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Dysfunction of the pelvic floor muscles represents a significant risk factor for the 

development of incontinence (UI) and sexual dysfunction (SD) in geriatric populations, 

with prevalence increasing steadily from 6.5% in men aged 20–39 years to 77.5% in those 

75 years and older. Specifically, diabetes and injury-related atrophy and fibrosis of the 

urogenital muscles have been implicated in the development of UI and SD. Although the 
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loss of muscle mass is a clear indication of disorder, the precise cellular mechanisms that 

underlie manifestations of such the conditions remains elusive. Nevertheless, certain 

receptor-mediated signaling pathways such as Wnt and Transforming Growth Factor- β 

(TGF-β) have already been found to contribute to the pathogenic fibrosis, or the formation 

of excess connective fibers in response to tissue damage. The objective of this study was 

to ascertain the roles of key atrophic and fibrotic effectors in the expression of the 

involved pathways. Rabbit models were used to establish an injury model of urogenital 

muscle dysfunction and fibrotic mechanisms. Young and old rabbits were sacrificed to 

harvest urogenital tissue samples. Human penile tissues were also collected from 

deidentified erectile dysfunction patients (diabetic and non-diabetic) undergoing penile 

prosthesis. Protein expression was determined using immunostaining and western blot 

analysis for its quantification. Immunological studies demonstrated upregulation of 

fibrotic and atrophy pathways involving Wnt and TGF-β pathways, confirming increased 

fibrogenic pathology in these samples. Urogenital muscle atrophy/fibrosis can greatly 

impact continence as well as sexual functions. Understanding of such mechanisms may 

optimize development of potential interventions. 

 

 

 

 

 

 

 

 

 



1 

 

Introduction 
 

 Urogenital diseases represent disorders that affect the urinary tract or reproductive 

organs. The most prevalent urogenital diseases among the general population include 

urinary incontinence and sexual dysfunction. Manifestation of such conditions are often 

result of damage to the surrounding urogenital muscles. The pathophysiology of these 

disorder is briefly discussed in the following sections 1. 

 Urethral Stricture Injury: A urethral stricture is the narrowing of the urethral 

lumen, often following injury or infection. A leading cause of stricture diseases often 

result from urinary catheter placements. Male catherization, in particular, can be difficult 

– especially in patients who display enlarged prostates or other potentially obstructive 

conditions within the urinary tract. Repeated and unsuccessful insertion of Foley catheters 

can cause stress to surrounding urogenital tissues and increase the risk for subsequent 

infection. Repeated catherization is a common sight in emergency settings. Often, 

placement of urinary catheter is attempted by nursing staff prior to the attending 

physician's presence. If placement is unsuccessful, often repeated attempts with the same 

catheter or one of larger size is observed. Such trauma often results in injury to the 

urothelium, which is generally only three to four cell layers thick. Heat and friction-

                                                      

1
 DeMaagd, G. A., & Davenport, T. C. (2012). Management of Urinary Incontinence. Pharmacy and 

Therapeutics, 37(6), 345–361H. 
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related injuries to the urethral tissue often progresses to secondary urogenital conditions, 

such as urinary incontinence 2. 

 Urinary Incontinence: Urinary incontinence (UI) is one of the most prevalent 

urogenital conditions associated with advancing age. In the United States, approximately 

18 million individuals suffer from regular urinary incontinence (UI) while another 34 

million experience discomfort in managing a need to urinate with increasing urgency and 

frequency. Urinary incontinence is defined as any involuntary leakage of urine. It is an 

issue that can dramatically diminish the quality of daily life for the affected individuals. 

As these issues are frequently not verbalized due to perceived stigma and fear of 

embarrassment, mismanagement of the conditions may lead to the exacerbation of poor 

physical and mental health for the affected individuals (e.g., social isolation, anxiety, 

depression) 3. Consequently, statistics of prevalence are likely under-reported values and 

the need to address such issues remains all-the-more pressing 

 Sexual Dysfunction: Sexual dysfunction (SD) is the common and persistent 

inability to achieve or maintain quality sexual intercourse. An estimated 40-45% women 

and 20-30% men in the United States have reported experiences of sexual dysfunction, 

with increasing rates correlating to advancing age 4. However, sexual dysfunction is not 

                                                      
2 Smith, T. G. (2016). Current management of urethral stricture disease. Indian Journal of Urology : 

IJU : Journal of the Urological Society of India, 32(1), 27–33. http://doi.org/10.4103/0970-1591.173108 

 
3
Shaw, C. & Wagg, A: Urinary incontinence in older adults. Medicine. 2017; 45(1):23-27. 

 
4
Lewis, R. W., Fugl-Meyer, K. S., Bosch, R., Fugl-Meyer, A. R., Laumann, E. O., Lizza, E., & Martin-

Morales, A. (2004). Epidemiology/risk factors of sexual dysfunction. The journal of sexual 

medicine, 1(1), 35-39 
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a normal aspect of aging but rather often a secondary manifestation brought about by 

other primary causes such as progressive injury and disease. Intricate interactions of 

various genetic, biological, psychological, and social-cultural conditions may also 

contribute to the etiology of sexual dysfunction. The loss of pelvic floor integrity, is a 

common agent of sexual dysfunction, bowl complications, and urinary incontinence (UI) 

5. 

