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Abstract

Priapism is a debilitating disease for which there is at present no clinically accepted 

pharmacologic intervention. It has been estimated that priapism lasting more than 24 hours in 

patients is associated with a 44–90% rate of erectile dysfunction (ED). In this investigation we 

determined in two animal models of priapism (opiorpin-induced priapism in the rat and priapism 

in a mouse model of sickle cell disease) if there is evidence for an increase in markers of oxidative 

stress in corporal tissue. In both animal models we demonstrate that priapism results in increased 

levels of lipid peroxidation, glutathione S-transferase activity, and oxidatively damaged proteins in 

corporal tissue. Using Western blot analysis we demonstrated there is up regulation of the 

ubiquitination ligase proteins, Nedd-4 and Mdm-2, and the lysososomal autophage protein, LC3. 

The anti-apoptotic protein, Bcl-2, was also up regulated. Overall, we demonstrate that priapism is 

associated with increased oxidative stress in corporal tissue and the activation of protein 

degradation pathways. Since oxidative stress is known to mediate the development of ED resulting 

from several etiologies (for example ED resulting from diabetes and aging) we suggest that 

damage to erectile tissue resulting from priapism might be prevented by treatments targeting 

oxidative stress.
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Introduction

Priapism is a persistent, often painful, penile erection that continues hours beyond, or is 

unrelated to, sexual stimulation 1. It can lead to progressive fibrosis of the erectile tissue and 

ultimately result in erectile dysfunction (ED) 2. It has been estimated that priapism lasting 

more than 24 hours is associated with a 44–90% rate of ED 3, 4. Priapism can be associated 

with the use of pharmacological agents, particularly antipsychotics 5, recreational drugs, 
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hematological disorders, metabolic disorders, trauma, tumors, neurological disorders and 

bites from spiders and scorpions 6. Men with sickle cell disease are particularly prone to 

priapism, where its incidence is about 40% 7, 8. We have demonstrated that in animal 

models over-expression of the genes encoding opiorphins (rat Vcsa1 or human hSMR3B) is 

associated with the development of priapism, and that there is up-regulation of opiorphins in 

the corpora of sickle cell mice prior to the development of priapism 9–11.

Recently there has been progress in understanding the molecular events leading to priapism. 

Endothelial nitric oxide synthase knock-out (eNOS−/−) mice exhibit priapic-like, excessive 

erectile tendencies 12. Later work demonstrated that in the corpora of the eNOS−/− mice 

there was reduced phospodiesterase-5 (PDE-5) expression 13. Following sexual stimulation, 

resulting in increased release of neuronal nitric oxide (NO), large amounts of cyclic 

guanosine monophosphate (cGMP) were produced because of the lowered levels of PDE-5, 

resulting in excessive corporal smooth muscle tissue relaxation. It has also been reported 

that mice lacking adenosine deaminase (ADA), an enzyme necessary for the breakdown of 

adenosine, display unexpected priapic activity 14. Treatment of these mice with ADA 

enzyme therapy corrected the priapic-like activity suggesting that it was dependent on 

elevated adenosine levels. Further genetic and pharmacologic evidence demonstrated that 

A2B adenosine receptor-mediated (A2BR-mediated) cyclic adenosine monophosphate 

(cAMP) and cGMP induction was required for elevated adenosine-induced prolonged penile 

erection. In sickle cell mice there was also elevated adenosine levels and A2BR activation 

associated with the development of priapism. Our group recently demonstrated that over-

expression of opiorphins in corporal tissue can result in priapism through a mechanism 

which involves activation of polyamine synthesis 9.

Men with sickle cell disease are at greater risk for the development of priapism 7, 8. Sickle 

cell mouse models have suggested that oxidative stress, resulting from hemolysis is a major 

component for the development of vasculopathies 15–17. Hemolysis results in the release of 

hemoglobin into the plasma where it can react and deplete levels of NO, as well as release of 

erythrocyte arginase. Abnormally high NO levels can result in the formation of reactive 

oxygen species (ROS) and arginine can redirect the metabolism of endothelial L-arginine to 

polyamines. Potentially both these processes can result in vessel wall remodeling 18, 19.

Several novel therapies for treating or preventing priapism are being investigated, such as 

the use of PDE-5 inhibitors, polyethylene glycol-modified ADA or inhibitors of ornithine 

decarboxylase 9, 20–22. However these treatments are as yet unproven in a clinical 

environment, and there remains an urgent need to better understand the molecular events 

that result in priapism in order to facilitate the development of better treatment regimens. 

