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Abstract:

 Erectile dysfunction is a common complication for patients undergoing surgeries for prostate, bladder, and colorectal cancers, due to damage of the nerves associated with the major pelvic ganglia (MPG). Functional re-innervation of target organs depends on the capacity of the neurons to survive and switch towards a regenerative phenotype. PDE5 inhibitors (PDE5i) have been successfully used in promoting the recovery of erectile function after cavernosal nerve damage (BCNR) by up-regulating the expression of neurotrophic factors in MPG. However, little is known about the effects of PDE5i on markers of neuronal damage and oxidative stress after BCNR. This study aimed to investigate the changes in gene and protein expression profiles of inflammatory, anti-inflammatory cytokines and oxidative stress related-pathways in MPG neurons after BCNR and subsequent treatment with sildenafil. Our results showed that BCNR in Fisher-344 rats promoted up-regulation of cytokines (interleukin- 1 (IL-1) β, IL-6, IL-10, transforming growth factor β 1 (TGFβ1), and oxidative stress factors (Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, Myeloperoxidase (MPO), inducible nitric oxide synthase (iNOS), TNF receptor superfamily member 5 (CD40) that were normalized by sildenafil treatment given in the drinking water. In summary, PDE5i can attenuate the production of damaging factors and can up-regulate the expression of beneficial factors in the MPG that may ameliorate neuropathic pain, promote neuroprotection, and favor nerve regeneration.
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1. Introduction

Radical prostatectomy (RP) is currently the method of choice for the treatment of early stage prostate cancer. However, the most common complication of this procedure is the loss of adequate erectile function due to the damage or manipulation of the cavernosal nerves, which run across the prostate [1,2]. Damage of the cavernosal nerves causes changes in oxidative stress in the corpora cavernosa and a decrease of the neuronal nitric oxide synthase (nNOS) fibers in the dorsal and intracavernosal nerves [3], which in term causes apoptosis of the cavernosal smooth muscle cells and a change in the smooth muscle collagen ratio due to an increase in fibrosis, thus, negatively affecting erectile function [4].

The return of potency after surgical injury of the cavernosal nerves partially depends on axon regeneration in the remaining neural tissue by increasing the number of nNOS positive fibers in the corpora cavernosa [5,6] or by prophylactics pharmacological therapies aimed to reduce oxidative stress [7,8] or preserve the smooth muscle and reduce fibrosis in the penile corpora cavernosa. However, these palliative therapies cannot be sustained if nerve regeneration does not occur.

The process of regeneration and functional recovery of peripheral nerves is usually slow and often incomplete. Peripheral nerve regeneration is highly modulated by several factors, such as neurotrophic factors, extracellular matrix, and cellular components of the nervous system [9,10]. In addition, surgical trauma causes an inflammatory response and oxidative stress around the degenerating axons, which may cause neuronal damage due to retrograde reaction and chromatolysis [9].

Inflammatory cytokines including interleukin-1 (IL-1), IL-3, IL-6, and Tumor Necrosis Factor-α (TNFα), play an important role in the inflammatory process and are increased in response to tissue injury in the acute phase of surgical trauma [11]. Plasmatic levels of IL-6, IL-10, and other cytokines are significantly increased in patients immediately after or 24 h after radical prostatectomy [12,13]. In the nervous system, IL-6 plays a role in neuroprotection and in the modulation of pain [14,15]. Oxidative stress also plays a role in the induction of inflammatory cytokines [16]. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, a major producer of ROS, increases superoxide and enhances the expression of inducible nitric oxide synthase (iNOS), as well as secretion of cytokine interleukin-1 (IL-1) β in microglial cells [17]. Moreover, iNOS expression can be induced by lipopolysaccharide and other inflammatory cytokines, often leading to high and persistent increases in nitric oxide (NO) [18]. Uncontrolled NO production can lead to tissue injury and damage to cellular constituents through the generation of reactive nitrogen species, such as peroxynitrite, which is involved in the nitration of proteins and lipids that prevents their normal functioning [19]. Furthermore, iNOS plays a pleiotropic effect since it is postulated to be involved in neurotoxicity and cell death in hypothalamic regions associated with reproduction during senescence [20], stroke [21,22], and nervous system damage [23]. It also acts as an anti-fibrotic agent counteracting fibrosis of the penile corpora cavernosa in aging, or injury, in the aged media of the penile arteries, and the tunica albuginea, protecting the erectile tissue. [24].

In previous studies, we have demonstrated that the use of PDE5 inhibitors, after bilateral cavernosal nerve resection (BCNR), preserves penile corporal smooth muscle and ameliorates fibrotic degeneration by down-regulating genes related to fibrosis and up-regulating genes related to smooth muscle preservation [25]. We have also observed that at the level of the pelvic ganglia, Sildenafil (SIL) exerts a neuroprotective effect by activating neurotrophic factors involved in neuronal survival and regeneration [26]. However, little is known of the role of NO/cyclic guanosine monophosphate (cGMP) pathways on cytokines and oxidative stress modulation after nerve resection in autonomic neurons.

This manuscript investigates the changes in oxidative stress and cytokines related-pathways in pelvic ganglia neurons after BCNR and the subsequent treatment with sildenafil in order to gain a further understanding of the role of PDE5 inhibitors on rehabilitation of the erectile function following radical prostatectomy.



2. Results


2.1. Bilateral Cavernosal Nerve Resection (BCNR) and Sildenafil Treatment Promotes Changes in the Gene Expression of Pro-Inflammatory and Anti-Inflammatory Cytokines

Changes in the gene expression profile of cytokines after seven days BCNR were studied by PCR array. Table 1 shows the list of cytokines that were up-regulated by BCNR. An increased expression of mRNA levels of pro-inflammatory cytokines, such as lL-1β, IL-6, IL-10 and its receptor IL-10Rα subunit, transforming growth factor beta 1 (TGFβ1), and TNF receptor superfamily member 5 (CD40) were observed. The treatment with SIL for seven days partially attenuated the expression of these cytokines, although the level of IL-6 and IL-10 still remained elevated.

Table 1. Changes in the gene expression profile of cytokines after bilateral cavernosal nerve resection (BCNR) and treatment with Sildenafil (SIL) determined by PCR array.