Structure of the Pelvic Floor: Although the physiology of the human pelvic floor 

is well-established, the molecular mechanisms that underlie its atrophy remains elusive. 

The pelvic floor, spanning from the tailbone to the pubic bone, is comprised of two 

specialized area: the urogenital triangle and anorectal region.  The urogenital triangle 

makes up the anterior portion of the perineum. Although its specific location varies 

between men and women, the area generally comprises of the area between the urethra 

and genital tract. The urogenital region contains the root of the scrotum and penis in males 

and the external genitalia in females. Directly adjacent to the urogenital triangle (posterior 

perineum) is the anorectal region which contains the anus.  The anorectal region may be 

regarded as two tubes, one which surrounds the other. The inner visceral tube is 

innervated by the autonomic nervous system and is thus involuntary. The external tube, 

composed of skeletal muscle, may be subjected to voluntary control and therefore holds 

a fundamental role in establishing normal continence 6. 

                                                      
5
Smith, A. R. B., Hosker, G. L., & Warrell, D. W. (1989). The role of partial denervation of the pelvic 

floor in the aetiology of genitourinary prolapse and stress incontinence of urine. A neurophysiological 

study. BJOG: An International Journal of Obstetrics & Gynaecology, 96(1), 24-28. 
 
6 Parks, A. G. (1975). Anorectal incontinence. 
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The muscles of the pelvic floor provide leverage to all organ that lie above it (i.e., 

urinary bladder and intestines in men, and additionally the uterus in women). In addition, 

there are a number of passages through the pelvic muscle layers to allow for the 

specialized channels to pass through (i.e, urethra and anus for men; urethra, vagina, and 

anus for women). Typically, the pelvic muscles are also found tightly wrapped around 

these channels to keep passages shut during resting conditions. Like the muscles found 

in our limbs, the skeletal muscles of the pelvic floor are subjected to conscious control – 

enabling individuals to regulate their bowels and bladder at their own discretion. Upon 

contraction, the pelvic floor typically lifts upwards, tightening the openings of the vagina, 

anal, and urethral sphincters. Upon relaxation the pelvic floor extends downwards, 

allowing for the passage of excretory fluids fib7. Similarly, the pelvic floor muscles are 

necessary for sexual function. In men, they are required for erection and ejaculation. In 

women, they are essential for arousal 8. In sum, an individual’s continence and sexual 

health is largely dependent on the integrity of the urogenital muscles. As these muscles 

decay or weaken, tasks of maintaining normal continence and sexual functions are 

undermined. 

Muscle Atrophy: Atrophy is defined as the wasting of muscle mass following 

prolonged disability or disuse. Atrophy often occurs when there is an imbalance in rates 

                                                      

 
7
Raizada, V., & Mittal, R. K. (2008). Pelvic floor anatomy and applied physiology. Gastroenterology 

clinics of North America, 37(3), 493-509. 
 
8
Dickinson, V. A. (1978). Maintenance of anal continence: a review of pelvic floor 

physiology. Gut, 19(12), 1163-1174. 
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of protein synthesis and protein degradation – specifically, when catabolic pathways 

exceed anabolic activities 9.  

Fibrosis: Fibrosis is the deregulated deposition of connective tissue in an organ 

following tissue injury. It is often a reactive state that often leads to pathogenesis if the 

accumulation of extracellular proteins become excessive. Severe fibrosis may result in 

the thickening of the affected tissue, exaggerating the original wound repair response and 

interfering with normal organ function.  Fibrosis of the urethral tract often leads to 

urethral stenosis and, ultimately, the development of urinary and/or anal incontinence.  

Despite the tremendous clinical burden, there is still a lack of reliable therapies to meet 

the demand 9.  

Urethral Fibrosis Secondary to Diabetes: One major condition related to such 

pathology is diabetes. Previous findings have indicated that chronic exposure of 

mesangial cells to high-glucose conditions lead to increased ECM deposition in a 

glucose-mediated upregulation of the TGF-β factor, resulting in expansion of the 

mesangial layer and progression of diabetic glomerulosclerosis 
10,11

. Clearly, 

                                                      

9
 Sun, Y., Wang, H., Li, Y., Liu, S., Chen, J., & Ying, H. (2018). MiR-24 and miR-122 Negatively 

Regulate the Transforming Growth Factor-β/Smad Signaling Pathway in Skeletal Muscle 

Fibrosis. Molecular Therapy - Nucleic Acids,11, 528-537. doi:10.1016/j.omtn.2018.04.005 
 
10 Ayo, S. H., Radnik, R. A., Garoni, J. A., Glass 2nd, W. F., & Kreisberg, J. I. (1990). High glucose 

causes an increase in extracellular matrix proteins in cultured mesangial cells. The American journal of 

pathology, 136(6), 1339. 

