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Abstract

Introduction—Priapism is a condition involving prolonged penile erection unrelated to sexual
interest or desire. The ischemic type, including its recurrent variant, is often associated with both
physical and psychological complications. As such, management is of critical importance. Ideal
therapies for recurrent priapism should address its underlying pathophysiology.

Aim—To review the available literature on priapism management approaches particularly related
to nitrergic mechanisms.

Methods—A literature review of the pathophysiology and management of priapism was
performed using PubMed.

Main Outcome Measure—~Publications pertaining to mechanisms of the molecular
pathophysiology of priapism.

Results—Nitrergic mechanisms are characterized as major players in the molecular
pathophysiology of priapism. PDES5 inhibitors represent an available therapeutic option with
demonstrated ability in attenuating these underlying nitrergic derangements. Several additional
signaling pathways have been found to play a role in the molecular pathophysiology of priapism
and have also been associated with these nitrergic mechanisms.

Conclusion—An increasing understanding of the molecular pathophysiology of priapism has led
to the discovery of new potential targets. Several mechanism-based therapeutic approaches may
become available in the future.

Introduction

Priapism is a pathologic condition involving penile erection persisting beyond or in the
absence of sexual arousal or desire [1]. Estimates of the incidence rates of this disorder
among the general population have widely ranged between 0.34 and 5.34 per 100,000 men
per year, with the higher rates observed in patients aged 40 and older [2—4]. Priapism,
specifically the ischemic type, has been observed to disproportionately affect certain
populations, notably patients with sickle cell disease (SCD), in whom prevalence rates as
high as 40% have been observed [5, 6]. SCD patients are at particular risk of experiencing
repeated yet self-limited episodes, termed recurrent ischemic priapism (RIP) or stuttering
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priapism [1]. Despite the transitory nature of these episodes, which typically last less than 3
hours in duration, RIP may herald major ischemic episodes in 30-50% of cases [1, 5-7].

Ischemic priapism is associated with severe complications such as erectile dysfunction (ED)
resulting from erectile tissue ischemic damage, particularly after episodes lasting greater
than 36 hours [5, 6, 8-10]. Although shorter in duration, RIP episodes have also been
associated with a significant risk of ED, with rates ranging from 29-48% [5-7]. Therefore,
the management of recurrent episodes is essential in order to prevent or at least reduce
possible cavernosal tissue damage and the risk of progression to major ischemic episodes.
Here, we review emerging molecular mechanisms, specifically relating to the nitrergic
pathway, which can be expected to guide current and future therapeutic options for the
management of recurrent priapism.

Normal Erection Physiology

Penile flaccidity is controlled by vasoconstrictive factors which maintain vascular and
smooth muscle tone in the basal state [11, 12]. Inhibition of this contractile state, resulting in
erection, can occur with genital stimulation, psychosocial excitement, or rapid-eye
movement sleep [13]. During erection, smooth muscle relaxation occurs and permits
increased arterial blood inflow and expansion of erectile tissues which decreases venous
outflow and sustains penile engorgement [14, 15]. The nitric oxide (NO)/cyclic guanosine
monophosphate (cGMP) pathway is now recognized to be the critical component in the
complex coordination of vasorelaxant and vasoconstrictive mechanisms involved in normal
erection physiology [16, 17].

The NO synthase (NOS) enzyme is the principal mediator of NO synthesis and regulates the
vascular and neurogenic pathways involved in penile erection. The initiation and
maintenance phases of penile erection are regulated by neuronal NOS (nNOS) and
endothelial NOS (eNOS), constitutive enzyme isoforms found in nerve terminals and
vascular endothelium, respectively [18]. Phosphorylation of these NOS isoforms results in
their activation, whereby NO is generated from the substrate L-arginine [19]. Subsequently,
NO locally diffuses into smooth muscle cells and binds to the iron substrate within the heme
moiety of guanylate cyclase (GC) [20]. Upon activation, GC converts guanosine-5’-
triphosphate (GTP) to cGMP, regulating the downstream activation of cGMP-dependent
protein kinase G (PKG) that generates cavernosal smooth muscle relaxation and thus penile
erection [20]. Termination of the erectile response occurs through the enzymatic activity of
cGMP-specific type 5 phosphodiesterase (PDE5), which hydrolyzes the 3’5 bonds of
cGMP, converting it to its inactive state 5’-GMP [21].