	Symbol
	Description
	Sham vs. BCNR
	BCNR vs. BCNR + SIL





	CD40
	CD40 molecule, TNF receptor superfamily member 5
	3.68
	−1.41



	GMFγ
	Glia maturation factor, γ
	2.44
	−1.16



	IL-10
	Interleukin 10
	2.18
	2.08



	IL10Rα
	Interleukin 10 receptor, α
	4.03
	−1.87



	IL-1β
	Interleukin 1 β
	5.81
	−1.18



	IL-6
	Interleukin 6
	3.06
	2.14



	TGFβ1
	Transforming growth factor, β 1
	2.86
	−1.35










To corroborate these findings at the protein level, a proteome array analysis was carried out, studying 29 different types of cytokines and chemokines. Figure 1 shows examples of representative membranes from each experimental group with its corresponding densitometric analysis. In agreement with our PCR array results, a significant up-regulation of several cytokines such as IL-1β, IL R-1α, IL-3, IL-10, IL-6, and TNFα was observed after BCNR. SIL treatment attenuated the increase of cytokine expression by down-regulating the expression of IL-1β, IL-R-1α, and TNFα. However, SIL treatment did not revert back the levels of IL-3, IL-6, and IL-10.

Figure 1. Cytokine expression is regulated by BCNR and SIL treatment. Protein extracts were incubated with a cocktail of biotinylated detection antibodies and then incubated in a membrane array containing 29 different anti-cytokine antibodies, in duplicates, followed by streptavidin peroxidase and chemoluminescence. The densitometric signal produced by each spot run in duplicate was proportional to the amount of cytokine bound as determined by densitometry analysis. (A) Representative membranes for Sham, BCNR and BCNR+SIL; (B) Densitometry analysis of cytokines * p < 0.05; *** p < 0.001 with respect to sham. # p < 0.05 with respect to BCNR.
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In order to confirm the findings obtained by both PCR and proteome array and to determine whether the expression of interleukins was localized in neurons or glial cells after BCNR, we studied the expression of IL-1β by Western blot and immunofluorescence respectively. Figure 2 shows that the expression of IL-1β was up-regulated by BCNR and down-regulated by SIL treatment. This was also corroborated by immunofluorescence and co-localization with fluorogold (FG). Interestingly, the expression of IL-1β was localized in neurons with or without FG positive staining, indicating that it was not only the axotomized neurons that were impacted by BCNR.

Figure 2. Sildenafil down regulates the expression of inflammatory cytokine IL-1β in the pelvic ganglia after BCNR. (A) Protein extracts were subjected to Western blot analysis for IL-1β and normalized by GAPDH with the correspondent densitometric analysis. * p < 0.05; ** p < 0.01 respect to sham. ## p < 0.01 respect to BCNR; (B) Frozen pelvic ganglia sections were immunostained with a polyclonal antibody against IL-1β followed by a biotinylated secondary antibody and streptavidin conjugated with Texas red. Red: IL-1β, Yellow: FG. White: DAPI. Magnification 100×; Bar=100 µm.
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In order to corroborate that the levels of IL-6 were elevated after BCNR and remained up-regulated after SIL treatment, the expression of IL-6 was evaluated by immunofluorescence. Figure 3 shows that the expression of IL-6 in sham animals was circumscribed to a few non-FG positive cells. After BCNR, the IL-6 expression shifted to a few FG-positive cells and its expression was up-regulated by SIL in positive or negative FG cells.

Figure 3. Sildenafil up-regulates the expression of IL-6 in the pelvic ganglia after BCNR. Frozen pelvic ganglia sections were immunostained with a polyclonal antibody against IL-6 followed by a biotinylated secondary antibody and streptavidin conjugated with Texas red. Red: IL-6, Yellow: FG. White: DAPI. Magnification 100×; Bar = 100 µm.
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2.2. Changes in Oxidative Stress Markers after BCNR and Sildenafil (SIL) Treatment

The impact of nerve damage and subsequent treatment with SIL on the expression of oxidative stress markers in the pelvic ganglia were evaluated by an RT-PCR array. A total of 54 genes were analyzed, but only 6 significantly changed after seven days of BCNR. Table 2 shows the list of oxidative stress-related genes. An up-regulation of the expression of glutathione peroxidase 1 and 7 (GPX1, GPX 7), Nitric oxide synthase 2 (iNOS) and subunits of the NADPH oxidase such as Neutrophil cytosolic factor 2 (ncf2), NADPH activator 1 (NOXA 1) and p-22-hox were observed after 7 days of BCNR in comparison to sham operated animals. The treatment with Sildenafil for 7 days after BCNR produced a down regulation of mRNA expression of the above genes. In addition, a reduced expression of myeloperoxidase (MPO) was observed after SIL treatment. No changes in the expression of endothelial Nitric oxide synthase (eNOS) were observed after BCNR or SIL treatment.

Table 2. Changes in the gene expression profile of nitric oxide and oxidative stress markers after BCNR and treatment with SIL determined by PCR array.


	Symbol
	Description
	Sham vs. BCNR
	BCNR vs. BCNR + SIL





	Aass
	Aminoadipate-semialdehyde synthase
	−1.39
	−3.19



	Fos
	FBJ osteosarcoma oncogene
	2.22
	−1.08



	Gpx1
	Glutathione peroxidase 1
	1.89
	−1.83



	Gpx7
	Glutathione peroxidase 7
	2.08
	−1.71



	Mpo
	Myeloperoxidase
	1.16
	−4.21



	Ncf2
	NADPH oxidase activator 2
	2.22
	−1.08



	Nos2
	Nitric oxide synthase 2, inducible
	2.28
	−1.96



	Nos3
	Nitric oxide synthase 3, endothelial cell
	1.25
	−1.05



	Noxa1
	NADPH oxidase activator 1
	3.70
	−4.62



	p22-phox
	Cytochrome b-245, alpha polypeptide
	3.45
	−2.26



	Prdx6
	Peroxiredoxin 6
	1.54
	−1.92








The expression iNOS was further investigated at the protein level by Western blot (WB) and immunohistochemistry. Figure 4A shows the iNOS expression as determined by WB. We confirmed an up-regulation of iNOS by BCNR and a slight but statistically significant down regulation by SIL treatment. However, the level of iNOS measured for the SIL treatment group did not revert back to the measured levels of the sham operated control group. The histological localization of iNOS differs among groups. The expression of iNOS is observed in neurons and non-neurons cells in BCNR animals, although in SIL treatment group, the localization is only observed in glial cells (Figure 4B). The interaction of ROS and iNOS after BCNR was further confirmed by the increased expression of 3-nitrotyrosine, a marker of peroxynitrite formation which is a footprint of the interaction of anion superoxide and NO. The treatment with Sildenafil reduced the expression of 3-nitrotyrosine at a level similar to sham operated animals (not shown).