 
11

Wahab, N. A., HARPER, K., & MASON, R. M. (1996). Expression of extracellular matrix molecules in 

human mesangial cells in response to prolonged hyperglycaemia. Biochemical Journal, 316(3), 985-992. 
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hypoglycemic conditions play a significant role in the development of nephropathy by 

muscle fibrosis. Consequently, there is interest in how diabetic conditions may alter the 

muscle composition of the urogenital region.  

 Current Anti-Fibrotic Treatments: Although there are now 

microsurgical methods available to repair denervated skeletal muscles, the efficacy of 

delayed reconstruction remains less than satisfactory. Past findings indicate the 

regenerative capacity of denervated skeletal muscles largely depends on the extent of 

myofibril changes present in the affected muscle 12. Therefore, the presence of 

progressive fibrosis may impede full recovery of the muscle fibers and, consequently, 

recovery of original muscle strength. In consequence, the muscle is at risk for repeated 

injury and the need for better understanding of the signaling pathways that underlie 

fibrogenesis remains pressing. 

Administration of biological growth factors to improve muscle regeneration have 

also been considered. However, they are unable to prevent fibrosis. Lacerated muscles 

may heal but may be incapable of full recovery if sufficient fibrosis is present. 

Consequently, there is interest in the discovery and development of anti-fibrotic agents. 

For instance - Decorin, a small proteoglycan frequently present in connective tissue, has 

elicited substantial interest in clinical medicine for its anti-fibrotic properties. Decorin 

has been found to interact closely with collagen fibers in human mesangial cells, thereby 

                                                      
12

Jergović, D., Stål, P., Lidman, D., Lindvall, B., & Hildebrand, C. (2001). Changes in a rat facial muscle 

after facial nerve injury and repair. Muscle & nerve, 24(9), 1202-1212. 
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holding a regulative role in fibril formation within the kidney (Abdel-Wahab et al., 2002) 

13. Consequently, the goal of this paper is to clarify the molecular mechanisms that 

underlie urogenital skeletal muscle degeneration for the discovery of similar 

interventions. 

Although major signaling pathways have been found correlated with the 

development fibrosis in hepatic and pulmonary tissues, it is unknown how applicable such 

findings are in the development of degeneration of degeneration of urogenital skeletal 

muscle. Further confirmatory studies are thus warranted to validate the role of the 

following pathways in our urogenital tissue-specific studies. 

Implicated Signaling Pathways: While the loss of muscle mass is a clear 

indicator of skeletal muscle atrophy, the molecular mechanisms that underlie such 

occurrences remains unclear. The significance and involvement of two major signaling 

pathways are explored in this paper: Wnt/ β-Catenin and Transforming Growth Factor 

(TGF- β). Refer to Figure 1 for a schematic associating both signaling pathways. 

                                                      
13

Abdel-Wahab, N., Wicks, S. J., Mason, R. M., & Chantry, A. (2002). Decorin suppresses transforming 

growth factor-β-induced expression of plasminogen activator inhibitor-1 in human mesangial cells 

through a mechanism that involves Ca2+-dependent phosphorylation of Smad2 at serine-

240. Biochemical Journal, 362(3), 643-649. 
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Figure 1. Interaction between TGF- β and canonical Wnt/ β-Catenin pathways in 

regulating radiation-induced fibrosis in myofibroblast 14 

 

Canonical Wnt/ β-Catenin Signaling Pathway and Associated Markers: The 

Wnt pathway involves a series of growth stimulatory factors and has been implicated in 

tissue regeneration in the adult bone marrow, skin, and intestines. The Wnt pathway is a 

highly conserved pathway because of its significant role in embryonic development. 

Canonical Wnts are lipoglycoproteins that have an evolutionarily conserved role in the 

regulation of adult tissue homeostasis by instructing certain cells to adopt particular fates. 

Such cell fate specifications involve DNA-binding factors LEF/TCF and, most 

significantly, transcriptional factor β-Catenin.   

                                                      
14 Vallée, A., Lecarpentier, Y., Guillevin, R., & Vallée, J. (2017). Interactions between TGF-β1, 

canonical WNT/β-catenin pathway and PPAR γ in radiation-induced fibrosis. Oncotarget,8(52). 

doi:10.18632/oncotarget.21234 
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In an inactivated state, β-Catenin is bound and regulated by a large complex that 

contains proteins such as Axin, CKI, GSK3, and APC. The entire complex is known as 

the “destruction complex” because its activity leads to the phosphorylation, ubiquination, 

and, ultimately, the proteasomal degradation of β-catenin – maintaining intracellular 

concentrations of β-catenin low. 

In the activated state, Wnt is transported via an exosome from elsewhere in the 

body before acting as an activator of the extracellular receptor, Frizzled. Activation of 

Frizzled activation leads to the phosphorylation of LRP which subsequently results in the 

translocation of the destruction complex to a region of the membrane near the Frizzled 

receptor and LRP protein. The destruction complex is subsequently deactivated. 

Activation of the Wnt canonical pathway, thus, results in the accumulation of β-Catenin 

within the cytoplasm, triggering its eventual translocation to the nucleus to act as a 

transcriptional factor to stimulate functions that encourage growth proliferation15, 

Disruptions in Wnt/β-Cat signaling have been observed in fibrogenic disorders. 

