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Abstract

Peyronie’s disease (PD) is a superficial fibrosing disorder that causes penile deformity and can 

interfere with sexual intercourse and reproduction, as well as diminish quality of life. While the 

exact mechanism of PD is still being investigated, there is likely a genetic component to the 

predisposition to penile plaque formation. Ultimately, however, perturbations in normal wound 

healing and aberrant deposition of extracellular matrix components lead to fibrotic tissue 

deposition. Fibrosis in PD is regulated by a complex pathway of inflammatory and fibrotic 

mediators. Current clinical care standards for PD address symptoms, as there are currently no 

treatments for PD that address its cause or progression of the disorder. In this review, we provide 

an overview of the known inflammatory and fibrotic mediators of PD and how these are related to 

the pathophysiology of other human superficial fibrosing disorders, including Dupuytren’s disease 

and Ledderhose disease.
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Introduction

Peyronie’s disease (PD) is a superficial fibrosing disease of the penis that can result in penile 

deformity. This condition may limit the ability to have sexual intercourse and reproduce, 

ultimately impacting a man’s quality of life. PD was initially thought to be rare, but given 

the sensitive nature of the condition, there is a potential for underreporting. More recent 

reports estimate a prevalence of 1–13%[1,2]. PD most commonly affects men in their fifth 

decade of life and beyond, but has been reported in younger men as well [1,3,4].

Perturbations in normal wound healing lead to fibrosis associated with PD. While an 

inflammatory or traumatic trigger is often thought to initiate PD, patients infrequently 

remember such insults. While normal wound healing after an inciting event leads to 

reorganization of the extracellular matrix (ECM) in tissue repair, an imbalance in fibrosis 

and fibrinolysis can result in fibrotic plaque formation [5]. The mediators that regulate 

collagen deposition and degradation are key players in the development of penile plaques. 

While the pathogenesis of PD to date is thought to be mediated via signaling primarily 

through the Transforming Growth Factor β (TGF-β) pathway, the true etiology of PD may 

be multifactorial, involving a number of other pathways. A genetic component of PD likely 

also exists, with a variant of PD showing autosomal dominant inheritance in pedigree studies 

[6]. This may further impact disease onset and progression in a subset of affected patients, 

resulting in variable risk of disease across the population. Additionally, familial aggregation 

of PD among specific histocompatibility antigens (HLA) has been suggested, including 

HLA-B7 [7].

Current PD therapies alleviate symptoms of PD, such as penile curvature, but do not address 

the underlying causes of onset and progression of the disease. As such, having a more 

complete understanding of the molecular mediators and pathways that result in PD and other 

superficial fibrosing disorders is highly desirable. There is significant pathophysiologic and 

genetic overlap of PD with other superficial fibrosing disorders including Dupuytren’s 

Disease (DD), a palmar fibromatosis, and Ledderhose disease (LD), which is a plantar 

fibromatosis. Much of what is known about the pathophysiology of PD has been correlated 

with DD and these diseases are often studied together. However, corellations with other 

human fibrotic conditions such as systemic sclerosis have been limited. In this review, we 

provide an overview of the known inflammatory and fibrotic mediators of PD pathogenesis 

and how these relate to other fibrosing disorders.

Association of Peyronie’s Disease with Human Fibrosing Disorders

Fibrosis can affect any organ system in the body. These diseases can be systemic (systemic 

sclerosis or nephrogenic systemic fibrosis) or organ-specific (cardiac fibrosis, diabetic or 

hypertensive nephropathy, pulmonary fibrosis, liver cirrhosis) [8,9]. The inciting 

mechanisms for these conditions vary, but common inflammatory pathways that contribute 

to fibrosis have been implicated in the pathogenesis of a number of these conditions as well 

as in the development of PD.
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There is significant mechanistic and molecular overlap of PD with superficial fibrosing 

conditions including DD and LD. DD is reported in approximately 1% of adults in the 