Figure 4. Inducible nitric oxide synthase (iNOS) expression is down regulated by Sildenafiltreatment after BCNR. (A) Total protein extracts of Sham, BCNR and BCNR+SIL were subjected to Western blot studies for iNOS and normalized by GAPDH with the correspondent densitometric analysis, * p < 0.05, ** p < 0.01, respect to sham. # p < 0.05 respect to BCNR; (B) Frozen section of the pelvic ganglia were immunostained with a polyclonal antibody against iNOS followed by a biotinylated secondary antibody and Vectastain® ABC kit. 3,3'-Diaminobenzidine (DAB) was used as a chromogen and sections were counterstained with Hematoxylin. Magnification 400×. Bar= 50 μm.
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2.3. Expression of Heme Oxygenase 1 (HO-1) Parallels Inducible Nitric Oxide Synthase (iNOS) after BCNR and SIL Treatment

It is well established that NO can activate heme oxygenase 1 (HO-1) gene expression and activity in a variety of tissues. However, like iNOS, HO-1 is also highly inducible by a vast array of stimuli, including oxidative stress, heat shock, ultraviolet radiation, ischemia-reperfusion (I/R), heavy metals, lipopolysaccharide, cytokines, NO and its substrate Heme. For that reason, we studied the HO-1 expression at both the mRNA level and protein level. As in iNOS expression, an up-regulation of the mRNA expression of HO-1 was observed after BCNR and was down-regulated by SIL treatment (Figure 5A). This was also confirmed at the protein level by Western blot and immunohistochemistry. BCNR induced an up regulation of the expression of HO-1, and a slight but significant down regulation was observed after SIL treatment measured by WB (Figure 5B) HO-1 expression by immunohistochemistry (Figure 5C) was primarily localized in neurons throughout the pelvic ganglia and was up regulated by BCNR and down-regulated by SIL treatment at levels comparable to Sham operated animals.

Figure 5. (A) Heme oxygyenase 1 is up-regulated by BCNR and down-regulated by Sildenafil treatment. Total RNA was extracted from 7 days Sham, BCNR and BCNR+ SIL and was subjected to real time PCR by TaqMan for HO-1 and normalized by the Ribosomal protein, large 1/3 (RPLP1/3) housekeeping gene; (B) Pelvic ganglia protein extracts were subjected to Western blot analysis for HO-1 by employing a monoclonal antibody normalized by GAPDH with the correspondent densitometric analysis; (C) Frozen pelvic ganglia sections from 7 days Sham, BCNR and BCNR+SIL were immunostained for HO-1 by employing a polyclonal antibody, with subsequent detection by DAB. No Counterstaining was performed. Representative pictures. Magnification 200×; Bar=50 µm. Image Analysis determined by integrated optical density (IOD) per cells in the pelvic ganglia *** p < 0.001; ** p < 0.01; * p < 0.05 with respect to Sham. # p < 0.05 , ### p < 0.001 with respect to BCNR.
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3. Discussion

The present study demonstrates that bilateral cavernosal nerve resection induces changes in the expression of oxidative stress markers and, inflammatory and anti-inflammatory cytokine regulation in major pelvic ganglia (MPG) neurons. The treatment with Sildenafil reduces oxidative stress by down-regulating the expression of NADPH oxidase, iNOS and HO-1. Even more, it also down-regulates the expression of inflammatory cytokines, such as IL-1β, IL-1Rα, and TNFα, whereas the levels of the anti-inflammatory or neuroprotective cytokines IL-6 and IL-10 remained elevated after 7 days of treatment with SIL.

Our results show, for the first time, an interaction between PDE5 inhibitors and cytokine modulation, indicating that these drugs have many other beneficial effects in regulating erectile function after nerve damage. In addition, we demonstrated that sildenafil treatment after BCNR results in stabilization of the oxidative stress level and prevention of inflammation in MPG neurons, which can result in amelioration of the neuropathic pain associated with nerve damage. These results are in agreement with previous findings showing that Sildenafil reduces oxidative stress and inflammatory injuries of the kidney in streptozotocin-diabetic rats [27] and after ischemia and reperfusion [28]. Expression of pro-inflammatory cytokines in injured nerves may have both beneficial and detrimental effects on nerve regeneration or neuropathic pain induction [29,30,31]. In the present manuscript, we demonstrated that BCNR up-regulates the expression of several pro-inflammatory cytokines in the pelvic ganglia; SIL treatment was able to reduce these levels back to that of sham operated animals. The exception was for IL-6 and IL-10 that were further up-regulated by SIL treatment. IL-6 and IL-10 are part of a group of cytokines that control the inflammatory response, in part, by regulating the synthesis and release of additional cytokines [11,32]. IL-10 acts mainly as an anti-inflammatory cytokine, whereas IL-6 is pro-inflammatory and regulates the growth, survival and differentiation of peripheral neurons [33]. Our results indicate that Sildenafil may exert an anti-inflammatory response by modulating the expression of inflammatory cytokines; possibly by interfering with multiple steps of leukocyte recruitment and migration [34,35] close to the injured neurons which may explain the reduction in the expression of MPO after SIL observed in our microarray results.

