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Abstract
• To investigate whether sustained long-term separate treatments of diabetic inducible

nitric oxide synthase knockout (iNOSKo) mice with allopurinol, an antioxidant inhibiting
xanthine oxidoreductase, decorin, a transforming growth factor-β1 (TGFβ1) -binding
antagonist, and molsidomine, a long-life nitric oxide donor, prevent the processes of
diabetes-induced cavernosal fibrosis.

• iNOSKo mice were divided into groups and treated

• Blood chemistry and histopathology were investigated.

• Eight-week treatment with either allopurinol or decorin counteracted the decrease in
smooth muscle cells and the increase in apoptosis and local oxidative stress within the
corpora tissue.

• Decorin but not allopurinol increased the smooth muscle cell/collagen ratio, whereas
allopurinol but not decorin inhibited systemic oxidative stress.

• Molsidomine was effective in reducing both local and systemic oxidative stress, but did
not prevent corporal fibrosis.

• Both allopurinol and decorin appear as promising approaches either as a single or a
combined pharmacological modality for protecting the diabetic corpora from undergoing
apoptosis and fibrosis although their functional effects still need to be defined.
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INTRODUCTION
It is well established both in human tissue and in experimental animal models that the
combination of fibrosis and oxidative stress, either localized or diffuse, is the common
pathophysiological denominator of the two major disorders affecting the penis, namely
Peyronie’s disease [1,2]and the most common form of erectile dysfunction: corporal veno-
occlusive dysfunction (CVOD) [2]. In the case of CVOD this occurs in conditions as varied
as aging [3,4], types 1 and 2 diabetes mellitus [5,6], cavernosal nerve damage [7-10] and
certain animal models of systemic hypertension [11]. The combined production of active
TGF-β1, reactive oxygen species (ROS) and other profibrotic factors stimulates the
excessive deposition of collagen and extracellular matrix by fibroblasts and myofibroblasts
in the tunica albuginea and corpora cavernosa in Peyronie’s disease and CVOD,
respectively. In CVOD, the corporal smooth muscle cells (SMC) also undergo a switch from
the contractile phenotype to the synthetic phenotype, leading to deposition of extracellular
matrix components. This is compounded by a loss of SMC, which leads to an impairment in
the ability of the corporal tissue to undergo relaxation by the nitric oxide/cGMP pathway
and the resulting passive occlusion of the subtunical veins egressing the corpora [12].

Another common denominator of both Peyronie’s disease and CVOD is the steady
expression of inducible nitric oxide synthase (iNOS) by different cell types leading to the
sustained generation of nitric oxide and cGMP that inhibit myofibroblast generation or SMC
activation and collagen synthesis [12,13]. Nitric oxide also reduces the profibrotic effects of
oxidative stress by quenching ROS, stimulates collagen degradation and protects the SMC,
so in this scenario iNOS induction is considered to act as an antifibrotic mechanism. This
role is supported by the inhibition of oxidative stress and fibrosis by iNOS gene transfer or
long-term continuous administration of nitric oxide generators and phosphodiesterase 5
inhibitors [3,8-10,14,15] or by the exacerbation of these processes by chronic inhibition of
iNOS activity by N-iminoethyl L-lysine [9,16,17]. Moreover, the genetic inactivation of
iNOS expression in the iNOS knockout (iNOSKo) mouse leads per se to an increase in
fibrosis and oxidative stress within the corporal tissue and both of these are further
exacerbated in the presence of diabetes [18].

Experimental approaches to ameliorate this underlying fibrotic corporal histopathology
induced by either diabetes or after a cavernosal nerve injury with phosphodiesterase 5
inhibitors [19-21] still require clinical validation. To increase the efficacy of such agents, it
may be necessary to combine those that target different fibrotic pathways. One of the most
obvious is the use of long half-life nitric oxide generators to mimic the effects of iNOS
induction, e.g. molsidomine or SIN-10, an agent currently studied clinically as a vasodilator
for the treatment of coronary artery disease and angina pectoris [22-24], and experimentally
for its antifibrotic effects in the kidney and liver [25-27]. These have not been investigated
so far for counteracting corporal fibrosis.

A second type of agent is an antioxidant that targets xanthine oxidoreductase (XOR), a
critical enzyme involved in oxidative stress in the penis. One such example is allopurinol,
widely used clinically [28,29], and having a potent experimental antifibrotic action not yet
explored for erectile dysfunction [30-32]. Finally, agents that aim to inactivate TGF-β
signalling, such as decorin, a proteoglycan endogenously expressed in many organs, that
binds several members of the TGF-β super-family is being preclinically investigated as an
antifibrotic agent in wound healing and kidney, heart and skeletal muscle fibrosis [33-38]
but has not yet been used for the treatment of corporal fibrosis.