Cutaneous wound healing studies in mice show that β-catenin signaling is indeed 

activated as a consequence of wounding and forced activation of β-catenin is sufficient 

to drive hyperplastic wounds and exuberant collagen synthesis. Conversely, removal of 

β-catenin using Cre-loxP technology resulted in smaller wounds. 16 

                                                      
15

Carre AL, James AW, MacLeod L, et al. Interaction of wingless protein (Wnt), transforming growth 

factor-beta1, and hyaluronan production in fetal and postnatal fibroblasts. Plastic and reconstructive 

surgery.  2010; 125:7488. Embryonic and postnatal mice showed differences in wound healing and 

response to Wnt signal.  
 
16

Fathke C, Wilson L, Shah K, et al. Wnt signaling induces epithelial differentiation during cutaneous 

wound healing. BMC cell biology. 2006;7:4.  
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Transforming Growth Factor B1 (TGF-Β) Signaling Pathway and Associated 

Markers: Transforming Growth Factor – β (TGF-β) and its related downstream effectors 

(i.e., SMAD effectors) have been found to play central roles in wound healing and repair 

in multiple organs. Following tissue injury, activation of TGF-β has been found to 

accelerate extracellular matrix (ECM) deposition while also slowing its degradation 17. 

When stimulated in-vitro, TGF-β was found to induce C2C12 myocyte cells to 

downregulate the expression of myogenic proteins and upregulate the production of 

fibrosis-related proteins. When stimulated in-vivo, with direct injection of a TGF-β 

recombinant into skeletal muscles, scar tissue formation was observed at the injection site 

18. Under ideal conditions, the actions of TGF-β contribute to the restoration of normal 

tissue integrity. However, in pathological conditions, excessive TGF-β activity may result 

in the development of excess fibrosis that can compromise normal regeneration and organ 

function. 

The SMADs are family of proteins that act as the main transducers within TGF-β 

signaling cascades. As effectors, they serve to propagate signals intracellularly before 

complexing as transcription factors to regulate the expression of various fibrosis genes. 

Upregulations of SMAD proteins have been consistently observed in hepatic fibrosis. 

                                                      

 
17

Branton, M. H., & Kopp, J. B. (1999). TGF-β and fibrosis. Microbes and infection, 1(15), 1349-1365. 

 
18

Li, Y., Foster, W., Deasy, B. M., Chan, Y., Prisk, V., Tang, Y., ... & Huard, J. (2004). Transforming 

growth factor-β1 induces the differentiation of myogenic cells into fibrotic cells in injured skeletal 

muscle: a key event in muscle fibrogenesis. The American journal of pathology, 164(3), 1007-1019. 
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Deletion of SMAD3 inhibits Collagen-1 expression and epithelial-myofibroblast 

transition while dysregulation of SMAD2 elevates Collagen-1 expression 19. 

TGF-Β and Collagen Deposition: Increased TGF-β and associated Collagen-1 

production have been observed to increase activation of STAT3, a downstream effector 

of the Receptor Tyrosine Kinases (RTK)- Janus proteins (JAK). Following 

phosphorylation of intracellular tyrosine residues, JAK phosphorylates STAT3 proteins 

which subsequently homodimerizes and translocate into the nucleus where it can exert 

transcriptional effects20. Abnormal STAT3 phosphorylation have been found to increase 

TGF-β, Collagen-1, and CTGF gene expression, increasing cellular proliferation and 

intestinal stricture formation in patients with Crohn’s Disease 21. 

Collagens are the most abundant proteins within the human body. The primary of 

fiber in scar tissue, triple-helix collagen fibers facilitates tissue repair by arranging 

themselves into a long, cross-linked structures to enclose open wounds. However, 

dysregulated collagen production results in pathology. Persistent collagen production 

                                                      
19

Xu, F., Liu, C., Zhou, D., & Zhang, L. (2016). TGF-β/SMAD Pathway and Its Regulation in Hepatic 

Fibrosis. Journal of Histochemistry and Cytochemistry, 64(3), 157–167. 

http://doi.org/10.1369/0022155415627681 
 
20

Nigdelioglu, R., Hamanaka, R. B., Meliton, A. Y., O’Leary, E., Witt, L. J., Cho, T., … Mutlu, G. M. 

(2016). Transforming Growth Factor (TGF)-β Promotes de Novo Serine Synthesis for Collagen 

Production. The Journal of Biological Chemistry, 291(53), 27239–27251. 

http://doi.org/10.1074/jbc.M116.756247 
 
21

Li, C., Iness, A., Yoon, J., Grider, J. R., Murthy, K. S., Kellum, J. M., & Kuemmerle, J. F. (2015). Non-

canonical STAT3 activation regulates excess TGF-β1 and Collagen I expression in muscle of stricturing 

Crohn’s disease. Journal of Immunology (Baltimore, Md. : 1950), 194(7), 3422–3431. 

http://doi.org/10.4049/jimmunol.1401779 
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may lead to progressive organ scarring, dysfunction, and, ultimately, failure. Excessive 

ECM deposition leads to reduced agility and response to dynamic cellular activities 22. 

