significance was set at Po0.05.

RESULTS
Evaluation of the relaxation induced by FOR0811
The maximal relaxation (EMAX) produced by FOR0811 was
112.9 ± 10.6% with a pEC50 of 5.0 ± 0.2 in HCC strips precontracted
with PE (Figure 2). On the other hand, the maximal relaxation
induced by FOR0811 was 87.1 ± 7.3% in strips precontracted with
a depolarizing solution (80 mM K+). Neither the maximal ampli-
tude of relaxation nor the potency (pEC50 of 5.1 ± 0.4) of FOR0811
changed when the pharmacomechanical (PE) or electrochemical
(80 mM K+) stimulus were compared (Figure 2 and Table 1). In
addition, the absolute amplitude of the contractions elicited
by those contractile agents were not statistically different
(5.7+/− 0.9 g –PE vs 6.1+/− 1.1 g-K+).

Comparison of maximal relaxation and potency with SNP,
BAY 41-2272 and vardenafil
The maximal relaxant effect and potency of FOR0811 (EMAX =
112.9 ± 10.6% and pEC50 = 5.0 ± 0.2) were compared with the
same parameters obtained with SNP, BAY 41-2272 or vardenafil in
PE-precontracted HCC. These drugs produced a maximal relaxa-
tion of 106.8%± 7.3%, 107.6%±4.1% and 103.4 ± 3.8%, respec-
tively. When comparing these drugs, no statistical difference
among the maximal relaxations was found (Figure 3 and Table 1).
However, FOR0811 was almost 2–3 orders of magnitude less
potent than SNP and vardenafil. The pEC50 values for SNP,
BAY 41-2272 and vardenafil were 7.8 ± 0.5, 5.6 ± 0.2 and 8.2 ± 0.3,
respectively (Table 1).

Effect of ODQ or L-NAME on FOR0811-induced relation on HCC
strips
Incubation of tissues with 30 μM ODQ, which oxidizes the heme
prosthetic group of sGC and turns it unresponsive to NO,
completely blunted the response to FOR0811. The EMAX achieved
with FOR0811 after 30-min period incubation with ODQ was
37.9%±7.6 (Po0.05) (Figure 4a). There was no difference in the
pEC50 values, and no shift in the concentration–response curves
was observed (Table 1).
Incubation of tissues with 100 μM L-NAME, a nonspecific NO

synthase inhibitor, did not affect the maximal relaxation effect of
FOR0811. The EMAX of the drug was 104.8%±16.7% (P40.05).

There was no significant statistical difference in the pEC50 values
for FOR0811 in the absence or presence of this drug (Figure 4a
and Table 1).

Effect of ODQ on FOR0811-induced relaxation in rat aortic
rings. The incubation of rat aortic rings precontracted with PE
(0.3–1 μM) with 10 μM ODQ for 25min before the addition of 10 μM
FOR0811 completely blocked the relaxation induced by this single
dose challenge (Figure 4b). However, this procedure did not affect the
relaxation induced by 3 μM BAY 60-2770 a heme-independent sGC
activator. Strikingly, the incubation of 10 μM ODQ was able to fully
reverse a maximal relaxation induced by 10 μM FOR0811 (Figure 4c).

Effect of the ATP-dependent potassium channel blockade on
relaxation induced by FOR0811
Glibenclamide (30 μM), an ATP-dependent potassium channel
blocker, did not blunt the relaxation induced by FOR0811. There
is no statistically detected difference between the EMAX or pEC50 of
FOR0811 in the presence or absence of this compound (Figure 5
and Table 1).

Measurement of cGMP content
FOR0811 at 10 μM increased the cGMP levels of HCC strips, after
15min of incubation, from 207.6 ± 27 fmol per mg of protein to
535.6 ± 87 fmol per mg of protein (Po0.005) corresponding to a
2.6-fold increase in this nucleotide levels.

DISCUSSION
In the present study, we demonstrated the relaxant properties of a
new metal-based NO donor, FOR0811, in HCC harvested from
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Figure 2. Concentration–response curves for FOR0811 in human
corpora cavernosa strips contracted with either phenylephrine or
80mM K+. Values are expressed as mean± s.e.m.