The streptozotocin-induced diabetic iNOSKo mouse model, which shows the impact of
diabetes on the corpora cavernosa under conditions of iNOS deprivation, i.e. an exacerbation
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of corporal fibrosis [18], lends itself for the investigation of antifibrotic and antioxidant
compounds with the potential for the prevention or reversal of this process. In the current
study, we have tested in the diabetic iNOSKo mouse the effects of the continuous long-term
separate administration of allopurinol, decorin and molsidomine on corporal fibrosis,
oxidative stress and SMC turnover.

MATERIALS AND METHODS
All the experiments were approved by the Institutional Animal Care and Use Committee at
our institution, and according to the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Four-month-old iNOSKo B6.129P2-Nos2tm1Lau/J (iNOSKo) mice
were divided into the following groups and maintained for 8 weeks before being killed (n =
8 mice/group): (1) iNOSKo injected once i.p. with 150 mg/kg body weight streptozotocin
(iNOSKo+STZ); (2) as #1 treated with 40 mg/kg/day allopurinol in the drinking water
(iNOSKo +STZ+ALLO); (3) as #1 treated with 50 μg decorin per animal; i.p. twice a day (4
mg/kg/day) (iNOSKo +STZ+DECO); (4) as #1 treated with 5 mg/kg body weight
molsidomine i.p. daily (iNOSKo +STZ+MOL).

Body weights were recorded weekly. Blood for glycaemia determination was withdrawn at
baseline and then weekly under 3% isofluorane anaesthesia. Urine was collected from the
urinary bladder under anaesthesia before killing. Mice were killed by a bolus administration
of sodium pentobarbital. Blood for the determination of the ratio of reduced to oxidized
glutathione (GSH/GGSG) was collected from the heart. Penises were rapidly excised,
weighed and the shaft was denuded of skin, a mid-region was fixed in 10% formalin for
tissue sectioning and the rest was frozen on dry ice and stored at − 80°C for further use.

Glycaemia was determined in serum by an Accu-Chek Active blood glucose meter (Roche,
Dublin, Ireland), and urinary glucose, ketone bodies, specific gravity, pH, and protein were
determined using a Multistix Dip Stick (Bayer, Leverkusen, Germany).

For the measurement of GSH/GSSG ratio [16], blood was collected with or without 1-
methyl-2 vinylpyridinium trifluoromethane sulphonate (M2VP) scavenger of reduced
glutathione, described in the commercial kit protocol (‘Bioxytech GSH/GSSG-412 kit’ from
Oxis Health Products). The omission or addition of M2VP allows the measurement of
reduced (GSH) and oxidized (GSSG) glutathione, respectively. The spectrophotometric
detection was recorded at 412 nm for 3 min after the addition of 3.8 μmol NADPH. The
GSH/GSSG ratio is inversely related to ROS levels.

Histochemistry and immunohistochemistry investigations used paraffin-embedded tissue
sections (5 μm) for the following procedures [3,4,7-10]. (a) Masson trichrome staining for
collagen (blue) and SMC (red); (b) immunodetection with: monoclonal antibody against α-
smooth muscle actin (ASMA) as an SMC marker (Sigma kit, Sigma Diagnostics, St Louis,
MO, USA); polyclonal antibody against TGF-β1 (1:200) (Promega, Madison, WI, USA), as
profibrotic factor; monoclonal antibody against proliferating cell nuclear antigen (PCNA) as
a marker of cell proliferation (1:400) (Chemicon, Temecula, CA, USA); and polyclonal
antibody against XOR (1:5000; Abcam, Cambridge, UK), as a marker of oxidative stress.
The specificity of the antibodies was validated by Western blot.

Briefly, tissue sections were treated with proteinase K (20 μg/mL), followed by quenching
in 0.3% H2O2-PBS, blocked with goat serum (Vector Laboratories, Burlingame, CA, USA),
and incubated overnight at 4°C with the primary antibody. In the case of PCNA and XOR,
antigen retrieval was performed by boiling the slides for 3 min in an antigen unmasking
solution (Vector Laboratories). After the overnight incubation with the first antibodies,
sections were then incubated with biotinylated anti-mouse IgG (ASMA, PCNA), or
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biotinylated anti-rabbit IgG (TGF-β1, XOR), respectively, followed by ABC complex
(Vector Laboratories) and 3,3’-diaminobenzidine (Sigma) (PCNA and iNOS), or with the
ASMA Sigma kit (ASMA) and 3-amino-9-ethylcarbazole.

