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Oral phosphodiesterase-5 inhibitors:
effect of heme oxygenase inhibition on cGMP signalling
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Summary
This work postulated that heme oxygenase (HO) is partly responsible for controlling phosphodiesterase-5 inhibitor actions by modulating cyclic guanosine
monophosphate (cGMP) cavernous tissue levels. Five hundred and four male
Sprague–Dawley rats, divided into five groups, were investigated. Group 1
(n ¼ 72) included controls, group 2 (n ¼ 72) received sildenafil citrate
(ViagraR) orally, group 3 (n ¼ 72) received vardenafil hydrochloride (LevitraR),
group 4 (n ¼ 72) received tadalafil (CialisR). Group 5 (n ¼ 216), subdivided
into three subgroups (A, B and C, 72 each), received the same dose of each
drug with the HO inhibitor, Zn protoporphyrin. Eight rats from each group/
subgroup were killed at 0.5, 1, 2, 3, 4, 6, 18, 24 and 36 h when cGMP levels in
the cavernous tissues were estimated. Cavernous tissue cGMP levels increased
significantly in sildenafil, vardenafil and tadalafil-treated rats compared to the
controls with significant decreases after HO inhibition. It is concluded that the
effects of these PDE-5 inhibitors in rat cavernous tissue are partly mediated
through HO activity via the cGMP signalling pathway.

Introduction
Penile erection is a neurovascular phenomenon that
depends upon neural integrity, a functional vascular system, and healthy cavernosal tissues. Normal erectile function involves three synergistic and simultaneous
processes: neurologically mediated increase in penile
arterial inflow, relaxation of cavernosal smooth muscle
and restriction of venous outflow from the penis (Giuliano et al., 1995; Giuliano & Rampin, 2004).
Nitric oxide (NO) plays a key role in the physiology of
penile erection process (Pickard et al., 1995), with the
endothelial NO synthase (eNOS) as one of its main
sources in the cavernous tissue (Bloch et al., 1998; Burnett, 2002). The most important physiological target of
NO in the penis is the haem moiety of soluble guanylate
cyclase (Mizusawa et al., 2002). NO diffuses to the adjacent smooth muscle cells stimulating guanylate cyclase
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converting guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP), which induces a substantial
increase in intracellular cGMP, causing smooth muscle
relaxation. Its action is primarily through the cGMPdependent kinase I, which alters intracellular Ca2+ levels.
The physiological actions of cGMP are terminated by the
hydrolysis of the 3¢5¢ bond by the type 5 phosphodiesterase (Hedlund et al., 2000; Craven et al., 2004).
Phosphodiesterase-5 (PDE-5) inhibitors selectively act
on the erectile tissue causing penile smooth muscle relaxation and vasodilatation leading to penile erection (Schwarz
et al., 2006). The Food and Drug Administration (FDA)
had approved three PDE-5 inhibitors for treatment of erectile dysfunction: sildenafil citrate (ViagraR, Pfizer, NY,
USA), vardenafil HCl (LevitraR, Bayer AG, Germany), and
tadalafil (CialisR, Lilly ICOS LLC, Indianapolis, IN, USA).
All three drugs have similar efficacy and mechanism of
action. Sildenafil and vardenafil have similar molecular
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structure, but tadalafil is structurally different. Sildenafil
and vardenafil both have half-lives of about 4 h, whereas
the half-life of tadalafil is 17.5 h (Wright, 2006).
Heme oxygenase (HO) is the rate-limiting enzyme in
the degradation of haem, converting haem to biliverdin,
during which iron is released and carbon monoxide (CO)
is emitted (Maines, 2004). CO, a gaseous messenger similar to NO, has been demonstrated to share many properties with NO including activation of guanyl cyclase, signal
transduction and gene regulation. Localisation of NOS
and HO enzymes in blood vessels and autonomic nervous
system strongly implies a possible coordinated physiological role for these two molecules (Wang et al., 2003). CO
derived from HO was demonstrated to act as a signalling
molecule exhibiting antihypertensive, antiproliferative and
antiapoptotic properties (Motterlini et al., 1998; Brouard
et al., 2000; Durante, 2003).
The cellular cascade responsible for the effects exerted
by CO involves different effectors. Guanylate cyclase is
one of the first identified and seems to contribute to the
regulation of vascular tone, neurotransmission and cell
proliferation (Ingi et al., 1996; Sammut et al., 1998;
Nakao et al., 2005). Potassium channels are a second
pathway utilized by CO to exert biological functions such
as CO-induced vasorelaxation (Liu et al., 1999). In addition, CO appears to act via mitogen-activated protein
kinase (MAPK) pathways and decreased c-Jun N-terminal
kinase (JNK) and extracellular signal-regulated kinase
(ERK) phosphorylation (Morse et al., 2003). It is noted
that the targets discovered so far for CO-mediated endogenous functions are in common with those used by NO
(Ryter et al., 2004). The similarity between CO and NO
as gaseous messengers has been previously emphasized
(Foresti & Motterlini, 1999); however, as more investigations shed light on the mechanisms underlying the effects
of CO, it is becoming evident that the molecular and biochemical pathways characterizing the reactions of the two
gases are different and probably reflect their diverse
chemical properties and reactivity (Roberto et al., 2005).
Materials and methods
Five hundred and four male Sprague–Dawley rats were
used in this study (weight 150–200 gm), bred in accordance with the ethical standards of institutional committee
guidelines (IRB) and Institutional Animal Care and Use
Committee (IACUC). All animals were housed under
constant environmental conditions and were fed on
standard laboratory rat diet and distilled water. Acclimatisation was achieved in 7 days, after which the proposed
doses of tested materials were delivered orally through
gastric tube, at the fixed time 10:00–12:00 am. They were
divided into five groups: control group 1 (n ¼ 72) rats
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received regular diet, group 2 (n ¼ 72) rats received sildenafil citrate (8 mg kg)1 body weight, equivalent to
100 mg dose in 70 kg adult man according to Paget’s
table of experimental studies) (Paget & Barnes, 1964),
group 3 (n ¼ 72) rats received vardenafil hydrochloride
(1.6 mg kg)1 body weight, eq. 20 mg dose in adults),
group 4 (n ¼ 72) rats received tadalafil (1.6 mg kg)1
body weight, eq. 20 mg dose in adults). Group 5 (n ¼
216) rats, subdivided into three subgroups (A, B and C,
72 rats each), received the same dose of each drug with
an HO inhibitor (Zn protoporphyrin, 50 lg kg)1).
Eight rats from each set were killed by cervical dislocation after 0.5, 1, 2, 3, 4, 6, 18, 24 and 36 h successively.
Cavernous tissues were dissected, kept in 0.1 N HCl to
inhibit phosphodiesterase enzyme. Stored cavernous tissue
samples were homogenised and centrifuged at 6000 g at
4 C for 10 min. The supernatant was used for cGMP
assay by ELISA kit (R&D Systems, Minneapolis, MN,
USA) (Mingone et al., 2003).
Statistical analysis
Numerical data were expressed as mean ± SD. Comparisons were performed by Student’s t-test and P < 0.05 was
considered statistically significant.
Results
Cavernous tissue cGMP levels (pmol mg)1) were significantly higher in sildenafil, vardenafil and tadalafil-treated
groups compared to the controls (Tables 1–3). Generally,
marked increase was evident after 0.5 h, reaching a peak
after 1 h, followed by a gradual drop after 3 h. In the sildenafil and vardenafil-treated groups, cGMP returned to the
control level after 6 h, while those treated with tadalafil
showed slow decrease but still higher than the controls till
36 h (Fig. 1). Rats received an HO inhibitor in addition to
the dose of the drugs and demonstrated a significant
decrease in cGMP levels compared to those that received
the drugs alone. cGMP levels in those that received sildenafil and vardenafil in addition to the HO inhibitor were
higher than in the controls in the first 6 h, then decreased
below the control level afterwards. cGMP levels in those
that received tadalafil and the HO inhibitor were higher
than in the controls in the first 18 h, then decreased below
it afterwards (Fig. 2).
Discussion
Since the introduction of the PDE-5 inhibitor sildenafil
citrate in 1998, there has been a fundamental change in
the treatment of ED. The development of two new PDE-5
inhibitors, vardenafil and tadalafil, has added to this
67
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Table 1 Cavernous tissue cGMP levels (pmol mg)1) in sildenafil-treated groups
0.5 h