NADPH oxidase complex is known as the major source for the formation of ROS. The Nox family of NADPH oxidases is comprised of seven members, with tissue-specific expression patterns and different modes of action and function [36,37]. Our results indicate that BCNR induces the expression of important regulators and executive subunits of the NADPH oxidase such as Ncf2, p22-phox and Noxo1, which is indicative of increased superoxide production capacity as well as validated by the increased expression of nitrotyrosine, the footprint of superoxide–NO interaction. In addition, compensatory increases in antioxidant enzymes, GPX1 and GPX7 after BCNR were observed. Remarkably, all of the oxidative stress imbalances were stabilized by seven days of sildenafil treatment indicating that NO/cGMP pathway can modulate the activation of NADPH oxidase, the major enzyme involved in the generation of superoxide. These results are in agreement with previous findings demonstrating that SIL improves diabetic vascular activity through suppressing endothelin receptor A, iNOS, and NADPH oxidase [38], indicating a direct involvement of NO/cGMP pathway in the modulation of oxidative stress after BCNR in pelvic ganglia neurons.

Activation of iNOS in the nervous system plays an important role in mediating tissue damage through formation of peroxynitrites (OONO)—by a combination of ROS with NO and reducing NO bioavailability. Our results indicate that BCNR up regulates the expression iNOS and HO-1, two enzymes that are modulated by activation of NADPH oxidase-mediated superoxide [17,39], and the treatment with Sildenafil reduces the expression of those markers in the MPG. Further studies are needed to determine whether the effect of Sildenafil in down regulating iNOS, HO-1 and peroxynitrites formation is through the inhibition of NADPH oxidase or by a direct inhibition of iNOS expression and peroxynitrites formation.

In this study, we have not evaluated whether the attenuation of oxidative stress and cytokines modulation had an impact in promoting nerve regeneration, which is a limitation in the study. Although in our previous studies [26] we have demonstrated that Sildenafil treatment after BCNR promotes an up-regulation of neurotrophic factors, which strongly implies that Sildenafil may have an effect in promoting nerve regeneration. In line with our observations, the administration of plasma rich platelets injection in the corpus cavernosum, which contain various growth factors, increased the number of myelinated axons and facilitated recovery of erectile function in the bilateral cavernosal nerve injury rat model [40,41]. Further studies need to be done to confirm a direct involvement of the NO/cGMP pathway on nerve regeneration.



4. Experimental Section


4.1. Animals Treatment

Five-month-old male Fisher 344 rats (Harlan Sprague–Dawley, San Diego, CA, USA) were treated with an approved protocol by CDU Institutional Animal Care and Use Committee (protocol # I-1312-139, 1 December 2013), and divided as follows: (n = 8/group); Sham: sham-operated; BCNR: Bilateral cavernosal nerve resected; BCNR + SIL: BCNR + Sildenafil. BCNR was performed as we previously described [25,26,42,43]. In the sham-operated group both cavernosal nerves were identified but not resected. In the BCNR and BCNR + SIL groups, the main cavernosal nerves and ancillary branches were cut by removing a 5-mm segment. Sildenafil (Bayer, West Haven, CT, USA) was dissolved in drinking water (0.3 mg /mL), as previously described [25]. The drinking volume was measured daily and body weight was recorded weekly. The daily sildenafil dose (20 mg/kg body weight) was approximately equivalent to a single 200-mg tablet daily dose in men, when corrected for differences in total body surface area [25,44].

After the corresponding treatments, rats were killed by CO2 inhalation seven days after surgery. This time point was selected based on our previous studies of the histological and biochemical changes that occur in the penis start to become evident at 7 days after BCNR [4]. The pelvic ganglia (n = 8 animals per group) were dissected out and immersed in RNA later for RNA preservation (Ambion, Foster City, CA, USA).



4.2. RT2 Profiler™ PCR Array Analysis of Cytokines and Nitric Oxide Related Target Genes

For total RNAs, pelvic ganglia were pooled and isolated by homogenization with Trizol-Reagent (Invitrogen, Carlsbad, CA, USA). Total RNAs were purified by Qiagen Rneasy minicolumns (Qiagen, Valencia, CA) and stored at −80 °C until further used. RNA samples were subjected to reverse transcription, and the resulting cDNA was analyzed by a customized rat oxidative stress and cytokines RT2Profiler™ PCR Array (SA Biosciences Corp., Frederick, MD, USA), which contains a panel of 84 primer sets of genes related cytokines, oxidative stress and Nitric oxide signaling pathway. Real-time PCRs were performed as follows: melting for 10 min at 95 °C, 40 cycles of two-step PCR including melting for 15 s at 95 °C, annealing for 1 min at 60 °C. The raw data were analyzed using the ΔΔCt method following the manufacturer’s instructions (SA Biosciences Corp., Frederick, MD, USA) [25,26,45]. Only genes that expressed above ±1.8 fold changes were considered significant with its respective controls.



4.3. Heme Oxygenase Determination by TaqMan® Real Time PCR

The levels of mRNA expression of heme oxygenase 1 (HO-1) in the pelvic ganglia of sham, BCNR and BCNR + SIL were measured by quantitative real-time PCR using custom TaqMan® primers and FAM labelled TaqMan® Minor Groove Binder (MGB) probes (Applied Biosystems, Life Technologies, Grand Island, NY, USA). Real-time PCR reactions were set up by combining 10 μL TaqMan® Universal Master Mix II no UNG (Applied Biosystems), 1 μL of forward and reverse primers (previously diluted to 10 μM), and 9 μL of 50 ng/μL life-cycle and isolate-specific cDNA to give a total volume of 20 μL. Triplicate reactions were set up for each sample, isolate and life-cycle stage combination in a MicroAmp™ Optical 96-well plate sealed with a MicroAmp™ Optical adhesive film (Applied Biosystems). All real-time PCR runs were carried out on a StepOnePlus system (Applied Biosystems), using the following conditions: 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. Collection of data occurred during the final phase of each cycle. Triplicate real-time PCR runs were carried out for each gene under test. The cycle threshold (Ct) values were recalculated by setting the baseline and threshold to identical values for each of the three runs to enable direct comparison among the runs. Relative quantification of the gene expression level was carried out using the comparative Ct (ΔΔCt) method [26,45,46] and determined as the difference between the Ct for a specific mRNA gene and the Ct for a reference mRNA, normalized to RPlP1,3 threshold expression.