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay was
performed as described previously [3,4,7-10] by applying the Apoptag peroxidase detection
assay (Chemicon), with TdT enzyme and anti-digoxigenin-conjugated peroxidase, and 3,3’-
diaminobenzidine/H2O2. Sections were counterstained with haematoxylin QS (Vector
Laboratories). Negative controls in the immunohistochemical detections were performed by
replacing the first antibody with IgG isotype. The negative control for TUNEL was made by
substituting buffer for the TdT enzyme. Testicular tissue sections were used as positive
controls for TUNEL.

Quantitative image analysis was performed by computerized densitometry using the
ImagePro 4.01 program (Media Cybernetics, Silver Spring, MD, USA), coupled to a Leica
B microscope equipped with a Spot RT digital camera (Diagnostic Instruments, Portland
OR, USA) [1-7]. For Masson staining, 40 x magnification pictures of the whole penis were
analysed for SMC (stained in red) and collagen (stained in blue), and expressed as SMC/
collagen ratio. For ASMA and XOR staining, only the corpora cavernosa were analysed in a
computerized grid and expressed as % of positive area vs total area of the corpora
cavernosa. For PCNA and TUNEL determinations, the number of positive cells at 400 x was
counted and results were expressed as % of positive cells/total cells in the corpora
cavernosa. In all cases, four penile anatomically matched tissue sections were examined per
animal at 40 x, with enough fields to cover the whole corpora cavernosa, and in certain cases
at 400 x with eight fields per section, with eight animals per group.

Values were expressed as mean ± SEM. The normality distribution of the data was
established using the Wilks–Shapiro test, followed by one-way anova and post-hoc
comparisons with the Bonferroni test, according to the GraphPad Prism V 4.1. Differences
were considered significant at P < 0.05.

RESULTS
The effects of iNOS deletion and of diabetes induction in the streptozotocin-injected
iNOSKo mice have been described previously [18]. Briefly, iNOS deletion alone causes a
reduction in the corporal SMC/collagen ratio and the SMC content when compared with the
normal animals (wild-type; WT). In the iNOSKo mouse that then undergoes STZ-induced
diabetes, there is a further reduction in the SMC/collagen ratio which is then completely
prevented by insulin in the WT mice but only partially so in the iNOSKo mice.

In the current work, as expected, 8-week treatments of this STZ-induced diabetic iNOSKo
model with allopurinol, decorin and molsidomine, did not significantly affect body weight.
Similarly, allopurinol and decorin did not significantly affect the streptozotocin-induced
hyperglycaemia, but surprisingly in the untreated controls, molsidomine increased it to 431
± 32 mg/dL from 354 ± 17 mg/dL (P < 0.001), and induced a considerable glucosuria from a
basal level in the control (not shown). No ketonuria was found in any case, but the
considerable proteinuria in the control (72.5 ± 33.6 mg/dL) was significantly reduced by
allopurinol to 15.4 ± 5.5 mg/dL, suggesting a protective effect directly on the kidney tissue
independent from glycaemic control. Decorin and molsidomine did not affect proteinuria.
As expected, nitrites in the urine were present in all molsidomine-treated animals

The effects of these treatments in preventing the underlying histopathology caused by
diabetes and iNOS deletion in the corpora cavernosa of the iNOSKo mice were determined
in paraffin-embedded corporal tissue sections. Figure 1, like the other figures, shows
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representative pictures for each group and bar graphs for the quantitative image analysis.
Despite our initial assumption, neither allopurinol nor molsidomine affected the SMC/
collagen ratio as estimated by Masson trichrome. However, decorin did increase it
considerably, by 2.5-fold. In contrast, the SMC content (Fig. 2), as estimated by ASMA, was
more sensitive because not only did decorin increase it by 2.0-fold but allopurinol also
increased it by 2.3-fold. Although molsidomine exerted a smaller stimulation, it did not
achieve statistical significance.

The protective effects of both decorin and allopurinol on the corporal SMC were reflected
by a significant reduction in the apoptotic index (Fig. 3). Molsidomine did not reduce cell
death. (Fig. 4A). Allopurinol increased cell replication 1.5-fold whereas decorin was
ineffective (Fig. 4A), but the positive cell turnovers (proliferation predominating over cell
death) were increased in both cases (Fig. 4B).

The three types of treatments were uniformly effective in reducing oxidative stress in the
corpora cavernosa by 46–60% as estimated by XOR (Fig. 5A). This is reflected in the
expected decrease of systemic oxidative stress by allopurinol and molsidomine, represented
by the nearly three-fold decrease of ROS in the blood as measured by the GSH/GSSG ratio
(the higher the ratio, the lower the oxidative stress) (Fig. 5B). As expected, decorin which
acts by a mechanism different from an antioxidant or a nitric oxide donor, did not reduce
systemic oxidative stress.