United States; however, the prevalence is estimated to be 7% when including self-reported 

symptoms [10]. DD and PD are often seen concurrently at higher rates than either disease is 

individually observed in the general population. In a cohort of 415 men with PD, 22% had 

DD [11]. Similarly, in a cohort of 85 men with DD, 26% had PD-like symptoms [12]. PD 

and DD also share a similar molecular etiology. A number of studies have implicated the 

TGF-β signaling pathway, fibroblast growth factor (FGF), platelet derived growth factor 

(PDGF), and a number of matrix metalloproteinases (MMPs), a family of endopeptidases 

that degrade collagen and are involved in ECM turnover, in the development of fibrosis in 

DD [13–18]. A prior study explored common mRNA expression profiles using DNA 

microarrays in tissue samples from patients with PD, DD, and control tissue from affected 

sites [19]. Qian et al. observed upregulation of MMP-2 and MMP-9, as well as thymosins 

(TM), which are MMP activators, specifically TMβ10 and TMβ4, in both PD and DD 

tissues[19]. There is also a suggested association between PD and LD, which is a rare entity 

(fewer than 200,000 cases described in the U.S.) that can occur concurrently in patients with 

polyfibromatosis [20]. There are no studies reporting rates of concurrent PD and LD. 

Genome studies have identified risk-conferring polymorphisms for DD and LD, similar to 

PD, although none of these have been causally linked to these conditions [21,22].

There have also been reports linking PD and organ confined and systemic fibrotic diseases. 

PD has been reported concurrently with idiopathic pulmonary fibrosis [23], Paget’s disease 

of the bone [24], and retroperitoneal fibrosis [25]. PD has also been associated with systemic 

fibrotic conditions such as scleroderma [26], polyfibromatosis [27], and systemic sclerosis 

[28,29]. However, in a larger study of 148 men with PD, Ventimiglia et al. did not find an 

association between PD with systemic sclerosis [30]. More recently, Pastuszak et al. 

reported the association of fibrotic conditions in nearly 9,000 men with PD, 200,000 men 

with ED, and 90,000 healthy controls within a large claims database cohort study. The 

authors identified an increased risk of keloids in patients with PD compared to controls [31]. 

In the same study, there was a reduced risk of liver fibrosis among PD patients compared to 

healthy controls, and the study did not find significant associations between PD and any of 

the conditions examined in prior studies.

Mediators of the Inflammatory and Fibrotic Response in Peyronie’s 

Disease:

Microtrauma to the penile tunica albuginea has traditionally been thought to be the most 

common trigger for plaque development in PD. Repetitive stress and destabilization of the 

tunica albuginea may lead to delamination of the fascial layer and cell damage. The resulting 

release of inflammatory mediators into the extracellular space in turn triggers a complex 

cascade leading to wound healing [32]. TGF-β is one of the key profibrotic mediators that 

leads to deposition of early ECM. Early deposition of ECM components causes platelet 

aggregation and clot formation. Concomitantly, platelet degranulation results in vasodilation 

and vascular permeability. Resident myofibroblasts and epithelial cells secrete 

metalloproteinases that increase basement cell membrane permeability, and the local 
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production of inflammatory mediators leads to recruitment of additional inflammatory cells, 

including neutrophils, macrophages, and leukocytes, to the site of injury. Together, these 

inflammatory cells facilitate tissue repair and wound healing.

Myofibroblasts are central in the inflammatory response and subsequent development of 

fibrosis in PD. These mesenchymal cells produce and respond to a number of factors that 

mediate wound healing and fibrosis, and an imbalance can lead to aberrant collagen 

deposition. At the cellular level, aberrations in the levels of the growth factor and cytokines 

in the inflammatory response are associated with overstimulation of myofibroblast 

proliferation and myofibroblast latency, as well as inhibition of myofibroblast apoptosis 

[8,33]. Additionally, it has been suggested that appropriate levels of these mediators in 

response to cell injury may also contribute to fibrosis through an intrinsic hypersensitivity by 

myofibroblasts to these stimuli [9]. There are a number of key inflammatory mediators, 

cytokines, and growth factors in this process that are reviewed below (Figure 1).