There is increased awareness that oxidative stress in corporal tissue is a contributing factor 

to the development of ED 23–28, 29. Evliyaoglu et al. 30, 31 have previously demonstrated 

that there are increased levels of lipid peroxides in a veno-occlusive rat model of priapism. 

In the present paper we describe changes in additional markers of oxidative stress in 

corporal tissue from two additional animal models (opiorphin induced priapism in the rat 

and a mouse model of sickle cell disease). Because there is potential damage to proteins as a 

result of oxidative stress we also investigated changes in pathways involved in protein 

degradation.
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Materials and Methods

Animals

The animals which were used in these experiments have been described and characterized in 

a recent publication 9. Sprague-Dawley “retired breeder” rats (9–10 months, weighing >500 

g) were obtained from Charles River Laboratories (Wilmington, MA, USA). Six animals 

were intracorporally injected with 100 µg pVAX-Vcsa1 or pVAX was previously described 

9. Animals were invesigated one week following intracorpoal injection of plasmids. Prior to 

sacrifice the basal (no cavernous nerve stimulation) intracorporal pressure/blood pressure 

ratio was determined as previously described 10, 11, 32. Transgenic, 5 week old, sickle cell 

mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and maintained 

in the Albert Einstein Animal Facility till the life stage to be investigated (5, 10–12 and 12–

14 weeks old) was attained. Age matched C57BL/6 animals were used as controls. Six 

animals were investigated in each group. Immediately following sacrifice corporal tissue (in 

the flaccid state) was excised and stored at −70C before biochemical determintions were 

performed. All animal studies were approved by the Institute of Animal Studies at Albert 

Einstein College of Medicine.

Glutathione S-Transferase assay

To perform assays for the activity of glutathione S-transferase (GST) coporal tissue 

homogenates were prepared in 100mM Phosphate buffer pH-6.5 containing 2mM Ethylene 

diaminetetracetic acid (EDTA) at 4°C. The supernatants were separated by centrifugation 

using a Sorvall Centrifuge (Thermo Fisher Scientific, Waltham, MA) at 15,000×g for 30 

min. The protein concentration was determined in the tissues extracts by the method of 

Biorad - Dc protein assay method (Biorad-laboratories, Hercules, CA). The GST assay was 

carried out by the method of Habig et al. 33. To 900 µl of phosphate buffer pH-6.5, 33.3 µl 

of 75mM reduced glutathione (Sigma, St.Louis, MO), 33.3 µl of 30mM 1 Chlroro, 2,4-

Dinitrobenzene (Sigma, St.Louis, MO) in ethanol and 33.3 µl of tissue homogenates were 

added. The colored product formed was read at 340nm using Beckman Spectophotometer 

for 5 min. The blank reaction was carried out without the enzyme. The GST activity was 

expressed as nmoles/milligram protein.

Lipid Peroxidation

In order to determine lipid peroxidation corporal tissue homogenates were prepared in 

1.15% potassium chloride. The supernatants were separated by centrifugation at 15,000×g 

for 30 min using an Sorvall centrifuge. The lipid peroxidation assay was carried out by the 

method of Ohkawa et al. (18). 1,1,3,3,- Tetramethoxy propane (Sigma, St.Louis, MO) was 

used as an external standard ranging from 2nM to 10nM for the standard curve. To the 

standards and 0.5ml of rat and mice tissue homogenates, 200 µl of 8% sodium dodecyl 

sulphate (SDS), 1.5 ml of 0.8% Thiobarbituric acid (Sigma, St.Louis, MO) and 20% glacial 

acetic acid pH-3.5 was added and boiled at 95°C for an hour. The samples were cooled and 

the lipid peroxides (LPO) were extracted in 15:1 ratio of n-Butnaol and Pyridine solvent 

(Sigma, St.Louis, MO) by centrifugation at 4000×g for 15min. The LPO levels were 

measured at 532 nm by Beckman Spectrophotometer. The LPO were expressed as 

nanomoles of malondialdehyde (MDA) formed /gram tissue.
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Preparation of Protein Extracts and Western blot analysis