Finally, none of the protective effects of these agents on the corporal histology seemed to be
the result of a reduction in the expression of the key profibrotic factor, TGF-β1. In the case
of allopurinol, TGFB1 expression was actually stimulated 2.0-fold (not shown). The fact that
decorin did not induce any significant change in TGFB1 is as expected based on its
mechanism of action of its binding to TGF-β1, and so neutralizing it, without affecting its
expression.

DISCUSSION
This report is the first to compare concurrently in a mouse model of exacerbated fibrosis, the
diabetic iNOSKo mouse, the potential antifibrotic, antioxidant and SMC-protective action of
three pharmacological agents. They act by different mechanisms on the penile corpora
cavernosa, although each one reduces the levels of some but not all of the key profibrotic
factors. Allopurinol reduces ROS and the subsequent oxidative stress through direct
antioxidant activity whereas molsidomine quenches it. Decorin binds to, TGF-β1 and
therefore blocks the signalling triggered by its receptor. However, although decorin and
allopurinol are effective in protecting the SMC through inhibition of apoptosis, molsidomine
(which theoretically should replace the effects of the absent iNOS) did not.

The critical profibrotic role of TGF-β1 expression in the diabetic iNOSKo was confirmed by
the results of a long-term treatment with decorin, a small leucine-rich proteoglycan that
counteracts TGF-β1 binding to its receptor and so acts as an antifibrotic agent [33-38]. The
increase in the corporal SMC/collagen ratio and in SMC content while decreasing apoptosis,
and the local tissue protection against oxidative stress without affecting systemic ROS, is in
agreement with this mechanism. The effects of decorin have not been reported for penile
tissues, other than in terms of the potentially compensatory expression of decorin observed
in the human Peyronie’s disease fibrotic plaque [39]. However, our results do not predict
how decorin would act in a setting of normal iNOS induction, because TGF-β1
overexpression was not observed in the non-diabetic iNOSKo or in the diabetic wild-type
mice in comparison with the non-diabetic wild-type animals [18]. So far, the role of TGF-β1
in corporal fibrosis induced by aging, diabetes or cavernosal damage remains elusive, in
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contrast to its very clear significance for Peyronie’s disease [1,2], and fibrosis of other
organs such as the kidney, liver and heart [33-38].

Allopurinol is perhaps the most promising agent because it was very effective in preventing
corporal SMC loss in the diabetic iNOSKo mice by reducing apoptosis and oxidative stress,
both systemic and local, and stimulating cell proliferation, so confirming the beneficial
effects of antioxidant therapy on corporal fibrosis and erectile dysfunction in diabetes and on
tissue fibrosis in general [40-42]. The lack of allopurinol effects on the corporal SMC/
collagen ratio, which is in contrast to its well known effects in reducing collagen deposition
in tissues such as the heart and liver [30-32], is probably related to the also unexpected
increase in TGF-β1 expression. The systemic effects of allopurinol on ROS agree with the
decrease in proteinuria that reflects an antifibrotic effect on diabetic nephropathy, previously
reported for this agent, since allopurinol has been proved to be an effective antifibrotic and
antioxidant in the heart and kidney [30-32]. This also confirms the pivotal role of XOR in
corporal oxidative stress that has been essentially ignored in favour of NADPH oxidase
[43,44], which is reflected on the absence of published reports on the effects of allopurinol
on erectile dysfunction or the penis. The single exception is a study that showed acute
effects of allopurinol in the attenuation of ischaemia-induced and reperfusion-induced
corporal injury in a rat model of veno-occlusive priapism, presumably based on the
reduction of corporal lipid peroxidation [45].

Perhaps the most surprising result was the inability of the long-term administration of the
long half-life exogenous nitric oxide generator, molsidomine, to affect the SMC/collagen
ratio, SMC content or apoptosis, that was expected from the antifibrotic effects reported for
the kidney and liver [25-27]. Linked to the vasodilating activity, but still poor efficacy of the
acute administration of molsidomine or its derivative SIN-1 to induce corporal relaxation in
comparison with prostaglandin E1 [46,47], this may rule out further consideration of this
drug for erectile dysfunction. However, its antioxidant activity, both local and systemic,
supports the view that iNOS is in fact antioxidant through a sustained production of nitric
oxide in the corpora cavernosa. Nitric oxide leads to XOR downregulation in addition to
ROS quenching, and is not necessarily a cause of oxidative stress because it may occur in
other tissue settings. In turn, the stimulation of cell proliferation by molsidomine in the
corporal tissue by nitric oxide/cGMP agrees with our previous studies [7,9,16], and again
establishes an interesting divergence with the effects in general seen in the arterial wall
SMC [48]. Therefore further studies may be needed to rule out any use for molsidomine for
erectile dysfunction.