Transforming Growth Factor-β (TGF-β)

Transforming Growth Factor-β (TGF-β) is an early mediator produced in response to cell 

injury and stimulates myofibroblast proliferation and collagen production for early ECM 

deposition [34–37,5,38,39]. TGF-β also leads to chemotaxis of cells involved in 

inflammation and fibrosis including neutrophils, macrophages, monocytes, and lymphocytes 

[34,35,5]. Importantly, a rat model of PD developed via injection of cytomodulin into the 

penile tunica albuginea induced TGF-β1 expression [36]. Different concentrations of 

cytomodulin were injected into the tunicae albugineae of 18 rats, with 6 rats treated with 

saline as controls. Penile tissue was then obtained 3 days, 2 weeks and 6 weeks after 

treatment and histochemical analyses were performed. Histologic changes included 

increased elastin deposition, presence of a chronic inflammatory infiltrate composed of 

small lymphocytes and histocytes, and deposition of disorganized collagen bundles. 

Histologic evaluation was not performed on control rats. Immunoblot analyses demonstrated 

significantly higher levels of TGF-β1 mRNA levels compared to controls after 3 days and 2 

weeks. This small animal study suggested a role for TGF-β in the pathogenesis of PD.

TGF-β also alters production of other key mediators in the inflammatory and wound healing 

response. It inhibits production of mediators involved in collagenolysis (MMP-1, MMP-8, 

and MMP-13) and fibrinolysis (plasminogen activator inhibitor-1, PAI-1) [40–42]. Collagen 

turnover and normal wound healing are regulated by various MMPs that affect cell survival, 

gene expression, and continued myofibroblast activation [40,41]. In PD, MMPs are over-

inhibited, leading to excess collagen deposition within the ECM, which then leads to plaque 

formation [43,44]. TGF-β can also increase production of reactive oxygen species (ROS), 

and has been implicated in plaque calcification as well through osteoblast differentiation 

[45,46].

Interleukin-1 (IL-1)

Interleukin-1 (IL-1) is a pro-inflammatory cytokine produced by macrophages. Early 

proliferation of resident myofibroblasts and macrophages that are recruited to the site of 

injury release IL-1, which functions as a potent chemotactic mediator that further recruits 
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additional fibroblasts and stimulates collagen production [47,44]. Similar to TGF-β, IL-1 

also decreases production of MMPs 1, 2, 8, 9, 10, and 13 by fibroblasts that lead to increased 

collagen deposition [48,49]. IL-1 promotes inducible nitric oxide synthase (iNOS) 

production, which is involved in management of free radicals. Upregulation of iNOS 

prolongs wound healing and predisposes to fibrosis [50].

Fibroblast Growth Factor (FGF)

Fibroblast growth factor (FGF) is produced by fibroblasts and attracts other fibroblasts to the 

injury site, inducing their proliferation [51,49]. FGF also increases production of certain 

MMPs, including MMP-1 and MMP-9, and Tissue Inhibitor of MMP-1 (TIMP-1), 

ultimately leading to over-deposition of fibrin [51,49]. TIMP-1 balances the activity of 

MMPs and is involved in normal wound healing, but also plays a role in promotion of 

fibrosis and plaque formation [52]. The increased fibrin deposition can then induce further 

TGF-β expression.

Platelet-Derived Growth Factor (PDGF)

Platelet-Derived Growth Factor (PDGF) is a profibrotic cytokine produced by platelets and 

macrophages in response to exposure to ECM components. PDGF is a chemotactic agent 

that recruits fibroblasts to the site of injury and leads to fibroblast proliferation [39,44]. It 

can also stimulate TIMP synthesis. Additionally, PDGF has been linked to plaque 

calcification via its ability to recruit osteoblasts and induce osteoblast differentiation [46].