The expression of proteins in corporal tissue was analyzed using Western blots. Protein 

extractions were carried at 4°C by the method of Kanika et al. 9. Briefly, gene treated rat 

and transgenic sickle mice corpora tissues were homogenized using a polytron homogenizer 

in 50mM Tris-HCl buffer, pH-7.4, containing 10mM EDTA, 30mM sucrose and 10µl of 

mammalian protease inhibitor cocktail (Sigma, St.Louis, MO, USA) and the supernatants 

were separated by centrifugation at 15,000×g for 30 min. Protein concentrations were 

determined in the samples by the Biorad-Dc protein assay method.The proteins were 

electrophoresed on Nu PAGE® 10% Bis-Tris gels (Invitrogen, Carlsbad, CA) and then 

transferred to a PVDF membrane (Immun-Blot™ PVDF Membrane, Bio-Rad Laboratories, 

Hercules, CA) by semi-dry electrobloting for 1hr. The membranes were blocked with 5% 

milk in Tris Buffered saline containing 0.05% Tween-20 (TBST) for an hour, the 

membranes were probed with anti LC3B antibody (1:1000), anti Nedd-4 (1:5000), Mdm-2 

(1:6000) (Millipore, Billerica, MA), Nitrotyrosine (NOY-7A5, Alexis Biochemicals, 

Farmingdale, NY), anti GAPDH (1:20,000; Abcam, Cambridge, MA), anti α-actin and 

Bcl-2 (1:500) antibodies (BD Biosciences, San Jose, CA) for an hour at room temperature. 

The bound antibodies were detected by probing with HRP-labelled anti-mouse or anti-rabbit 

secondary antibody (1;10000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for an 

hour at room temperature. Enhanced chemiluminescence was performed with Pierce® ECL 

Western Blotting Substrate (Pierce, Rockford, IL.) and bands were quantified by 

densitometry using Quantity One® software (Bio-Rad laboratories, Hercules, CA).

OxyBlot Analysis

The protein oxidation levels were determined using Oxyblot™ Protein Oxidation Detection 

Kit (Chemicon International, Temecula, CA) following the manufacturer’s protocol. 

Corporal tissue extracts were prepared in protein extraction buffer containing 50mM 

dithiothreitol at 4°C and the supernatants separated by centrifugation at 15,000×g for 30min. 

To 5 µl (15 µg) of protein extract, 5 µl of 12% SDS and 10 µl of dinitrophenylhydrazine 

derivatizing agents (referred to as “exp” in Figure 2C) are added and incubated at room 

temperature for 15min. In a control reaction (referred to as “con” in Figure 2C) proteins 

were prepared in the absence of Dinitrophenylhydrazine derivatizing agents. The reaction is 

terminated by the addition of 7.5 µl of Neutralization buffer supplied with the kit. The 

OxyBlot standard was loaded with 2.5 µl of SDS-sample buffer. The carbonyl derivatized 

samples were loaded on Nu PAGE® 10% Bis-Tris gels (Invitrogen, Carlsbad, CA) and then 

transferred on to a PVDF membrane (Immun-Blot™ PVDF Membrane, Bio-Rad 

Laboratories, Hercules, CA) by semi-dry electroblotting for 1hr. After the transfer 

membranes were blocked with 1% bovine serum albumin in TBST for an hour at room 

temperature. The membranes were probed with primary antibody (1:150) for an hour and 

with secondary antibody (1:300) for an hour at room temperature. Enhanced 

chemiluminiscence was performed with Pierce® ECL Western Blotting Substrate (Pierce, 

Rockford, IL) and bands were quantified by densitometry using Quantity One® software 

(Bio-Rad laboratories, Hercules, CA).
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Statistical Analysis

The Student's t-test was used to determine significant difference in expression between 

experiment and control groups. A P-value < 0.05 was considered to be a significant change 

in expression.

Results

As previously described 9–11, 32, Sprague-Dawley rats intracorporally injected with 

pVAX-Vcsa1, which over-expresses the rat opiorphin homologue (sialorphin) presented 

evidence of a priapic-like episode one week after treatment. This evidence consists of 

increased basal intracorporal pressure/blood pressure ratio (ICP/BP) (Figure 1A) and visual 

and histological evidence of vasocongestion at necropsy (Figure 1B). The empty vector 

backbone, 100 µg pVAX, was used as a control and 100 µg pVAX-hSlo was used as a 

control for a plasmid which improves erectile function in the aging rat model without 

resulting in experimental priapism 34, 35.

In order to determine oxidative stress levels in the corpora of animals with opiorphin 

induced priapism we measured the level of lipid peroxidation, GST activity and carbonyl 

groups introduced into proteins using an OxyBlot (Figure 2A–C). As shown in Figure 2A 

lipid peroxidation, as determined by the MDA levels in the corporal tissue, significantly 

increased (an average of 25%, P<0.05) in animals with opiorphin-induced priapism. Another 

indicator of oxidative stress, GST activity, was also up-regulated (by an average of 63% 

P<0.05) in the corpora of animals with priapism (Figure 2B).