4.4. Proteome Array for Determination of Cytokines and Chemokines

To determine the changes of the cytokine profile in pelvic ganglia after BCNR and SIL treatment, the rat cytokine proteins array (R&D System Inc., Minneapolis, MN, USA) was employed following the manufacturer instructions. Briefly, protein aliquots of 200 µg were diluted and mixed with a cocktail of biotinylated detection antibodies for 1 h at room temperature. The sample/antibody mixture was then incubated overnight at 4 °C with the membrane array. The cytokine/detection antibodies complex present were bound by its cognate immobilized capture antibodies on a nitrocellulose membrane containing 29 different anti-cytokine antibodies in duplicate. After several washes, streptavidin-horseradish peroxidase was added and incubated for 30 min. Membranes were then exposed to Western blot chemiluminescent detection reagents (GE Healthcare, Piscataway, NJ, USA). The densitometric signal produced by each spot run in duplicate was proportional to the amount of cytokine bound as determined by Image J (National Institute of Health Bethesda, MD, USA). Positive and negative controls are included in each membrane array to compensate for background and intensity differences [46].



4.5. Western Blot Analysis

Pelvic ganglia proteins were extracted from Trizol fractions according to the manufacturer instructions. Protein aliquots (30–50 μg) were subjected to Western blot analyses [26] by 4%–15% Tris-HCl polyacrylamide gel electrophoresis (PAGE) (Bio-Rad, Hercules, CA, USA) in running buffer (Tris/Glycine/SDS). Proteins were transferred for 3 h to nitrocellulose membranes in transfer buffer (Tris/glycine/methanol). Afterward, the non-specific binding was blocked by immersing the membranes into 5% non-fat dried milk and 0.1% (v/v) Tween-20 in PBS (1X) overnight at 4 °C. After several washes with washing buffer (PBS Tween 0.1%), the membranes were incubated with the primary antibodies for 3 h at room temperature as follows: (a) a rabbit polyclonal IL-1 B (1:500) (Santa Cruz, Cambridge, MA, USA); (b) a polyclonal antibody iNOS (1:500) (BD Bioscience, San Jose, CA, USA); (c) monoclonal antibody HO-1 (Chemicon International, Temecula, CA, USA); (d) Glyceraldheyde-3-phosphate dehydrogenase (GAPDH) (1/10,000) (Chemicon International). The washed membranes were incubated for 1.5 h at room temperature with 1/2000 dilution of secondary antibodies, anti-mouse or anti-rabbit respectively, linked to horseradish peroxidase. After several washes, the immunoreactive bands were visualized using the ECL plus Western blotting chemiluminescence detection system (Amersham Biosciences, Piscataway, NJ, USA). The densitometric analysis of the bands was performed with Image J (NIH, Bethesda, MD, USA). A positive control was run in all gels for each antibody to standardize for variations in exposures and staining intensities. Negative controls were performed by omitting the primary antibody. Band intensities were determined by densitometry and the respective intensities were corrected by GAPDH, a housekeeping protein, upon re-probing the same membrane.



4.6. Retrograde Labeling of Pelvic Ganglion Cells

Pelvic ganglia neurons that specifically innervate the penis were traced by pressure injection of the fluorescent tracer fluorogold (FG, Fluorochrome Inc., Engelwood, CO, USA), to the penis, one week before any experimental manipulation. Briefly, under general isoflurane anesthesia, rats were injected 7 days before sham or BCNR surgeries with 4% FG into the cavernosal space of the penis at multiple sites (2 μL each, maximum 8–10 µL) using a 10-µL Hamilton syringe and a 30-gauge needle. Overflow of tracer solutions were rinsed with sterile saline, and the injection sites were dried and coated with Dermabond to prevent the spread of dye [26]. To demonstrate the specificity of the retrograde tracing, a group of animals were injected with FG into the peritoneal cavity as negative controls. Animals were sacrificed 14 days after FG injection to allow the dye to reach the spinal cord.

After treatments, rats were deeply anesthetized with pentobarbital (100 mg/kg body weight), perfused with saline followed by 4% p-formaldehyde (PFA). The pelvic ganglia were dissected out, post-fixed in 4% PFA overnight and transferred to 25% sucrose until sectioning.



4.7. Immunohistochemistry and Immunofluorescence

The detection of iNOS and HO-1 by immunohistochemistry was carried out on 16 µm frozen sections [26]. Sections were washed with PBS, quenched for endogenous peroxidase activity, blocked with 10% normal goat serum in PBS in 0.15% triton X-100, and incubated overnight in a humidified chamber at 4 °C with the following primary antibodies: anti-iNOS (1/400) (BD Biosciences, San Jose, CA, USA), anti-HO-1 (1/250) (ABCam, Cambridge, MA, USA). Biotinylated goat anti-rabbit or horse anti-mouse secondary antibody (1/200) (Vector Laboratories, Burlingame, CA, USA) were applied and incubated for 40 min, followed by 30 min with ABC peroxidase complex (Vector Laboratories, Burlingame, CA, USA) and diaminobenzidine as a chromogen. Sections were dehydrated and cover slips mounted. Negative controls were done by replacing the first antibody with non-immune IgG. Each slide assayed had a negative control. Sections were counterstained with hematoxylin except for HO-1 immunostaining.



4.8. Co-Localization of Fluorogold Positive Neurons with IL-1β and IL-6 by Immunofluorescence

Frozen sections were pre-incubated with 10% goat serum or horse serum and later on with a 1/500 dilution of the anti IL-1β polyclonal antibody, or 1/500 dilution of IL-6 antibody followed by a 1/200 dilution of anti-rabbit biotinylated secondary antibody (Vector Laboratories, Burlingame, CA, USA) respectively. Sections were then incubated in 15 mg/mL of streptavidin-Texas red (TR); (Vector Laboratories, Burlingame, CA, USA). Sections were mounted in DAPI Vectabond [26] (Vector Labs.) and examined under an Olympus microscope. For fluorogold visualization a wide UV filter was used.