Nitrergic Mechanism of Recurrent Priapism

Over 95% of priapism presentations are caused by the ischemic priapism type and are
hallmarked by stagnant cavernous blood flow, corporal rigidity, and pain [1, 10]. The
repetitive and self-remitting episodes of RIP, an ischemic variant, typically last less than 3
hours in duration [10, 22]. As RIP is found to be significantly prevalent among patients with
hematologic disorders, particularly SCD, erythrocyte sludging and vascular stasis were
described classically to constitute the primary etiology [9]. Advances in the field have
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increasingly uncovered more complex molecular mechanisms underlying RIP. Recent
investigations have identified decreased NO bioavailability, common in the setting of
hematologic disorders such as SCD [23], to be a key factor in the etiology of priapism [24].

Disruption of the nitric oxide (NO) signal transduction pathway, the main erection
mediatory system regulating penile erection, has recently been identified to be the principal
mechanism underlying the pathophysiology of priapism [24]. Transcriptionally down-
regulated PDES5 expression and activity consequent to basally decreased levels of its
regulator, cGMP, is the fundamental determinant; without PDES5 function, erections are
uncontrolled [24]. Several possibilities exist for yielding functionally decreased cGMP,
which is related to a chronic decrease in upstream production of endothelium-derived NO.
Vasculopathic damage associated with SCD may lead to a quantitative loss of eNOS, a
source of decreased NO bioavailability [24-27]. Through the release of free hemoglobin, an
avid scavenger of intravascular NO, hemolysis may also contribute to reducing NO
bioavailability. The release of arginase, which reduces L-arginine (a substrate for NO
synthesis), and excess production of reactive oxygen species (ROS) (a chronically present
state in SCD) may also interfere with the generation and function of endothelium-derived
NO [28-30]. The decrease in cGMP production resulting from reduced NO bioavailability
leads to a compensatory decrease in cGMP-dependent expression and activity of PDE5 [24,
31].

Although deficiency of endothelium-derived NO reduces basal levels of cGMP, the neuronal
source of NO, nNOS, remains intact. Thus, upon neurologic initiation of penile erection
(i.e., occurring during REM sleep or sexual activity), neuronally-derived NO can transiently
drive cGMP production and accumulation, producing cavernosal tissue relaxation. Because
of decreased basal function of PDES5, normal regulation of the erection does not occur,
resulting in priapism.

Nitrergic Mechanisms of Management (Figure 1)

The physical and psychosocial complications of recurrent priapism can be devastating.
Therefore, episode management is critically important. Although several therapeutic options
have been proposed, they typically fail to address the underlying molecular mechanism and
often lack sufficient evidence of efficacy [13, 32, 33]. Sympathomimetic agents delivered
orally or intracavernosally serve to treat rather than truly prevent RIP episodes. Androgen
ablation non-specifically restrains the erectile response, and in addition to adversely
affecting the normal sexual response, it carries other potential side effects that render this
therapeutic approach problematic [32, 34-42]. In fact, anti-androgen therapy may exacerbate
the risk of priapism by suppressing androgen-dependent molecular signaling pathway (i.e.,
NOS and PDE5) function [43-46]. Therefore, elucidation of the aberrant mechanisms of the
nitrergic pathway in the penis provides an opportunity for developing current and future
preventative approaches based on the pathophysiologic mechanism of RIP.