Protein extracts from six animals of each group were also analyzed using an OxyBlot for the 

detection of carbonyl groups introduced into proteins by oxidative reactions. A 

representative blot from 3 animals for the control and priapic animals are shown in Figure 

2C. Densitometric analysis of animals treated with pVAX-Vcsa1 have overall up-regulated 

levels of carbonyl groups (by an average of 21%, P<0.05) compared to controls, as well as a 

distinctly different banding pattern compared to controls. This suggests that with the onset 

of priapism there is not only an increase in oxidative stress, but also that a different set of 

proteins are targeted for nitrosylation.

In an environment where there is increased oxidative stress, there is likely to be increased 

oxidative damage of proteins. Therefore, using western analysis we also looked at the 

expression of proteins in the corpora which are involved in pathways leading to degradation 

of damaged proteins one week after intracorporal injection with 100 µg pVAX or pVAX-

Vcsa1. The lysosomal autophage pathway for protein degradation was analyzed by 

comparing the ratio of short form LC3-II to long LC3-I, which can serve as a marker for 

autophagy (Figure 3 and Table 1). Figure 3 shows a representative blot from three animals, 

and densitometric analysis averaged from six animals is shown in Table 1. There is a 5.45-

fold (P<0.05) increase in the level of LC3-II in the pVAX-Vcsa1 treated animals compared 

to the controls, and the ratio of LC3-I to LC3-II decreases from 14.6 ± 1.3 to 0.29 ± 0.34. 

The decrease in the ratio of LC3-I/LC3-II in the corpora of animals treated with pVAX-

Vcsa1 suggests an increase in autophagic activity, potentially as a result of tissue damage 

resulting from priapism 36, 37.
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Also shown in Figure 3 and Table 1 are the expression levels of two proteins involved in 

ubiquitination (Nedd-4 and Mdm-2 38, 39). Both are increased in response to pVAX-Vcsa1 

induced priapism. By densitometric analysis both Nedd-4 and Mdm-2 increased 

significantly (P<0.05) by 6.27 and 2.38-fold in the pVAX-Vcsa1 treated animals compared 

to the control animals (pVAX treated, Table 1). In contrast the anti-apoptotic protein, Bcl-2, 

is up-regulated in pVAX-Vcsa1 treated animals. Overall, our results show that pVAX-Vcsa1 

induced-experimental priapism is accompanied by changes in the pathways of protein 

degradation in corporal tissue.

Sickle cell mice are prone to the development of a priapic-like condition 40 and we have 

previously investigated the biochemical changes that occur in the corpora of sickle cell mice 

9. We divided the development of priapism in the sickle cell mice into three stages based on 

the evidence presented in Figure 4. Three life stages of the mice were studied; 1) Pre-priapic 

mice (approximately 5 weeks of age): sickle cell mice were not observed to have any visual 

evidence of priapism. Histopathology of the corpora of these mice showed no evidence of 

vasocongestion (Figure 4A left panel). 2) Priapic mice (approximately 10–12 weeks of age): 

mice were visually observed to have priapism (a prolonged erection without sexual 

stimulation). Histopathology of these mice showed evidence of vascongestion, but presented 

no evidence of necrosis of the corporal tissue (Figure 4A, middle panel). 3). Late stage 

priapic-mice (12–14 weeks of age): Mice at necropsy had visible signs of necrosis of 

corporal tissue. Histopathology of the corporal tissue from these animals had more dilated 

spaces with vasocongestion as well as evidence of periprostatic inflammation and mild 

edema associated with neutrophilia (Figure 4A, right panel). Trichrome staining of late 

stage-priapic mice showed a significant increase in the fibrosis scale (the ratio of collagen to 

smooth muscle) compared to the pre-priapic or priapic mice (Figure 4B). Age matched 

control animals presented no evidence of vasocongestion or inflammation.