4.9. Quantitative Image Analysis

Quantitative image analysis (QIA) was performed using the ImagePro Plus 7.0 program (Media Cybernetics, Silver Spring, MD, USA) [25,26,42,43,44,45,46]. For the determination of HO-1 and iNOS, the total integrated optical density (IOD) was used to determine changes in the expression. After the images were calibrated for background lighting, IOD was proportional to the concentration of antigen assayed. In all cases, at least 4 matched sections per animal and 8 animals per group were analyzed in each of the groups [4,25,26,42,43,44,45,46].



4.10. Statistical Analysis

Values were expressed as Mean ± SEM. The normality distribution of the data was established using the Wilk–Shapiro test. Multiple comparisons were analyzed by a one-way analysis of variance (one-way ANOVA) followed by post hoc comparisons with the Tukey test, using GraphPad Prism v5.0. Differences were considered significant at p < 0.05.




5. Conclusions

Cavernosal nerve damage promotes activation of pro- and anti-inflammatory cytokines together with an up-regulation of oxidative stress markers in MPG neurons. The treatment with sildenafil resulted in stabilization of the oxidative stress level and prevention of inflammation in MPG neurons by modulating cytokines expression and promoting a neuroprotective environment favoring neuron survival after nerve damage. In addition, initiation of the treatment right after surgery or even before the surgery will produce a better outcome in promoting attenuation of the inflammatory response and activation of neurotrophic factors that will hence promote nerve regeneration. This data encourages further evaluation of PDE5 inhibitors as anti-inflammatory and neuroprotective agents.






Acknowledgments

This work was supported by the National Institute of Neurological Disorders and Stroke and the National Institute of General Medicine NINDS/NIGMS SC1NS064611 (MGF), the National Institute on Minority Health and Health Disparities NIH-NIMHD 5U54MD007598-05 (JA) and partially by U54MD008149 (JA) and 5S21 MD000103 (MGF, JA).



Authors Contributions

Leah A. Garcia, Su M. Hlaing, Richard A. Gutierrez, Maria D. Sanchez and Istvan Kovanecz conducted the experiments. Monica G. Ferrini contributed to the conception and design. Manuscript was drafted by Monica G. Ferrini and Jorge N. Artaza and edited by Leah A.Garcia, Jorge N. Artaza and Monica G. Ferrini.



Abbreviations








	SIL
	Sildenafil




	BCNR
	bilateral cavernosal nerve resection




	iNOS
	inducible nitric oxide synthase




	HO-1
	Heme oxygenase 1




	IL-1
	Interleukin 1




	IL-6
	Interleukin 6




	RPlP1,3
	Ribosomal protein, large 1/3




	GAPDH
	glyceraldehyde-3-phosphate-dehydrogenase




	IMM
	immunohistochemistry








Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Tal, R.; Alphs, H.H.; Krebs, P.; Nelson, C.J.; Mulhall, J.P. Erectile function recovery rate after radica lprostatectomy: A meta-analysis. J. Sex. Med. 2009, 6, 2538–2546. [Google Scholar]

	2. 
Walsh, P.C.; Donker, P.J. Impotence following radical prostatectomy: Insight into etiology and prevention. J. Urol. 1982, 128, 492–497. [Google Scholar]

	3. 
Ozkara, H.; Alan, C.; Atukeren, P.; Uyaner, I.; Demirci, C.; Gümüştaş, M.K.; Alici, B. Changes of nitric oxide synthase-containing nerve fibers and parameters for oxidative stress after unilateral cavernous nerve resection or manipulation in rat penis. Chin. J. Physiol. 2006, 49, 160–166. [Google Scholar]

	4. 
Ferrini, M.G.; Kovanecz, I.; Sanchez, S.; Umeh, C.; Rajfer, J.; Gonzalez-Cadavid, N.F. Fibrosis and loss of smooth muscle in the corpora cavernosa precede corporal veno-occlusive dysfunction (CVOD) induced by experimental cavernosal nerve damage in the rat. J. Sex. Med. 2009, 6, 415–428. [Google Scholar]

	5. 
Mulhall, J.P. Penile rehabilitation following radical prostatectomy. Curr. Opin. Urol. 2008, 18, 613–620. [Google Scholar]

	6. 
Jung, G.W.; Kwak, J.Y.; Yoon, S.; Yoon, J.H.; Lue, T.F. IGF-I and TGF-β2 have a key role on regeneration of nitric oxide synthase (NOS)-containing nerves after cavernous neurotomy in rats. Int. J. Impot. Res. 1999, 11, 247–259. [Google Scholar]

	7. 
Lagoda, G.; Jin, L.; Lehrfeld, T.J.; Liu, T.; Burnett, A.L. FK506 and sildenafil promote erectile function recovery after cavernous nerve injury through antioxidative mechanisms. J. Sex. Med. 2007, 4, 908–916. [Google Scholar]

	8. 
Lagoda, G.; Xie, Y.; Sezen, S.F.; Hurt, K.J.; Liu, L.; Musicki, B.; Burnett, A.L. FK506 neuroprotection after cavernous nerve injury is mediated by thioredoxin and glutathione redox systems. J. Sex. Med. 2011, 8, 3325–3334. [Google Scholar]

	9. 
Navarro, X.; Vivó, M.; Valero-Cabré, A. Neural plasticity after peripheral nerve injury and regeneration. Prog. Neurobiol. 2007, 82, 163–201. [Google Scholar]

	10. 
Gonzalez-Perez, F.; Udina, E.; Navarro, X. Extracellular matrix components in peripheral nerve regeneration. Int. Rev. Neurobiol. 2013, 108, 257–275. [Google Scholar]

	11. 
Bitterman, H.; Kinarty, A.; Lazarovich, H.; Lahat, N. Acute release of cytokines is proportional to tissue injury induced by surgical trauma and shock in rats. J. Clin. Immunol. 1991, 11, 184–192. [Google Scholar]

	12. 
Fracalanza, S.; Ficarra, V.; Cavalleri, S.; Galfano, A.; Novara, G.; Mangano, A.; Plebani, M.; Artibani, W. Is robotically assisted laparoscopic radical prostatectomy less invasive than retropubic radical prostatectomy? Results from a prospective, unrandomized, comparative study. BJU Int. 2008, 101, 1145–1149. [Google Scholar]