Current Therapies

PDES5 Inhibitors—Regimented PDE5 inhibitor therapy represents a mechanistically-sound
approach for managing recurrent priapism, particularly in the setting of SCD. A recent
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investigation demonstrated that in a transgenic SCD mouse model, PDES5 inhibitors
delivered continually decreased priapic episodes and restored PDE5 gene activity [47].
Preclinical studies have also suggested that continually delivered PDES inhibitors upregulate
protein expression of PDE 5, reverse the dysfunctional state of eNOS uncoupling, and
enhance activation (phosphorylation) of eNOS [47-49]. Based on the widely publicized
erectogenic properties of these agents, this therapeutic effect appears paradoxical. However,
the proposed mechanism is a modulatory process involving restoration of the deficient basal
levels of cGMP in the penis and feedback upregulation of PDE5 expression and activity
towards more normal levels [50]. Therefore, regular use of PDES5 inhibitor therapy may
reverse the aberrant NO signaling pathway identified in priapism.

The preventative role of regimented PDES5 inhibitor therapy for RIP was further investigated
at a clinical level. In 2 separate observational studies, Burnett et al. reported that 4 of 4 and 6
of 7 patients, respectively, had successful improvement or resolution of their RIP episodes
while receiving long-term treatment with daily sildenafil 25 mg with an optional increase to
50 mg or conversion to tadalfil 5 or 10 mg every other day and unassociated with sexual
activity [50, 51]. Similar success was observed in individual case reports. A 19 year old man
with RIP experienced a significant reduction in episode frequency and maintenance of
erectile function following 2 months of PDES5 inhibitor treatment and 6 months after its
cessation [52]. A 64 year-old man who poorly tolerated chronic anti-androgen therapy for
RIP was successfully transitioned to continual PDE5 inhibitors following ineffective
attempts at weaning the anti-androgen therapy [53].

The safety and efficacy of sildenafil for RIP prevention was further investigated in a
randomized, controlled trial. Burnett et al. randomized 13 SCD patients with frequent RIP
episodes (=2 per week) to receive sildenafil 50 mg daily or placebo for 8 weeks followed by
open-label sildenafil for a subsequent 8 weeks. Although they did not find a 50% reduction
in priapism episode frequency as a primary study endpoint during the placebo-controlled
phase, they found that over 60% of patients had such a reduction during the open-label
phase. No differences were found between the 2 study groups regarding the occurrence of
significant adverse effects, which differs from the vaso-occlusive crisis events and
hospitalizations that were previously observed among SCD patients treated with sildenafil
for pulmonary hypertension during the walk-PHaSST trial [54, 55]. However, the dose and
frequency of sildenafil used in the walk-PHaSST trial were significantly higher (20-80 mg,
3 times daily) [55]. While these clinical studies suggest safety and utility in the use of
regimented PDES inhibitor therapy, further assessments of efficacy are warranted.

Hydroxyurea—Hydroxyurea, the only FDA-approved agent for management of SCD, is a
DNA synthesis inhibitor that induces fetal hemoglobin production and reduces hemolysis.
Hydroxyurea therapy has demonstrated significant clinical benefits in decreasing vaso-
occlusive crises and prolonging life in SCD patients [56, 57]. In addition to these clinical
benefits, several case reports have suggested a benefit of hydroxyurea in preventing RIP
episodes and preserving erectile function in the setting of SCD [58-60]. The reduction of
hemolysis associated with hydroxyurea therapy may correct the underlying reduced NO
bioavailability that occurs with severe hemolysis and is common to SCD [61]. This
correction in NO bioavailability may also fit with the action of hydroxyurea as an NO donor.
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Accordingly, by restoring bioavailable NO, hydroxyurea may reverse aberrant downstream
nitrergic signaling pathways [62, 63].

Future Directions

Sustained NO Donors—Complications of SCD such as vaso-occlusive crises and
priapism are thought to be related to the underlying reduced NO bioavailability chronically
present in SCD [23, 64, 65]. As such, restoration of bioavailable NO towards normal levels
is believed to attenuate the frequency and severity of these complications. Thus, physiologic
NO administration represents an intriguing area of study. The concept of NO donor use for
the treatment of pathologic disease states of the penis is not new. Intracavernosal use of
donors such as linsidomine chlorhydrate (SIN-1) and sodium nitroprusside has been
considered specifically in the treatment of ED [66, 67]. However, this route of delivery to
achieve long-term NO maintenance for priapism prevention is impractical.