TGF-β and Connective Tissue Growth Factor (CTGF): The role of CTGF 

(Connective Tissue Growth Factor) has been heavily implicated in the development of 

skeletal tissue and cartilage maintenance. Consequently, CTGF is associated with nearly 

all types of fibrotic pathology. It displays a cooperative relationship with TGF-β to 

exacerbate fibrosis by sustaining ECM protein deposition and, consequently, degradation 

of healthy cellular architecture 23.  

Cross-Talk Between Canonical Wnt/ β-Catenin and TGFB-β Signaling 

Pathway is Mediated by Pro-Fibrogenic Mediator GIV/Girdin: In a study assessing 

the mechanisms that underlie injury-induced fibrosis in hepatocytes, GIV/Girdin was 

found to mediate activation of various pro-fibrotic receptors, including PDGFR, 

TGFβR, EGFR, VEGFR, and IGFIR. Pro-fibrotic pathways are negatively regulated via 

concentrations in cyclic adenosine monophosphate (cAMP), one of the most conserved 

second messengers of G protein signaling cascades. cAMP inhibits the TGF-β signaling 

pathway at the transcriptional level by regulating pKa-cAMP response element binding 

(CREB) binding. Recently, it has been found that Gα-Interacting Vesicle-associated 

                                                      
22

McKleroy, W., Lee, T.-H., & Atabai, K. (2013). Always cleave up your mess: targeting collagen 

degradation to treat tissue fibrosis. American Journal of Physiology - Lung Cellular and Molecular 

Physiology, 304(11), L709–L721. http://doi.org/10.1152/ajplung.00418.2012 
 
23

Arnott, J. A., Lambi, A. G., Mundy, C. M., Hendesi, H., Pixley, R. A., Owen, T. A., … Popoff, S. N. 

(2011). The Role of Connective Tissue Growth Factor (CTGF/CCN2) in Skeletogenesis. Critical Reviews 

in Eukaryotic Gene Expression, 21(1), 43–69. 
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protein acts as a multimeric signal transducer that reduces cAMP production via 

activation of trimeric Gi in the liver. GIV/Girdin activity was found to be key in 

activating hepatic stellate cells, the major type of cell involved in the formation 

of scar tissue following liver damage. Following injury, GIV/Girdin can reshape 

tissue dynamics by activating pro-fibrogenic pathways while inhibiting anti-

fibrogenic pathways 24. Refer to Figure 2 for a schematic detailing GIV/Girdin’s 

mediating role in the formation of fibrosis.  

                                                      

24
 Lopez-Sanchez, I., Dunkel, Y., Roh, Y.-S., Mittal, Y., De Minicis, S., Muranyi, A., … Ghosh, P. 

(2014). GIV/Girdin is a central hub for pro-fibrogenic signalling networks during liver fibrosis. Nature 

Communications, 5, 4451. http://doi.org/10.1038/ncomms5451 
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Figure 2.  GIV enhances pro-fibrogenic and inhibits anti-fibrogenic signaling pathways 

in HSCs 
20

.  

Novel Marker Periostin: Periostin is a secreted protein of the ECM matrix, 

originally identified in cells of the mesenchymal lineage. Its function in injury-related 

tissue remodeling is related to its upregulation during pathological changes. Periostin 

contributes to remodeling by interacting with various extracellular matrix proteins. 
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Consequently, fluctuations in the protein serve as a representation in cellular regulation 

of healthy v. diseased reactions to tissue injury. Periostin has been found to activate 

various integrins, including alpha-5, through AKT-dependent pathways 25. 

 

Materials and Methods 
 

Injury Study: An endoscopic approach was employed to deliver electrocautery 

injury within rabbit urethral mucosa in efforts to mimic urethral damage in human 

patients. Rabbits were sacrificed for tissue harvesting 14 weeks post-injury. 

Diabetes Study: Human penile tissue samples were obtained from deidentified 

patients undergoing surgery for prosthesis. 

Western Blot Analysis: Protein levels of fibrotic biomarkers: Collagen 1A, 

Collagen 3A, β-Catenin, STAT-3, TGF-β, SMAD 1, SMAD23, SMAD 123, and CTGF, 

and Periostin were determined via Western Blot in normal and diabetic human penile 

tissues.  Whole tissue samples were first subjected to homogenation by protease enzymes 

and centrifugation. Following extraction, Bradford Assays were conducted to measure 

and normalize protein concentrations within each sample. The Bradford Assay is a 

spectroscopic procedure based on a color absorbance shift of the dye. The concentration 

of pigment is then read and analyzed by spectrophotometry. Bovine serum albumin (BSA) 

absorbance were used to generate a standard protein curve for concentration analysis. 