	13. 
Narita, S.; Tsuchiya, N.; Kumazawa, T.; Maita, S.; Numakura, K.; Obara, T.; Tsuruta, H.; Saito, M.; Inoue, T.; Horikawa, Y.; et al. Comparison of surgical stress in patients undergoing open versus laparoscopic radical prostatectomy by measuring perioperative serum cytokine levels. J. Laparoendosc. Adv. Surg. Tech. 2013, 23, 33–37. [Google Scholar]

	14. 
Gadient, R.A.; Otten, U.H. Interleukin-6 (IL-6)—A molecule with both beneficial and destructive potentials. Prog. Neurobiol. 1997, 52, 379–390. [Google Scholar]

	15. 
Erta, M.; Quintana, A.; Hidalgo, J. Interleukin-6, a major cytokine in the central nervous system. Int. J. Biol. Sci. 2012, 8, 1254–1266. [Google Scholar]

	16. 
Elmarakby, A.A.; Sullivan, J.C. Relationship between oxidative stress and inflammatory cytokines in diabetic nephropathy. Cardiovasc. Ther. 2012, 30, 49–59. [Google Scholar]

	17. 
Chéret, C.; Gervais, A.; Lelli, A.; Colin, C.; Amar, L.; Ravassard, P.; Mallet, J.; Cumano, A.; Krause, K.H.; Mallat, M. Neurotoxic activation of microglia is promoted by a nox1-dependent NADPH oxidase. J. Neurosci. 2008, 28, 12039–12051. [Google Scholar]

	18. 
Iadecola, C.; Zhang, F.; Casey, R.; Nagayama, M.; Ross, M.E. Delayed reduction of ischemic brain injury and neurological deficits in mice lacking the inducible nitric oxide synthase gene. J. Neurosci. 1997, 17, 9157–9164. [Google Scholar]

	19. 
Rubbo, H.; Raddi, R. Protein and lipid nitration: Role in redox signaling and injury. Biochim. Biophys. Acta 2008, 80, 1318–1324. [Google Scholar]

	20. 
Ferrini, M.; Wang, C.; Swerdloff, R.S.; Sinha-Hikim, A.P.; Rajfer, J.; Gonzalez-Cadavid, N.F. Aging-related increased expression of inducible nitric oxide synthase and cytotoxicity markers in rat hypothalamic regions associated with male reproductive function. Neuroendocrinology 2001, 74, 1–11. [Google Scholar]

	21. 
Iadecola, C.; Xu, X.; Zhang, F.; El-Fakahany, E.E.; Ross, M.E. Marked induction of calcium-independent nitric oxide synthase activity after focal cerebral ischemia. J. Cereb. Blood Flow Metab. 1995, 15, 52–59. [Google Scholar]

	22. 
Iadecola, C.; Zhang, F.; Xu, X. Inhibition of inducible nitric oxide synthase ameliorates cerebral ischemic damage. Am. J. Physiol. 1995, 268, R286–R292. [Google Scholar]

	23. 
Xu, J.; Kim, G.M.; Chen, S.; Yan, P.; Ahmed, S.H.; Ku, G.; Beckman, J.S.; Xu, X.M.; Hsu, C.Y. iNOS nitrotyrosine expression after spinal cord injury. J. Neurotrauma 2001, 18, 523–532. [Google Scholar]

	24. 
Gonzalez-Cadavid, N.F.; Rajfer, J. The pleiotropic effects of inducible nitric oxide synthase (iNOS) on the physiology and pathology of penile erection. Curr. Pharm. Des. 2005, 11, 4041–4046. [Google Scholar]

	25. 
Sirad, F.; Hlaing, S.; Kovanecz, I.; Artaza, J.N.; Garcia, L.A.; Rajfer, J.; Ferrini, M.G. Sildenafil promotes smooth muscle preservation and ameliorates fibrosis through modulation of extracellular matrix and tissue growth factor gene expression after bilateral cavernosal nerve resection in the rat. J. Sex. Med. 2011, 8, 1048–1060. [Google Scholar]

	26. 
Hlaing, S.M.; Garcia, L.A.; Kovanecz, I.; Martinez, R.A.; Shah, S.; Artaza, J.N.; Ferrini, M.G. Sildenafil promotes neuroprotection of the pelvic ganglia neurons after bilateral cavernosal nerve resection in the rat. BJU Int. 2013, 111, 159–170. [Google Scholar]

	27. 
Jeong, K.H.; Lee, T.W.; Ihm, C.G.; Lee, S.H.; Moon, J.Y.; Lim, S.J. Effects of sildenafil on oxidative and inflammatory injuries of the kidney in streptozotocin-induced diabetic rats. Am. J. Nephrol. 2009, 29, 274–282. [Google Scholar]

	28. 
Küçük, A.; Yucel, M.; Erkasap, N.; Tosun, M.; Koken, T.; Ozkurt, M.; Erkasap, S. The effects of PDE5 inhibitory drugs on renal ischemia/reperfusion injury in rats. Mol. Biol. Rep. 2012, 39, 9775–9782. [Google Scholar]

	29. 
Dubový, P. Wallerian degeneration and peripheral nerve conditions for both axonal regeneration and neuropathic pain induction. Ann. Anat. 2011, 193, 267–275. [Google Scholar]

	30. 
Chertoff, M.; di Paolo, N.; Schoeneberg, A.; Depino, A.; Ferrari, C.; Wurst, W.; Pfizenmaier, K.; Eisel, U.; Pitossi, F. Neuroprotective and neurodegenerative effects of the chronic expression of tumor necrosis factor α in the nigrostriatal dopaminergic circuit of adult mice. Exp. Neurol. 2011, 227, 237–251. [Google Scholar]

	31. 
Cámara-Lemarroy, C.R.; Guzmán-de la Garza, F.J.; Fernández-Garza, N.E. Molecular inflammatory mediators in peripheral nerve degeneration and regeneration. Neuroimmunomodulation 2010, 17, 314–324. [Google Scholar]

	32. 
Dubový, P.; Jančálek, R.; Kubek, T. Role of inflammation and cytokines in peripheral nerve regeneration. Int. Rev. Neurobiol. 2013, 108, 173–206. [Google Scholar]