In a preclinical study, Lagoda et al. demonstrated the capability of a formulated, sustained
NO-releasing compound, 1, 5-Bis-(dihexyl-N-nitrosoamino)-2, 4-dinitrobenzene (C&), in
generating NO, increasing cGMP production, reversing PDE5 dysfunction, and correcting
the priapism phenotype observed in SCD as well as combined nNOS and eNOS deficient
mouse models of RIP [68]. This investigation supports the role of long-term NO
maintenance in the management of RIP. Because bioactivation of nitrate is a source of NO
(through reduction to nitrite), dietary sources of inorganic nitrate supplementation which
sustainably elevate bioactive NO levels, may be worthy of investigation for RIP prevention
[69, 70].

Associated Pathways—Although aberrant nitrergic signaling has been identified as a
principal mechanism of RIP, several alternate molecular signaling pathways have also been
suggested to have pathophysiologic roles in the priapism phenotype. Interestingly, these
pathways have been linked to the derangement of the nitrergic mechanism in the penis [43].

Testosterone—Traditional thought holds that elevated testosterone levels facilitate
priapism, in line with studies describing androgen ablation as a therapy for priapism [35, 40]
and case reports that, conversely, have associated priapism episodes with testosterone
replacement therapy (TRT) in hypogonadal males [71-73]. It is noteworthy that the latter
reports document the use of intramuscular testosterone esters that result in supra-physiologic
levels of testosterone. In an assessment of safety data from 3 clinical trial, no association
was found between the occurrence of priapism episodes and TRT in hypogonadal men using
the topical TRT agent, Androgel, at eugonadal levels [74]. Patients with SCD, who are at a
higher risk of developing RIP, have not been demonstrated to have elevated testosterone
levels, and, to the contrary, these patients have been found to have a high prevalence of
hypogonadism [75]. Hypogonadism is theorized to further exacerbate the already aberrant
molecular signaling of nitrergic mechanisms in SCD-associated RIP [43, 76].
Administration of TRT in these patients has actually been found to reduce, rather than
enhance, priapism episode frequency, while improving sexual function [76]. Testosterone
administration is reported to reduce priapic activity in transgenic SCD mice with low serum
testosterone levels in preliminary investigations [Burnett, unpublished study]. These effects
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would seem consistent with the molecular actions of androgens, which are known to
regulate NOS and PDE5 expression, as their levels are decreased in testosterone deficiency
and restored with TRT [45, 46]. Contrary to traditional perceptions, preservation of
normative testosterone levels may not cause RIP and rather may equate with an erection
homeostatic purpose in the future. It is conceivable that current hormonal modulation
involving anti-androgen therapy exerts a non-specific anti-erectile effect in priapism
prevention.

Opiorphins—Opiorphin, a pentapeptide that inhibits neutral endopeptidases, is recognized
to be a potential effector of cavernosal smooth muscle function, specifically the excessive
relaxation characteristic of priapism [77]. Preclinical investigations involving gene transfer
of opiorphin homologues have shown priapism-like conditions at high doses in rat models
[77-79]. Inhibition of ornithine decarboxylase (ODC), a polyamine synthesis pathway
enzyme found to be upregulated in these models of experimental priapism, has been found
to prevent this priapic activity, suggesting its role as an effector [79]. Decreased gene
expression of eNOS and PDES5 and increased arginase 1 and 2 (polyamine synthesis
pathway enzymes) in penile tissues have been identified in these models and confirmed in
transgenic SCD mice [79]. The upregulation of ODC and decreased arginase 1 and 2
expression may promote the shunting of L-arginine, necessary for NO synthesis, from the
nitrergic pathway to the polyamine synthesis pathway [32]. Therefore, the opiorphin
signaling pathway may represent a target for future management, and its therapeutic
regulation may restore NO bioavailability.