Table 1. Relative efficacy and potency of FOR0811 in different
conditions and comparison with other corpora cavernosa-relaxant
drugs

Drugs Emax pEC50

FOR0811-PE 112.9± 10.6 5.0± 0.2
FOR0811-K+ 87.1± 7.3 5.1± 0.4
SNP 106.8± 7.3 7.8± 0.3a

BAY 41-2272 107.6± 4.1 5.6± 0.2
Vardenafil 103.4± 3.8 8.2± 0.3a

FOR0811+ODQ 104.8± 16.7 5.2± 0.4
FOR0811+L-NAME 37.9± 7.6a 6.8± 0.4
FOR0811+Glibenclamide 93.1± 9.2 5.5± 0.4

Abbreviations: L-NAME, L-NG-nitroarginine methyl ester; ODQ, 1H-[1,2,4]
oxadiazolo[4,3-a]quinoxalin-1-one; SNP, sodium nitroprusside. aPo0.05 vs
FOR0811 precontracted with phenylephrine.
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Figure 3. Concentration–response curves for FOR0811, BAY41-2272,
sodium nitroprusside (SNP) or vardenafil in human corpora
cavernosa strips contracted with phenylephrine. Values are
expressed as mean± s.e.m.
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cadaver donors at the time of organ collection for transplantation.
FOR0811 was synthesized along with more than 50 ruthenium- or
iron-coordinated complexes and its NO-releasing properties were
studied in vitro.13 However, whether this compound would release
NO in vivo inducing smooth muscle relaxation was not probed
until the present work.
FOR0811 produced a maximal relaxation higher than 110%, on

HCC. To the best of our knowledge, this is the first time that
substances of the ruthenium-nitrosyl complexes were tested
on HCC. Cerqueira et al. tested two substances, cis-[Ru(bpy)2(SO3)
(NO)](PF6) (FOR0810) and trans-[Ru(NH3)4(caffeine)(NO)]C13
(FOR0C13), in rabbit corpora cavernosa strips15 and showed that
both compounds produced maximal relaxation smaller than SNP.
Seidler et al.11 compared the effect of several NO donors in HCC
strips, and showed that SNP produced the highest relaxant
response. In the present study, FOR0811 produced a HCC maximal
relaxant effect, similar to SNP, being, however, less potent.

Thereafter, we compared the effect produced by FOR0811 with
the relaxant effects of BAY 41-2272, a sGC stimulator that activates
purified sGC and strongly synergizes with NO. The concentration–
response curves for these substances were quite similar with equal
efficacy and potency. Bacarat et al.16 found that the concentra-
tion–response curve to BAY 41-2272 is shifted to the right by
L-NAME and the authors suggest that BAY41-2272 acts
synergistically with endogenous NO to elicit its relaxant effect
and induce penile erection in vivo. However, the concentration–
response curve to FOR0811 is not affected by L-NAME, and
therefore, this metalodrug is probably not synergistic with
endogenous NO.
The relaxation induced by FOR0811 is also similar in amplitude

to the relaxation induced by vardenafil, a PDE5i, showing
that FOR0811 has similar efficacy when compared with some
pharmacological groups of known corpora cavernosa-
relaxant drugs.
PDE5is do not always produce an erection sufficient for sexual

intercourse in patients with endothelial and nitrergic dysfunction,
such as diabetic patients or men who have had radical pelvic
surgery.17

The concentration–response curve to FOR0811 in PE-contracted
strips had no statistical significant differences when compared
with values obtained in tissues precontracted with 80 mM K+. As
these contractions were of similar amplitude (5.7+/− 0.9 g –PE vs
6.1+/− 1.1 g-K+), the relaxation induced by FOR0811 is unlikely to
depend on a K+-opening mechanism because the relaxation
induced by K-channel openers is blunted when the tissues are
contracted by a high-potassium solution.
As discussed before, the relaxant response to FOR0811 was