We have determined the state of oxidative stress and the expression of key proteins in 

protein degradation in sickle cell mice. In Figure 5 we show that there are increased levels of 

lipid peroxidation in sickle cell mice compared to control animals (Figure 5A). The 

experiment was performed for 3 pooled animal samples (corporal tissue) from each group in 

duplicate. The increase in MDA levels (by an average of 68%, P<0.05) occurs at a life stage 

in the sickle cell mice before there is physiological or histological evidence of priapism. In 

priapism animals the MDA levels are increased by average of 89% (P<0.05). Similarly, 

there is an increase in GST activity by an average of 16% (P<0.05, Figure 5B) in pre-priapic 

animals. We also investigated the effect of increased oxidative stress on corporal proteins 

using an OxyBlot to detect carbonylated protein residues. A representative blot is shown in 

Figure 5C. Densitometric analysis of the OxyBlots demonstrated that in the corpora of sickle 

cell mice at life stages which exhibit priapism, there is a fold-increase in the number of 

carbonylated residues compared to the controls (pre-priapism, 1.24 ± 0.95 fold; priapism 

2.70 ± 0.6 fold, late stage-priapism 1.14 ± 0.92 fold), also indicative of oxidative stress. In 

addition, we also determined levels of proteins with nitrotyrosine residues in control and 

sickle cell mice. Nitrosylation of proteins results from reaction of nitric oxide to generate 

peroxynitrite radicals. A representative blot is shown in Figure 5D. Densitometric analysis 

of blots showed that priapic and late stage-priapic animals had significantly higher levels of 
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nitrotyrosine proteins (1.8 ± 0.14-fold and 2.9 ± 0.08-fold) compared to non-sickle cell 

controls.

Using western analysis we also looked at the expression of proteins in the corpora of sickle 

cell mice which are involved in pathways leading to degradation of damaged proteins. As 

shown in Fig. 6 and Table 2 there is an increase in the expression of LC3-I (3.85 ± 0.2-fold 

in priapic and 4.56 ± 0.24-fold in late stage-priapic) and LC3-II (3.2 ± 0.68-fold in priapic 

and 1.1 ± 0.32-fold in late stage-priapic) in animals at life stages with priapism compared to 

controls, which may represent an increase in autophagic activity in response to corporal 

tissue damage from oxidative damage as a result of priapism. Pre-priapic animals did not 

show any significant differences in LC3-I or LC3-II expression compared to controls. 

Proteins involved in ubiquitination (Nedd-4 and Mdm-2, Fig. 6 and Table 2) are also 

increased in response to priapism in the corpora of sickle cell mice exhibiting priapism. 

Interestingly Nedd-4 is upregulated at a stage before there is evidence of priapism in the 

sickle cell mice. As with opiorphin-induced priapism, Bcl-2 is upregulated in the sickle cell 

mice at life stages which exhibit priapism or late stage priapism.

Discussion

We present evidence of increased oxidative stress in the corpora of two animal models of 

priapism (opiorphin-induced priapism and sickle cell mice). We have published several 

papers describing the effect of intracorporal injection of plasmids expressing opiorphins on 

erectile function in the rat 10, 11, 32, 41. We have shown that injecting higher amounts of 

these plasmids results in a priapic-like effect in the rat, evidenced by vasocongestion and an 

increased basal ICP/BP ratio. Although lower doses of the plasmids in these experiments 

resulted in improved erectile response in old animals following cavernous nerve stimulation, 

higher doses of the plasmids reduced this effect which we have suggested is due to 

cavernosal tissue damage due to the priapic-like condition 10, 11, 32. The Berkley sickle 

cell mouse is also a well documented animal model for priapism 40. These mice show visual 

evidence of priapism from 12 weeks 41, 42 (personnel communication from Claudino, 

M.A.) and after 12 weeks demonstrate histological evidence that there is cavernosal tissue 

damage 41, 43.

It is interesting to note that both etiologies resulting in a priapic-like condition have 

qualitatively similar effects on oxidative stress and protein degradation pathways in the 

corpora of the rat or mouse. There are elevated levels of lipid peroxidation, GST activity and 

protein oxidation in animals with priapism. These changes in markers of oxidative stress, 

since they occur in two very different models of priapism (sickle cell disease and gene 

transfer of pVAX-Vcsa1 to the corpora), are most likely due to the physiological affect of 

priapism on the corporal environment. However, we cannot total rule out that both models 

may involve common biochemical mediators. For example, sickle cell mice appear to have 

up-regulated expression of the mouse homologue of Vcsa1 in the penis at a pre-priapic and 

priapic life stage.