Following calculations, samples were separated via sodium-dodecyl sulfate (SDS) 

                                                      
25

Conway, S. J., Izuhara, K., Kudo, Y., Litvin, J., Markwald, R., Ouyang, G., … Kudo, A. (2014). The 

role of periostin in tissue remodeling across health and disease. Cellular and Molecular Life 

Sciences, 71(7), 1279–1288. http://doi.org/10.1007/s00018-013-1494-y 
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polyacrylamide gel electrophoresis in 10% polyacrylamide precast gels before transfer to 

polyvinylidene difluoride membranes. GAPDH was ran as a loading control. Membranes 

were blocked in tris-buffered saline/tween (1%) containing 3% BSA and incubated with 

primary antibodies overnight at 4°C. Blots were visualized with secondary antibodies 

conjugated with horseradish peroxidase and enhanced chemiluminescence reagent. 

Images were obtained by signal detection on X-O mat AR film and were processed in an 

automatic film developer to identify protein bands. The protein bands were quantified 

using an image analysis program (Scion Image, Scion Corporation, Frederick, MD, 

USA). 

Immunohistochemical Fluorescence Analysis: Small pieces of penile and 

urethral tissues were fixed in 10% buffered formalin for light microscopy studies and 

paraffin tissue sections were obtained from these tissues. Tissues were obtained from 

rabbit samples. paraffin-fixed sections were processed for immunostaining by 

immunofluorescence. Paraffin sections were immersed in xylene, ethanol, and phosphate-

buffered saline (PBS) for rehydration. Tissue samples were then incubated with blocking 

solutions normal donkey serum with 1% TBS-Triton-X 100 to minimize nonspecific 

interactions of the antibody as well as extraneous enzyme activities that may result in 

false positives. Following blocking, sections were sequentially incubated with specific 

monoclonal primary antibodies (1:300 dilution in TBS-Triton containing 5% serum) 

overnight at 4°C. Overnight incubation enhances the specificity of antibody binding to 

tissue targets while reduces non-specific background staining. Following incubation, 

three consecutive TBS washes were performed to remove extraneous bindings. Sections 
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were then incubated in Alexa Fluor donkey polyclonal secondary antibodies for 2.5 hours 

at ambient temperature. Slides were immersed in TBS for 10 minutes x 3 washes followed 

by dehydration via ethanol and xylene immersions. Slides were mounted with Vector 

Vectashield Hardset Mounting Medium with DAPI (H-1500) and allowed to set 

overnight, in darkness at 4°C. Digital images of the entire cross section were captured, 

and image analysis was performed to quantify muscle/connective tissue components 

(Nikon NIS Elements, Melville, NY). The purpose of IHC is to analyze protein expression 

and localization in the context of various tissue morphology. Antibody bindings are used 

to identify and localize such protein interactions while preserving the native composition 

of the tissues themselves. Such protein-antibody bindings may reveal further detailed 

information regarding a protein’s amino acid sequence, domains, and various targeting 

regions. 

Results 
 

Injury Study: The objective of this present study was to characterize the relative 

protein localization as well abundance of selected Wnt and TGF-β -related fibrotic 

markers in injured and non-injured rabbit mid-urethral tissue. Refer to Figures 5 and 6 

for qualitative depictions of chosen protein bands. An independent-samples t-tests were 

performed on mean values ± S.E.M. A significant difference was observed between 

injured and non-injured rabbit mid-urethral tissues for markers: Collagen 1A, Collagen 

3A, B-Catenin, STAT-3, TGF-β, SMAD 123, SMAD 23, GIV/Girdin and Periostin. (** p 

< 0.05). Refer to Figures 3, 4, and 7 for bar graph representations of the relative protein 

concentrations observed between tissue samples. To confirm whether the differences in 
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observed protein concentrations were due to inconsistencies in experimental methods, 

Actin was simultaneously ran as a loading control. The regularity of the Actin controls 

suggested that method performed was valid and effective in assessing the intended 

objective. 

Immunohistochemical studies were also performed to qualitatively assess the 

localization of similar TGF-β-related and Wnt-related fibrotic markers within the context 

of native tissue morphologies in injured and treated rabbit models. Figure 8 shows 

representative staining of the anal cross sections of rabbits of injured via electrocauteral 

stimulation and treated with an SiRNA inhibitor. Immunohistochemical analysis 

demonstrated qualitative differences in tissue morphologies between rabbits of different 

conditions. Higher levels of fluorescence were detected in tissues of advanced injury, 

indicating higher levels of fibrotic tissue and diminished capacities for skeletal muscle 

repair and regeneration. The use of the DAPI stain technique was used to confirm the 

presence of phytoplasms in selected tissues. 
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Figure 3. Bar graph representations of selected protein concentrations in injured and non-

injured rabbit mid-urethral tissue. Each bar indicates mean values ± S.E.M. ** p < .05 

compared to non-diabetic group. 

 

 
Figure 4. Bar graph representations of selected protein concentrations in injured and non-

injured rabbit mid-urethral tissue. Each bar indicates mean values ± S.E.M. ** p < .05 

compared to non-diabetic group. 
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Figure 5. Cell lysates were analyzed by Western blot analysis of injured and non-injured 

rabbit mid-urethral tissue using phosphospecific antibodies. Presence of selected markers 

from both signaling molecules were probed. Actin was used as a normalizing loading 

control. 