1h

Group 1 (control)
Mean
1.06
0.95
SD
0.22
0.18
Group 2 (sildenafil)
Mean
3.77a
9.32a
SD
0.43
0.89
Group 5A (sildenafil + Zn protoporphyrin)
Mean
2.10b
3.60b
SD
0.3
0.4

2h

3h

4h

6h

18 h

24 h

36 h

2.12
0.34

1.04
0.24

0.89
0.13

1.56
0.20

0.67
0.11

0.94
0.20

0.72
0.20

6.25a
0.39

5.24a
0.45

3.15a
0.67

0.85
0.12

0.84
0.15

0.85
0.18

0.79
0.18

2.70b
0.21

1.10b
0.17

0.90b
0.18

0.84
0.04

0.84
0.05

0.84
0.12

0.78
0.13

a

Significant difference compared to the controls.
Significant difference compared to group 2.

b

Table 2 Cavernous tissue cGMP levels (pmol mg)1) in vardenafil-treated groups
0.5 h

1h

Group 1 (control)
Mean
1.06
0.95
SD
0.22
0.18
Group 3 (vardenafil)
Mean
2.32a
5.68a
SD
0.33
0.87
Group 5B (vardenafil + Zn protoporphyrin)
Mean
1.90b
2.50b
SD
0.2
0.3