Our results support the observations of Evliyaoglu et al. 30, 31 who previously 

demonstrated that there are increased levels of lipid peroxides in a veno-occlusive rat model 
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of priapism. Interestingly, in the corpora of late stage-priapic sickle cell mice the levels of 

carbonylated residues decline relative to the priapic stage (Figure 5C). There are several 

possible explanations for this. Animals with late stage-priapism may have higher levels of 

fibrosis, impaired blood flow and reduced erectile function. The overall reduction of blood 

flow into the penis may then result in less oxidative damage of proteins. Alternatively, the 

fibrotic tissue may be less susceptible to oxidative stress.

In addition we demonstrate that oxidative stress is associated with the activation of pathways 

involved in protein degradation. The changes in expression of proteins involved with protein 

degradation in the late stage-priapic mouse may explain several of the histological changes 

reported by Bivalacqua 43 which were documented in mice in the age group of 16–24 

weeks. Mdm-2 and Nedd-4, which are both involved in the ubiquitin pathway 38, 39 are up-

regulated in opiorphin and sickle cell disease induced priapism. Interestingly, in sickle cell 

disease Nedd-4 was upregulated at a stage in the mouse life cycle, when there is no evidence 

for priapism or pathology as a result of priapism. There maybe moderate changes in the 

biochemistry of the corpora of mice that are a response to the development of the 

physiological manifestation of priapism, without the mice being at a stage when there is 

visible evidence of priapism. If a similar pattern of up-regulation of Nedd-4 could be 

detected in human patients with sickle cell disease, Nedd-4 might act as a marker for 

individuals at risk for the development of priapism. Somewhat surprisingly, the anti-

apoptotic protein Bcl-2 is up-regulated in pVAX-Vcsa1 treated animals and also in sickle 

cell mice with priapism. However, Bcl-2 can also act as an antioxidant, and its upregulation 

may represent a compensatory change in corporal cells to prevent damage and apoptosis 44, 

45.

There is increased awareness that oxidative stress in corporal tissue is a contributing factor 

to the development of ED 23–28, 29. Our work suggests that priapism is associated with 

increased oxidative stress and activation of protein degradation pathways in corporal tissue. 

The increase in oxidative stress in the corpora of patients with priapism may be the prime 

determinant for why 44–90% rate of these patients subsequently suffer from ED 3, 4. 

However, the mechanism by which the production of reactive oxygen species (ROS) can 

contribute to ED is unclear. One possibility is that superoxide interacts with NO to generate 

peroxynitrite, reducing the available NO to participate in an erectile response 27. The 

peroxynitrite and superoxide have also been reported to increase the incidence of apoptosis 

in the endothelium 46, 47. We report for the first time that peroxynitrite levels are increased 

in priapic and late stage-priapic mice corporal tissue compared to normal and sickle mice 

corporal without priapism. However, a similar observation in the microvascular system of 

sickle cell mice has been reported by Kaul et al., 48, 49 who demonstrated that increased 

oxidative stress is associated with increased production of nitrotyrosine. Following oxidative 

stress, damaged proteins are degraded 50 leading to an increased level of fibrosis in corporal 

tissue. It has been proposed that elevated levels of fibrosis in corporal tissue can result in 

corporal veno-occlusive dysfunction (CVOD) 51, 52. CVOD has been suggested to play a 

role in the development of ED as a result of aging, diabetes and following radical 

prostatectomy 53–55. Recent papers have also documented sickle cell mice that have 

suffered from priapism, have increased fibrosis of the corporal tissue 9, 43. Therefore, the 
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sequelae of priapism may be increased oxidative stress in the corporal tissue, followed by 

activation of the protein degradation pathways leading to fibrosis and ED through CVOD.

Priapism, and resultant ED, can be considered as one of several vasculopathies associated 

with sickle disease and includes pulmonary hypertension, cutaneous leg ulceration and 

stroke. Oxidative stress is also considered to be a prominent mechanism in the development 

of these vasculopathies 15. In sickle cell disease erythrocytes have increased concentrations 

of ROS compared with normal red blood cells 56, which results in changes in the 

composition of cell membrane lipids and abnormal erythrocyte phosphatidylserine exposure 

57. Phospahtidylserine exposure induces binding of red cells to endothelial cells leading to 

their sequestration in peripheral blood vessels and subsequent vascular dysfunction and 

hemolysis. As a result of chronic hemolysis, levels of free plasma hemoglobin are increased 

at baseline and NO bioavailability is diminished, further contributing to vascular endothelial 

dysfunction. The complex interactions of hemolysis and oxidative stress, and the close 

relationship of these two mechanisms in sickle cell disease has led to a debate of which is 

the primary mechanism of vasculopathy 58.