1 
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Figure 6. Cell lysates were analyzed by Western blot analysis of injured and non-injured 

rabbit mid-urethral tissue using phosphospecific antibodies. Presence of GIV/Girden was 

probed. Actin was used as a normalizing loading control. 

 

 

 

 

 

 
 

Figure 7. Bar graph representations GIV/Girdin concentrations in injured and non-

injured rabbit mid-urethral tissue. Each bar indicates mean values ± S.E.M. ** p < .05 

compared to non-diabetic group. 
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Figure 8. Representative immunofluorescence (fluorescence microscopy of DAPI 

staining) analysis of Anti-GIV, B-Cat, Collagen-1A, TGF-B of urethral cross sections in 

control, injured, and treated rabbits. Extent of injury and repair represented by intensity 

of fluorescence. White arrow heads point to areas of high fibrosis.  
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Diabetes Study: The objective of this present study was to characterize the 

relative protein abundance of selected TGF-β and Wnt-related fibrotic markers in diabetic 

and non-diabetic human penile tissues. Refer to Figure 9 for qualitative depictions of 

chosen protein bands. An independent-samples t-tests were performed on mean values ± 

S.E.M. A significant difference was only found with TGF-β concentration between 

diabetic and non-diabetic penile tissue (** p < 0.05). Refer to Figure 10 for a bar graph 

representation of the relative protein concentrations observed between tissue samples. To 

confirm whether the differences in observed protein concentrations were due to 

inconsistencies in experimental methods, GAPDH was simultaneously ran as a loading 

control. The regularity of the GAPDH controls suggested that method performed was 

valid and effective in assessing the intended objective. 
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Figure 9. Cell lysates were analyzed by Western blot analysis of diabetic and nondiabetic 

human penile tissue using phosphospecific antibodies. GAPDH was used as a 

normalizing loading control. 
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Figure 10. Bar graph representation of selected protein concentrations in diabetic and 

non-diabetic human penile tissue. Each bar indicates mean values ± S.E.M. ** p < .05 

compared to non-diabetic group. 
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Discussion 
 

Urogenital problems are common in older men and these affect their quality of 

life 26.  Atrophy and fibrosis are implicated in these pathophysiologies. An understanding 

of the protein signaling architecture in fibrogenesis is of critical importance for the 

development of new therapeutic approaches and identification of predictive and 

prognostic biomarkers. Although the concept of fibrosis follows many common pathways 

across a number of diverse organs, little work has been done to validate the activity of 

such pathways within urogenital organs. 

A large advantage of scoring the activity of various biomarkers in injured/disease 

models is the ability to predict up and downregulation for differentially dysregulated 

pathways. Since target-based drug discovery largely focuses on gain-of-function 

mutations and upregulation of biological processes, unveiling the directionality of 

signaling pathways that may be responsible for the fibrogenesis could provide the 

foundation for a target-based therapeutic intervention at the pathway level. 

The Wnt/β-Catenin signaling pathway been linked to the pathogenesis of fibrosis 

in numerous organs, including within the lungs, liver, skin, and kidneys. The results of 

this study indicate an upregulation of Wnt-related fibrotic factors in both injured and 

pathological urethral tissues. The Wnt pathway is essential to organ morphogenesis 

during embryonic development. Consequently, dysregulation of the pathway reasonably 
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leads to abnormal fibroblast activity. Muscle cells from mice were observed to convert 

from a myogenic to a fibrogenic lineage upon activation of the Wnt/β-Catenin signaling. 

Idiopathic fibrogenesis was found suppressible by Wnt inhibitors 27. Furthermore, the 

Wnt/β-Catenin pathway has been found to function in a combinatorial manner with the 

TGF-β signaling pathway. Dysregulated activity of both pathways has been implicated in 

the development of fibrosis. 

Among the many factors investigated, the role of TGF-β have been found to be 

one of the most expansive in wound repair and maintenance. TGF-β is a potent 

stimulator of proteoglycan and collagen synthesis. The TGF-β superfamily has been 

implicated in regulating tissue homeostasis and repair, immune and inflammatory 

responses, extracellular matrix deposition, cell differentiation and growth. Previous 

findings have confirmed TGF-β’s instrumental role in the conversion of mesenchymal 

stem cells into cartilage.28 Thus, aberrant TGF-β signaling has also been associated with 

the development of chronic wounds and excessive scarring. Consequently, targeting the 

TGF-β pathway represents a viable approach in the development of potential 

therapeutic agents that may better improve wound healing. 

The canonical pathway for TGF-β involves the SMAD family of transcription 

factors. SMAD 1, SMAD 2, and SMAD3 are known as R-SMADs, and are TGF-β 

                                                      
27
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response elements. They are involved in direct signaling from the activated TGF-β 

receptor. Dysregulated TGF-β promotes accumulation of extracellular matrix (ECM) by 

increasing its production and inhibiting its degradation in renal fibrosis. Since the TGF-

β signal is transduced by the R-SMADS 1/2/3, all have been found to be overexpressed 

in diseased kidneys. SMAD 3 knockout mice displayed reduced progression of renal 

fibrosis, suggesting the SMAD’s importance in regulating ECM dynamics 29. 