In summary, under conditions where the inactivation of the iNOS gene exacerbates corporal
fibrosis in diabetes this histopathology is ameliorated by long-term pharmacological
reduction of oxidative stress or counteracting TGF-β1, but not by simply producing nitric
oxide from exogenous sources. This indicates that the use of certain antioxidant or
antifibrotic agents would be effective to ameliorate corporal fibrosis and improve erectile
dysfunction in diabetes, suggesting that combination therapy with some of these types of
compounds, perhaps together with long-term continuous treatment with phosphodiesterase 5
inhibitors, may be beneficial by targeting different sites in the fibrosis pathways.
Allopurinol, because of its long clinical use and its oral route of administration, is an
interesting candidate in this respect, despite the negligible effect on corporal collagen
deposition observed here. Decorin was more uniformly effective, but we are not aware of
any clinical use. Further investigations in animal models are required to confirm
preclinically these assumptions, particularly by measuring the penile erection response,
which was not studied in the current report.
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Abbreviations

ALLO allopurinol

ASMA α-smooth muscle actin

CVOD corporal veno-occlusive dysfunction

DECO decorin

GSH/GSSG reactive glutathione/oxidized glutathione

iNOS NOS II, inducible nitric oxide synthase

iNOSKo iNOS knockout mouse

PCNA proliferating cell nuclear antigen

ROS reactive oxygen species

SMC smooth muscle cells

STZ streptozotocin

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labelling

XOR xanthine oxidoreductase
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FIG. 1.
Long-term treatment of the diabetic inducible nitric oxide synthase knockout (iNOSKo)
mice with decorin (DECO) increases the corporal smooth muscle cell (SMC)/collagen ratio.
Top panel: representative pictures of Masson trichrome staining. iNOSKo+STZ;
streptozotocin-injected iNOSKo mouse, untreated; iNOSKo+STZ+ALLO: iNOSKo+STZ
treated with allopurinol. iNOSKo+STZ+DECO: iNOSKo+STZ treated with decorin.
iNOSKo+STZ+MOL: iNOSKo+STZ treated with molsidomine. Bottom panel: quantitative
image analysis for the SMC/collagen ratio expressed as means ± SEM; ***P < 0.001.
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FIG. 2.
Long-term treatment of the diabetic inducible nitric oxide synthase knockout (iNOSKo)
mice with decorin or allopurinol, increases the corporal smooth muscle cell (SMC) content.
Top panel: representative pictures of α-smooth muscle actin (ASMA) immunostaining;
symbols as for Fig. 1. Bottom panel: quantitative image analysis for the SMC content
expressed as means ± SEM; ***P < 0.001; *P < 0.05.
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FIG. 3.
Long-term treatment of the diabetic inducible nitric oxide synthase knockout (iNOSKo)
mice with decorin or allopurinol, reduces the corporal apoptotic index. Top panel:
representative pictures of apoptosis by TUNEL immunostaining; symbols as for Fig. 1.
Bottom panel: quantitative image analysis for the apoptotic index expressed as means ±
SEM; *P < 0.05.

Ferrini et al. Page 12

BJU Int. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 4.
Long-term treatment of inducible nitric oxide synthase knockout (iNOSKo) mice with
allopurinol increases corporal cell replication and induces a positive cell turnover. (A; top
panel) Representative pictures of proliferating cell nuclear antigen (PCNA) immunostaining;
symbols as for Fig. 1. (A; bottom panel) Quantitative image analysis for the number of
PCNA-positive cells. (B) Cell turnover determined as ratio of cell proliferation and cell
death expressed as means ± SEM; *P < 0.05.
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FIG. 5.
Long-term treatment of inducible nitric oxide synthase knockout (iNOSKo) mice with
allopurinol, decorin and molsidomine reduces corporal oxidative stress and, except for
decorin, decreases systemic oxidative stress. (A; top panel) Representative pictures of
xanthine oxidoreductase (XOR) immunostaining; symbols as for Fig. 1. (A; bottom panel)
Quantitative image analysis for the area of XOR+ staining. (B) Reduced to oxidized
glutathione (GSH/GSSG) ratio in blood expressed as means ± SEM; ***P < 0.001; **P <
0.01; *P < 0.05.
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