Plasminogen Activator Inhibitor 1 (PAI-1)

Plasminogen Activator Inhibitor 1 (PAI-1), like PDGF, is also a platelet product that is 

released in response to fibrin deposition. In patients with PD, tunica albuginea plaque 

samples demonstrated increased PAI-1 expression compared to controls [53]. PAI-1 inhibits 

fibrinolysis and is also a potent chemotactic agent, recruiting fibroblasts and inflammatory 

cells to the site of expression. Additionally, PAI-1 inhibits MMP-3 and MMP-9 and alters 

collagenolysis, promoting excess collagen deposition [44,42].

Reactive Oxygen Species (ROS)

Although mechanical trauma is thought to be the most common inciting trigger for fibrosis 

in PD, hypoxia and ROS are associated triggers that have been identified in other fibrotic 

disease pathways. Hypoxia inducible factor-1α (HIF-1α) is a key mediator following 

hypoxia-induced injury and has been implicated in the activation of profibrotic gene 

expression and secretion of growth factors such as TGF-β [54,55]. Excessive production of 

ROS has been implicated in the pathogenesis of idiopathic pulmonary fibrosis and liver 

fibrosis [56,57,45].

There is growing evidence to suggest that oxidative stress also has an important role in the 

development of erectile dysfunction and subsequently PD [5]. Overproduction of ROS 

reduces the concentration of nitric oxide that is available for cavernosal smooth muscle 

relaxation and can lead to long-term endothelial dysfunction. Repetitive stress and penile 

destabilization, which is more likely in men with ED, can lead to the development of PD.
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In addition to the growth factor and cytokine production that occurs after an initial cellular 

insult, an “oxidative burst” also occurs concurrently in the early stages of tissue remodeling 

[58]. This “oxidative burst” is a rapid release of ROS, including superoxide radicals, by 

macrophages and neutrophils. Several nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase isoforms are upregulated in neutrophils and macrophages within 24–48 

hours after the initial cellular insult and are largely responsible for initiation of the oxidative 

burst [59,58]. The excess production of ROS activates Nuclear Factor kappa-light-chain-

enhancer of activated B cells (NF-κB) which then regulates production of TGF-β, fibrin, 

collagen, and other profibrotic mediators [5].

Tumor Necrosis Factor-α (TNF-α)

Tumor Necrosis Factor-α (TNF-α) is produced by macrophages in response to tissue injury, 

and directly stimulates fibroblast proliferation and iNOS production, leading to prolonged 

wound healing and fibrosis [5,44,50]. Excess ROS and TNF-α production leads to nitro-

oxidative stress tissue damage and a cycle of abnormal collagen deposition.

Intracellular Pathways in Fibrosis

Activation of myofibroblasts in response to an inciting event is thought to be primarily 

induced by transforming growth factor-β (TGF-β) [34,60]. TGF-β is produced as an inactive 

peptide that is secreted into the extracellular space. TGF-β homodimers complex with 

arginine-glycine-aspartate-containing N-terminal binding peptide remain latent until several 

proteolytic activating events occur, activating TGF-β [60]. The active form of TGF-β binds 

the TGF-β receptor II, which is a serine/threonine transmembrane receptor kinase located on 

myofibroblasts, and initiates an intracellular signaling cascade which involves the Smad 

proteins (Smad2, Smad3, Smad4), and represents the canonical TGF-β/Smad fibrosis 

pathway [61]. Alternative TGF-β pathways mediated by non-Smad proteins including the 

PI3K/PAK-2/c-Abl pathway, the Rho/ROCK pathway, and the JNK/C-JUN pathway are 

alternate pathways resulting in fibrosis through TGF-β signaling (Figure 2).

In the TGF-β/Smad-mediated pathways, the phosphorylated ligand-bound TGF-β receptor II 

phosphorylates TGF-β receptor I [60]. TGF-β receptor I consists of a family of activin-like 

kinases (Alk). The most important Alk associated with TGF-β receptor I is Alk-5. Activation 

of Alk-5 associated with TGF-β receptor I leads to phosphorylation of Smad2/Smad3 that 

complexes with Smad4. This complex moves across the nuclear membrane and acts as a 

transcription factor, activating the promotor for COL1A1 and COL1A2 which produces α1 

and α2 chains of collagen I respectively. Additional targets include activation of the 

connective tissue growth factor (CTGF) promoter. Unfortunately, the complete set of targets 

is incompletely characterized.