	33. 
Reichert, F.; Levitzky, R.; Rotshenker, S. Interleukin 6 in intact and injured mouse peripheral nerves. Eur. J. Neurosci. 1996, 8, 530–535. [Google Scholar]

	34. 
Santos, C.L.; Souza, M.H.L.P.; Gomes, A.S.; Lemos, H.P.; Santos, A.A.; Cunha, F.Q.; Wallace, J.L. Sildenafil prevents indomethacin-induced gastropathy in rats: Role of leukocyte adherence and gastric blood flow. Br. J. Pharmacol. 2005, 146, 481–486. [Google Scholar]

	35. 
Yildirim, A.; Ersoy, Y.; Ercan, F.; Atukeren, P.; Gumustas, K.; Uslu, U.; Alican, I. Phosphodiesterase-5 inhibition by sildenafil citrate in a rat model of bleomycin-induced lung fibrosis. Pulm. Pharmacol. Ther. 2010, 23, 215–221. [Google Scholar]

	36. 
Kim, D.; You, B.; Jo, E.K.; Han, S.K.; Simon, M.I.; Lee, S.J. NADPH oxidase 2-derived reactive oxygen species in spinal cord microglia contribute to peripheral nerve injury-induced neuropathic pain. Proc. Natl. Acad. Sci. USA 2010, 107, 14851–14856. [Google Scholar]

	37. 
Babalola, O.; Mamalis, A.; Lev-Tov, H.; Jagdeo, J. NADPH oxidase enzymes in skin fibrosis: Molecular targets and therapeutic agents. Arch. Dermatol. Res. 2014, 306, 313–330. [Google Scholar]

	38. 
Luo, L.; Dai, D.Z.; Cheng, Y.S.; Zhang, Q.; Yuan, W.J.; Dai, Y. Sildenafil improves diabetic vascular activity through suppressing endothelin receptor A, iNOS and NADPH oxidase which is comparable with the endothelin receptor antagonist CPU0213 in STZ-injected rats. J. Pharm. Pharmacol. 2011, 63, 943–951. [Google Scholar]

	39. 
Arruda, M.A.; Barcellos-de-Souza, P.; Sampaio, A.L.F.; Rossi, A.G.; Graça-Souza, A.V.; Barja-Fidalgo, C. NADPH oxidase-derived ROS: Key modulators of heme-induced mitochondrial stability in human neutrophils. Exp. Cell Res. 2006, 312, 3939–3948. [Google Scholar]

	40. 
Wu, C.C.; Wu, Y.N.; Ho, H.O.; Chen, K.C.; Sheu, M.T.; Chiang, H.S. The neuroprotective effect of platelet-rich plasma on erectile function in bilateral cavernous nerve injury rat model. J. Sex. Med. 2012, 9, 2838–2848. [Google Scholar]

	41. 
Wu, Y.N.; Wu, C.C.; Sheu, M.T.; Chen, K.C.; Ho, H.O.; Chiang, H.S. Optimization of platelet-rich plasma and its effects on the recovery of erectile function after bilateral cavernous nerve injury in a rat model. J. Tissue Eng. Regen. Med. 2013. [Google Scholar] [CrossRef]

	42. 
Ferrini, M.G.; Davila, H.H.; Kovanecz, I.; Sanchez, S.P.; Gonzalez-Cadavid, N.F.; Rajfer, J. Vardenafil prevents fibrosis and loss of corporal smooth muscle that occurs after bilateral cavernosal nerve resection in the rat. Urology 2006, 68, 429–435. [Google Scholar]

	43. 
Kovanecz, I.; Rambhatla, A.; Ferrini, M.G.; Vernet, D.; Sanchez, S.; Rajfer, J.; Gonzalez-Cadavid, N. Chronic daily tadalafil prevents the corporal fibrosis and veno-occlusive dysfunction that occurs after cavernosal nerve resection. BJU Int. 2008, 101, 203–210. [Google Scholar]

	44. 
Ferrini, M.G.; Kovanecz, I.; Sanchez, S.; Vernet, D.; Davila, H.H.; Rajfer, J.; Gonzalez-Cadavid, N.F. Long-term continuous treatment with sildenafil ameliorates aging-related erectile dysfunction and the underlying corporal fibrosis in the rat. Biol. Reprod. 2007, 76, 915–923. [Google Scholar]

	45. 
Garcia, L.A.; King, K.K.; Ferrini, M.G.; Norris, K.C.; Artaza, J.N. 1,25(OH)2vitamin D3 stimulates myogenic differentiation by inhibiting cell proliferation and modulating the expression of promyogenic growth factors and myostatin in C2C12 skeletal muscle cells. Endocrinology 2011, 152, 2976–2986. [Google Scholar]

	46. 
Garcia, L.A.; Ferrini, M.G.; Norris, K.C.; Artaza, J.N. 1,25(OH)2vitamin D3 enhances myogenic differentiation by modulating the expression of key angiogenic growth factors and angiogenic inhibitors in C2C12 skeletal muscle cells. J. Steroid. Biochem. Mol. Biol. 2013, 133, 1–11. [Google Scholar]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
iNOS

Sham BCNR BCNR+SIL

0.D.iINOS/GAPDH*100
8
E
3
5

BCNR+SIL





nav.xhtml


  ijms-15-17204


  
    		
      ijms-15-17204
    


  




  





media/file5.png
A 3
=
52
3
)
20
©
S
3
S -2
w
3
150
B 8 *k K
_Sham  BCNR  BCNR#SIL I *k
2 100
%
~—aBese- - ¢
a
Q so
_ GAPDH g
R o b
40kDa S & >
& B 2
& <& (}\@
<
06
%%k

BCNR BCNR +SIL ¢ BCNR  BCNR#SIL





media/file3.png





media/file0.png





media/file1.png
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

SHAM

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

BCNR
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
BCNR + SIL
2
c
o
(8]
]
£
£ 3 SHAM
S B BCNR
=) 0 BCNR+SIL
o






media/file2.png
A LB
150 *x
8
I
E 100 Sham BCNR BCNR+SIL
g -
- E . 18
2 - - .
=I‘ 5 . ‘. . 17kDa
a
o
o
B
IL-1B8
Composite
IL-1B-FG-

Dapi