2h

3h

4h

6h

18 h

24 h

36 h

2.12
0.34

1.04
0.24

0.89
0.13

1.56
0.20

0.67
0.11

0.94
0.20

0.72
0.20

3.84a
0.42

2.65a
0.35

2.01a
0.22

0.79
0.19

0.82
0.16

0.80
0.18

0.82
0.17

1.30b
0.15

1.00b
0.13

0.80b
0.12

0.72
0.1

0.61
0.1

0.63
0.18

0.50
0.11

a

Significant difference compared to the controls.
Significant difference compared to group 3.

b

Table 3 Cavernous tissue cGMP levels (pmol mg)1) in tadalafil-treated groups
0.5 h

1h

Group 1 (control)
Mean
1.06
0.95
SD
0.22
0.18
Group 4 (tadalafil)
Mean
2.91a
7.80a
SD
0.31
0.77
Group 5C (tadalafil + Zn protoporphyrin)
Mean
2.4b
2.90b
SD
0.2
0.25

2h

3h

4h

6h

18 h

24 h

36 h

2.12
0.34

1.04
0.24

0.89
0.13

1.56
0.20

0.67
0.11

0.94
0.20

0.72
0.20

5.58a
0.55

4.07a
0.63

2.37a
0.38

2.49a
0.53

2.43a
0.66

1.72
0.46

0.94
0.12

2.10b
0.2

1.40b
0.17

1.50b
0.12

1.20b
0.14

0.80b
0.1

0.80
0.1

0.78
0.1

a

Significant difference compared to the controls.
Significant difference compared to group 4.

b

option. This has stimulated academic, clinical and industrial researchers to conduct experiments aimed at understanding the mechanism(s) underlying the erectile
process, hoping to develop better treatment modalities
(Chen et al., 2004).
In the present study, cavernous tissue cGMP levels were
significantly higher in oral PDE-5 inhibitor-treated groups
compared to the controls, showing an increase after 0.5 h
with a peak after 1 h, followed by a gradual decline after
3 h. Groups treated with sildenafil and vardenafil reached
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the control levels after 6 h, while the group treated with
tadalafil reached the control levels after 36 h. This goes
with the half-life of each drug (half-life of sildenafil and
vardenafil is 4 h, whereas the half-life of tadalafil is
17.5 h) (Wright, 2006). Porst & Lunglmayr (2005)
showed that vardenafil was effective at the 10 mg dose,
when the patients utilised its effect within a time window
ranging from <0.5 to 12 h. Blount et al. (2004) demonstrated that the absolute potency values were similar for
each inhibitor, and the relative potencies were vardenaª 2007 The Authors
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Fig. 1 Cavernous tissue cGMP levels (pmol/mg) in studied groups
treated with different oral PDE-5 inhibitors.

Concentration (pmol/mg)

4
3.5
3

Control
Sildenafil+HO inhibitor
Vardenafil+HO inhibitor
Tadalafil+HO inhibitor

2.5
2

an increase in cGMP levels (Rich et al., 1994). The ability
of CO to activate sGC and increase cGMP is believed to
be part of the mechanism that underlies CO vasodilator
activity (Wang et al., 1997, 2003). Abdel Aziz et al. (2005)
indicated that induction of either NOS or HO was equally
effective in enhancing the erectile process via upregulating
gene expression of the two signalling molecules, NOS and
HO, through upregulation of the local tissue levels of
cGMP. The role of CO as an NO-like signalling molecule
was also supported from studies on HO and NOS knockouts. Furthermore, both HO-1 and HO-2-derived CO
have a positive and negative effect on sGC and cGMP levels in vascular endothelial cells (Abraham et al., 1985). Ryter et al. (2004) stated that HO protects NO through
scavenging of reactive oxygen species (ROS). Thus, HO
prevents NO from reacting with ROS, preventing the formation of peroxynitrite and its subsequent degradation,
confirming that CO tissue levels parallel NO levels.
It could be concluded that the erectogenic action of
PDE-5 inhibitors in the cavernous tissue is partly mediated
through HO activity via the cGMP signalling pathway.
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Fig. 2 Cavernous tissue cGMP levels (pmol/mg) in studied groups
treated with different oral PDE-5 inhibitors and HO inhibitor.

fil >> tadalafil > sildenafil. Studies of sildenafil and vardenafil analogues demonstrated that higher potency of
vardenafil is caused by differences in its double ring.
Rats that received these drugs in addition to the HO
inhibitor demonstrated a significant decline in cGMP levels compared to those treated with PDE-5 inhibitors
alone. cGMP levels in the subgroups treated with sildenafil or vardenafil in addition to the HO inhibitor were
higher than in the controls in the first 6 h, then decreased
below them afterwards. In addition, the subgroup treated
with tadalafil and HO inhibitor demonstrated cGMP levels higher than the controls in the first 18 h, then
decreased below the controls afterwards. The increase in
cGMP levels compared to the controls could be explained
by cGMP released due to basal NO signalling pathway,
while the subsequent decrease can be related to the pharmacokinetics of each drug (i.e. the half-life of each drug).
Like NO, CO binds to the haem moiety of soluble
guanylate cyclase (sGC) leading to its activation as well as
ª 2007 The Authors
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