strongly blunted by ODQ. Studying another nitrosyl ruthenium
complex, [Ru(terpy)(bdq)NO+]3+ (Terpy), in aortic rings of rats,
Bonaventura et al.10 showed similar results. Similarly, Wanstall
et al. have reported that ODQ reduced the maximal response to
SNP rather than induced parallel shifts.18 In addition, the
relaxation induced by FOR0811 was either blocked or reversed
by ODQ. The inhibitory effect of ODQ is due to changes in the
oxidation state of the heme moiety without adverse effects on the
catalytic activity of the enzyme, and this compound does not
inactivate NO or the activity of NO synthase and adenylyl
cyclase.18–20 This reveals that FOR0811 induces relaxation by the
stimulation of the heme site of the sGC because after the
oxidation of this site by ODQ, the relaxant effect was blocked or
reversed but the effect of a heme site-independent sGC activator,
BAY 60-2270, is not affected. The importance of cGMP-dependent
signaling pathways to the relaxation induced by NO donors has
been shown by many authors.21,22 For instance, the relaxant
response of several NO donors in rat aortic rings, including SNP,
were almost abolished by 10 μM ODQ and the response of a NO
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Figure 4. Panel (a) shows the concentration–response curves for
FOR0811 in the absence or presence of ODQ, a heme-site soluble
guanylyl cyclase inhibitor, or in the presence of NG-nitro-L-arginine
methyl ester (L-NAME; a NO synthase inhibitor) in human corpora
cavernosa strips contracted with PE. Data are expressed as mean±
s.e.m. of n experiments performed on preparations obtained from
different donors. *Po0.05, one-way analysis of variance followed by
Bonferroni vs FOR0811 alone. Panel (b) depicts the blockade of
FOR0811-induced relaxation by 10 μM ODQ (n= 3), and panel (c)
shows the reversion of the relaxation elicited by 10 μM FOR0811 by
the addition of 10 μM ODQ to the bath (n= 3). BAY 60-2270 (BAY 60)
was used to show that despite being nonresponsive to acetylcholine
or to a NO donor, the tissue was still able to respond to a non-NO,
non-heme-dependent soluble guanylyl cyclase activator. Ach,
acetylcholine; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one;
PE, phenylephrine; SNP, sodium nitroprusside.
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Figure 5. Concentration–response curves for FOR0811 in the
absence or presence of glibenclamide, a KATP channel blocker, in
human corpora cavernosa strips contracted with phenylephrine.
Data are expressed as mean± s.e.m. of n experiments performed on
preparations obtained from different donors.
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donor, NCX 4050, was greatly blunted by 1 μM ODQ in HCC and
rabbit corpora cavernosa.23,24

Some studies have shown that some stimulators of sGC have a
dual mechanism of action by directly stimulating the native form
of sGC and rendering the enzyme more sensitive to endogenous
NO and, therefore, such compounds would have their relaxant
response blunted by NOS inhibitors.17,21 Nevertheless, the
incubation of HCC for 30 min with 100 μM L-NAME did not change
the relaxant effect of FOR0811. Similarly, Filipi et al.24 testing a
new class of NO donor drugs, NCX4050, and Seidler et al.11 testing
several NO donors in HCC strips observed that L-NAME does not
affect the concentration–response curve to those compounds.
Some authors have demonstrated that KATP channels have an

important role in HCC smooth muscle relaxation.25 Several
substances produce its effects through activation of these specific
channels, like pinacidil,26 cromakalim, minoxidil,8 yohimbine27 and
phentolamine.28 However, the blockade of such KATP channels by
glibenclamide did not change the concentration–response curve
to FOR0811. Therefore, the relaxation induced by FOR0811 is not
dependent on the activation of ATP-dependent potassium
channels. Similar results were reported by29 for the relaxant
activity of trans-[Ru(NH3)4(caffeine)(NO)]Cl3 in rabbit corpora
cavernosa.
FOR0811 was able to maximally relax HCC and to increase cGMP

levels, this relaxation being either blocked or reversed by ODQ.
This compound is soluble in water, is stable and does not produce
cyanide. This compound could be a lead compound in the search
of alternatives to dilate penile blood vessels and relax corpora
cavernosa smooth muscle in patients that do not benefit with
PDE5is.
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