The pro-fibrotic effects of TGF-β are further mediated by downstream effector 

Connective Tissue Growth Factor (CTGF) through upregulations of the SMADs. TGF-β 

induces the expression of CTGF via functional SMAD binding sites on the CTGF 

promoter which subsequently stimulates myofibroblast differentiation and collagen 

synthesis. Upregulated CTGF activity has additionally been observed to potentiate 

TGF-β fibrogenic actions. When injected into the subcutaneous tissue of newborn mice, 

TGF-β or CTGF alone induced only transient granulation tissue formation. Application 

of both CTGF and TGF-β was required for sustained fibrotic response 30. The results of 

this study indicate an upregulation of TGF-β -related factors in both injured and 

pathological urethral tissues. 

Results reflect previous studies implicating the significance of the TGF-β 

pathway in wound healing as well as its cooperative relationship with the Wnt/B-

                                                      
29
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Catenin pathway 31. Cross-talk between the Wnt/B-Catenin and TGF-β pathways have 

already been established for some time. Simultaneous inhibition of both TGF-β and 

Wnt/β-catenin pathways reverted mesenchymal cfos estrogen receptor (FosER) cells to 

a polarized epithelial phenotype, whereas inhibition of a single pathway caused only 

partial rescue of epithelial features, which indicates that both TGF-β and Wnt/β-catenin 

pathways cooperate in epithelial dedifferentiation32. 

Injury Study 

Injury to the urethral tract is more common in males than females. Trauma to the 

urethra often originates from straddle injuries, or trauma to the groin area between the 

thighs. These accidents often result in a sharp blow to the perineum, leading to 

formation of urethral strictures that impede urine flow. Urethral injury in females are 

generally rare and always linked to pelvic fractures or cuts, tears, or direct trauma to the 

vaginal area. 

Nevertheless, wound healing remains a complex biological process that involves 

the dynamic recruitment of various cytokines and growth factors following tissue injury. 

Muscle injuries are complex. Wound healing is an intricate phenomenon that is often 

described as in terms of overlapping phases that occurs in the days, weeks, and months 
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following an injury 33.  The rate of repair often depends on a number of factors such as 

the traits of the wound, the extent of infection, and the health/age of the individual. 

Overall, the results of this study reveal involvement of both Wnt/β catenin and 

TGF-β signaling pathways in mediating electrocauteral-induced injury and urethral 

muscle dysfunction. Urethral muscle function post-injury was evaluated by determining 

changes in fibrogenic markers. It was expected that pro-fibrogenic markers would be 

upregulated in injured models whole markers protective against fibrosis development 

would be downregulated. A significant difference was observed between injured and 

non-injured rabbit mid-urethral tissues for markers: Collagen 1A, Collagen 3A, β-

Catenin, STAT-3, TGF-β, SMAD 123, SMAD 23, and Periostin. 

Although the present results suggest significance for most markers, the small 

sample size should be taken into account as a limitation. Due to the novel nature of this 

study and the stringent requirements necessitated of maintaining rabbit models, the 

process was a lengthy and stringent one. Consequently, the number of animals that 

could be properly cared for was limited. Small sample sizes may account for large 

standard errors. Future studies should consider increasing the study size to enhance 

accuracy.  Such therapies may be especially useful for individuals with an impaired 
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ability to heal and those who suffer from secondary conditions that may compromise the 

body’s natural ability to heal (e.g., diabetes mellitus)34. 

Diabetes Study 

Diabetes mellitus is characterized by a lack of insulin causing elevated blood 

glucose, often with associated insulin resistance. Over time, chronic hyperglycemia can 

cause tissue injury. One pathological response to tissue injury is the development of 

fibrosis, which involves predominant ECM deposition.  Long-term diabetes often leads 

to both structural and functional disturbances to vasculature as well as ECM alterations. 

Thickening of the basement membrane have been frequently documented as a structural 

hallmark of diabetic pathology. Consequently, an upregulation of pro-fibrotic markers 

of both the Wnt/B-Cat and TGFB signaling pathways was expected. 

The findings of this study do not indicate such results. Though these findings 

may suggest little correlation between diabetes and the effectors in study, the possibility 

of Wnt/B-Cat and TGFB activity in the development and complications of diabetes 

should not be disregarded. The samples assessed for the diabetic study were obtained 

from deidentified patients undergoing surgical prosthesis who opted to donate their 

tissues to research. Because the health histories of these patients were unknown, it 

cannot be confidently assumed that individuals of the control group were completely 

healthy. Presence of pre-existing conditions may have altered functions of tissue repair. 

                                                      
34
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Consequently, greater resources should be invested towards studying the molecular 

pathways that may underlie diabetics’ ability to heal. 

 Damage and impairment of the pelvic floor muscles are highly prevalent. The loss 

of muscle integrity and capacity to repair in the area often lead to chronic complications 

(e.g., sexual dysfunctions and urinary incontinence) that dramatically diminishes the 

quality of life for affected individuals. Symptoms are often pervasive and impeded 

multiple domains of daily function. Consequently, the demand for developing more non-

intrusive therapies to alleviate the tremendous clinical burden remains pressing 
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