The recognition that the generation and activity of ROS in the penis can lead to ED, has 

prompted investigation into the potential use of antioxidants for its treatment and prevention, 

particularly targeting superoxide dismutase (SOD). Bivalacqua et al. 28 demonstrated that 

over-expressing SOD in the corpora of diabetic rats significantly lowered superoxide anion 

levels and had a positive effect on erectile function. Another approach to limit super oxide 

production has been to treat diabetic animals with a synthetic SOD mimetic (Tempol). 

Animals treated with tempol showed significantly improved erectile function over controls 

59. However, there are studies suggesting that administration of antioxidants following 

priapism are unable to restore erectile function 60. Another approach could be to prevent 

CVOD by protecting tissue damage 53, 54, 61. However, it is likely that these therapies will 

be useful to the prevent damage caused by oxidative stress with the onset of priapism, but 

will not be useful to recover function once the damage has occurred.

An integrative understanding of the complex mechanisms that contribute to the development 

of ED may identify new targets for its treatment or prevention. Although our work does not 

distinguish whether the observed oxidative stress in the corporal tissue in our experimental 

animal models is a cause or a result of priapism it adds further support for the investigation 

of the ability of antioxidant therapies to treat and prevent ED as a result of priapism.
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ADA adenosine deaminase

A2BR adenosine 2B receptor

cAMP cyclic adenosine monophosphate
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cGMP cyclic guanosine monophosphate

eNOS endothelial nitric oxide synthase

ED erectile dysfunction

EDTA ethylenediaminetetraacetic acid

GST glutathione S-transferase

LPO lipid peroxide

MDA malondialdehyde

NO nitric oxide

PDE-5 phosphodiesterase-5

ROS reactive oxygen species

SDS sodium dodecyl sulphate

SOD superoxide dismutase

TBST tris buffered saline containing Tween -20
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Fig. 1. 
1A. (Used with permission from the American Journal of Physiology, Kanika et al. 9) Basal 

intacorporal pressure/blood pressure (ICP/BP) ratio one week after injection of 100 µg of 

plasmid (pVAX, pVAX-Vcsa1, pVAX-hSMR3B or pVAX-hSlo). The bar represents the 

mean basal ICP/BP from 5 animals in each group, and the error bars the standard error of the 

mean (SEM). * = significantly different basal ICP/BP from negative control, pVAX 

(Students t-test, P<0.05). 1B. Representative sections through the corpora cavernosum of rat 

tissue, stained with hematoxylin and eosin (HE stain). Left panel, animals treated with 100 

µg pVAX (control), middle panel 100 µg pVAX-Vcsa1 and right panel 100 µg pVAX-

hSMR3B. Sections of each panel are enlarged, and the presence of blood cells within the 

vascular spaces enhanced to demonstrate vasocongestion.
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Fig. 2. 
2A. Lipid peroxidation was measured by determining malondialdehyde (MDA) in coporal 

tissues of 6 rats with pVAX-Vcsa1 induced priapism and in 6 control animals treated with 

pVAX. * =significant difference from control (P<0.05). 2B. Glutathione S- transferase 

(GST) activity was also measured in the same animals. * =significant difference from 

control (P<0.05). 2C. A representative oxyblot for isolated proteins from the corpora of 3 

control (pVAX-treated) and 3 opiorphin–induced (PVAX-Vcsa1 treated) priapic rats. 

Loading was normalized using a protein assay prior to loading. The “con” lanes are protein 

samples that were not derivitized with dinitrophenylhydrazine, and act as negative controls 

for the assay of samples “exp” that did undergo dinitrophenylhydrazine derivitization.
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Fig. 3. 
Representative blot for analysis of proteins involved in protein lysosomal autophagy (LC3), 

ubiquination (Nedd-4 and Mdm-2) and apoptosis (Bcl-2). Proteins were extracted from the 

corpora of three animals one week following intracorporal injection with 100 µg of pVAX- 

or pVAX-Vcsa1. Loading was normalized using a protein assay prior to loading.
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Fig. 4. 
4A. (Used with permission from the American Journal of Physiology, Kanika et al. 9) 