Oxidative/Nitrosative Stress—Under normal physiologic conditions, homeostatic
balance of oxidative/nitrosative stress is maintained through the action of enzymes and
scavengers of ROS and reactive nitrogen species (RNS) [30, 80]. However, in states of
chronic oxidative/nitrosative stress, such as in SCD, these protective mechanisms fail, and
consequently, this equilibrium is lost [30]. Increased sources and markers of oxidative stress
have been found in penile tissue of transgenic SCD mice and humans with RIP [81-83], and
ROS/RNS generation has been shown to contribute to the reperfusion injury-related
cavernosal tissue damage occurring during resolution of ischemic priapism [84]. These
reactive species have been found to react with NO, decreasing NO bioavailability. Thus,
controlling ROS/RNS may offer an approach for modulating derangement in the nitrergic
signaling pathway [30].

Adenosine—Adenosine is a signaling nucleoside that functions through specific G
protein-couple receptors to achieve various effects [85]. One such receptor, ADORAZ2B, is
found to induce cAMP and subsequent relaxation, specifically in corporal smooth muscle
[86-88]. Recent investigations suggest that excessive adenosine signaling contributes to
priapism, as mouse models deficient in adenosine deaminase (ADA), the enzyme
responsible for adenosine metabolism, demonstrate a priapism phenotype which is reversed
with administration of the deficient enzyme [88, 89]. The role of adenosine as it relates to
the nitrergic pathway is complex. Activation of the ADORAZ2B receptor functions to
increase activation of eNOS (thus increase NO production) [90], but it can also down-
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regulate PDES5 gene expression under hypoxic conditions [91]. Targeting the adenosine
receptor may provide another potential approach for RIP prevention.

RhoA/Rho Kinase—Mediation of penile vasoconstriction (flaccidity) involves the
RhoA/Rho kinase (ROCK) signal transduction pathway [92, 93]. Dysregulation in Rho
signaling is thought to contribute to priapism, as eNOS knockout and transgenic SCD mice,
animal models of priapism, demonstrate decreased penile RnoA/ROCK activity [25, 94].
The decreased expression of these signaling molecules has also been confirmed in penes of
patients with SCD [82]. Because this signaling pathway is known to regulate eNOS, and
thus influence nitrergic mechanisms, it may represent a potential target for developing future
therapeutic strategies for RIP [92, 95, 96].

Conclusion

Advances in our understanding of the molecular pathophysiology of RIP have reduced the
scientific mystery of this erectile disorder. Consequently, we are better able to consider and
develop therapeutic options that are rationally designed with prevention in mind beyond
traditional management approaches that serve only to treat priapism episodes. New
directions are focused towards addressing derangements in the nitrergic signaling pathway.
Regimented PDES inhibitor therapy represents a currently available and mechanistically
sound approach for RIP prevention. Future therapeutic options may also rest on the
correction of bioavailable NO levels in the penis. Finally, we must acknowledge the
complex interplay between nitrergic and other pathways contributing to the molecular
pathophysiology RIP and consider that they may provide alternative targets for management
approaches in the future.
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Figure 1.
Schematic representation of the nitrergic mechanism underlying penile erection and

contributing pathways which may offer targets for management of recurrent ischemic
priapism. Decreased basal levels of PDE5 enzyme permits uncontrolled erection (priapism)
because of the lack of the normal regulatory control mechanism involved in the return of the
penis back to its flaccid state. Gray text represents current therapeutic approaches related to
the nitrergic mechanism. White text represents potential pathways for future therapeutic
approaches affecting the nitrergic mechanism. Circular arrows signify the pathway between
penile erection states. Black arrows relate to the mechanism of penile erection. Gray arrows
signify direct or indirect stimulation and gray T-shapes signify direct or indirect inhibition
based on evidence suggesting associations of pathways in the setting of priapism. NO =
nitric oxide, NOS = nitric oxide synthase, PDE5 = phosphodiesterase type 5, PDE5i = PDE5
inhibitor, TRT = testosterone replacement therapy
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