Histopathology demonstrating the difference between the different life stages of the sickle 

cell mice. Left panel- pre-priapic mice (Pre-P, there was no evidence of priapism in animals, 

and histopathology showed no evidence of vascongestion). Middle panel- priapic mice (P, 

animals were observed to have priapism, and histopathology demonstrates vasocongestion 

of the corporal tissue). Right panel- late stage-priapic mice (Late stage-P, animals had 

obvious signs of necrosis of the corporal tissue. Histopathology demonstrated evidence of 

enlarged spaces with vasocongestion and inflammation of coporal tissue). Sections of each 

panel are enlarged, and the presence of blood cells within the vascular spaces enhanced to 

highlight vasocongestion. 4B (Lower Panel) Representative trichrome staining of pene 

sections from pre-priapic, priapic and late stage priapic sickle cell mice. (Upper Panel) Bar 

graph demonstrating the ratio of collagen to smooth muscle in the different groups (N=3 

animals per group). The late stage-priapic animals had a significant increase in the collagen 

to smooth muscle ratio compared to the pre-priapic and priapic mice (P<0.05).
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Fig. 5. 
5A. Lipid peroxidation was measured by determining malondialdehyde (MDA) in coporal 

tissues of sickle mice at life stage before the onset of priapism (pre-priapism, with evidence 

of priapism and in the parent mouse line (C57BL/6). Measurements were performed on 

three animals in each group in duplicate. * =significant difference from control (P<0.05). 

5B. Glutathione S-transferase (GST) activity was also measured in the same animals. * 

=significant difference from control (P<0.05). 5C. A representative oxyblot performed on 

protein extracts from the corpora of control mice, or sickle cell mice at different life stages. 

Protein loading was normalized using a protein assay prior to loading, and confirmed using 

ponceau staining after transfer to PVDF membranes. The “con” lanes are protein samples 

that were not derivitized with dinitrophenylhydrazine, and act as negative controls for the 

assay of samples “exp” that did undergo dinitrophenylhydrazine derivitization. 5D. 

Representative blot for the global analysis of nitrotyrosine residues in protein extracts from 

the corpora of control mice, or sickle cell mice at different life stages. Protein loading was 

normalized using a protein assay prior to loading, and confirmed using ponceau staining 

after transfer to PVDF membranes.
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Fig. 6. 
Representative blot for the global analysis of proteins involved in protein lysosomal 

autophagy (LC3) and ubiquination (Nedd-4 and Mdm-2). Proteins were extracted from the 

corpora of control or sickle cell mice at three life stages (Pre-P=pre-priapism, P=priapism 

and Late stage-P=late stage-priapism). Loading was normalized using a protein assay prior 

to loading, and equal loading confirmed using the house-keeping gene, GAPDH, 

glyceraldehyde-3-phopshate dehydrogenase.
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Table 1
Densitometric analysis of proteins involved in protein degradation in the corpora of rats 
with opiorphin induced priapism

Densitometry was performed following western blot analysis of protein extracts from the corpora of 6 rats 

with pVAX-Vcsa1 induced priapism or 6 control animals treated with pVAX. The fold change in expression 

in pVAX-Vcsa1 treated animals was compared to control (pVAX-treated) ± standard deviation.

Protein Fold Change
Compared to Control
(± standard deviation)

LC3B-I 2.92 ± 0.32*

LC3B-II 5.45 ± 0.2*

Nedd-4 2.55 ± 0.009*

Mdm-2 2.38 ± 0.2*

Bcl-2 1.45 ± 0.01*

*
Significant change in the expression of protein in animals treated with plasmids expressing opiorphin compared with controls (Student's t-test, P < 

0.05).
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Table 2
Densitometric analysis of proteins involved in protein degradation in the corpora of Sickle 
cell mice at different life stages

Densitometry was performed following western blot analysis of protein extracts from the corpora of sickle cell 

mice at three life stages (pre-priapic, priapic or late stage priapic) and age matched (non-sickle cell mice). 

Fold Change in expression compared to control (non-sickle cell mice) ± standard deviation. A total of six mice 

were used in each group (the protein extract from two animals was pooled for analysis.

Protein Pre-Priapism Priapism Late Stage-
Priapism

LC3-I 0.2 ± 0.18 3.85 ± 0.2 * 4.56 ± 0.24*

LC3-II 0.59 ± 0.32 1.68 ± 0.5 1.11 ± 0.32

Nedd-4 22.06 ± 0.32* 32.28 ± 0.47* 13.06 ± 0.11*

Mdm-2 1.24 ± 0.95 2.7 ± 1.6 1.14 ± 0.92

  Bcl-2 0.3 ± 0.21 26.61 ± 0.12 * 39.43 ± 0.11*

*
Significantly changed protein expression compared with control (Student's t-test, P < 0.05).
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