The non-Smad signaling pathways are also important effectors of TGF-β, and are thought to 

be activated concurrently with the Smad signaling pathways [61]. However, it is uncertain 

how these pathways are selectively activated. The phosphorylated ligand-bound TGF-β 
receptor II complexes with Alk-1 and phosphorylates PI3K, which triggers activation of 

P21-activated kinase 2 (PAK2) followed by c-Abelson kinase (c-Abl). Activation of c-Abl is 

important given its activation of several downstream effectors including early growth 
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response protein (EgR-1), protein kinase C delta (PKC-δ), and phosphorylation of Smad1. 

The phosphorylated Smad1 complexes with Smad4 and translocates to the nucleus. 

Together, downstream effects include increased transcription of CTGF, COL1A1 and 

COL1A2. Concurrently, ligand-bound TGF-β receptor II/Alk-5 complex activates c-Jun N 

terminal kinase (JNK), through another non-Smad mediated fibrotic pathway [61]. JNK 

phosphorylates c-Jun, which is an important transcription factor that is part of the Jun family 

of basic leucine zipper (b-ZIP) transcription factors. c-Jun activates other activator protein-1 

(AP-1) transcription factors (including members of the Jun and Fos family) and promotes 

transcription of COL1A1 and COL1A2. Additional targets of AP-1 in the profibrotic 

response are incompletely characterized, although it is a known mediator for the recruitment 

of macrophage and regulatory T cells. Another concurrent non-Smad pathway is the Rho/

ROCK pathway. The ligand-bound TGF-β receptor II/Alk-1 complex phosphorylates Rho 

protein. This in turn leads to activation of Rho associated protein kinase (ROCK). ROCK 

promotes transcription of CTGF which contributes to fibrosis [61].

Bone Morphogenetic Proteins (BMPs) are members of the TGF-β family but act as a 

counterbalance to the profibrotic effects of most TGF-β family proteins (Figure 2). BMP-6, 

BMP-7, and BMP-9 are key antifibrotic effectors [60,62,63]. Similar to TGF-β, BMP 

signaling involves canonical Smad-dependent and non-canonical Smad-independent 

pathways (i.e. the p38 mitogen-activate protein kinase [MAPK] pathway) [64]. In the 

canonical Smad-dependent pathway, BMPs bind to BMP receptor II and phosphorylate BMP 

Receptor I. BMP Receptor I can include several activin-like kinases including Alk-1, 2, 3, 

and 6. This then leads to phosphorylation of Smad1/Smad5/Smad8 that then complexes with 

Smad4, with the resulting complex translocating to the nucleus and stimulating expression 

of Smad6 and Smad7. Smad6 provides negative feedback to BMP Receptor I to regulate 

phosphorylation of Smad1/Smad5/Smad8. Smad7 promotes degradation of the TGF-β 
Receptor I, which downregulates the TGF-β/Smad pathway and the JNK/c-Jun pathway. The 

non-canonical Smad-independent pathway is thought to promote collagen synthesis by 

myofibroblasts but has a role in stimulating osteoblast differentiation and calcification as 

well [65]. This pathway is mediated by activation of Tak1/Tab1 by a ligand bound BMP 

receptor II/BMP receptor I complex. Tak1/Tab1 activates the p38 MAPK pathway including 

transcriptional upregulation of certain genes including AP-1 in myofibroblasts and the Runt-

related transcription factor 2 (Runx2) gene in osteoblasts, which controls osteoprogenitor 

cell differentiation. There is little known regarding the antifibrotic mechanisms of BMPs and 

their role in balancing the profibrotic mechanisms of TGF-β.

Other Molecular Pathways involved in Human Fibrotic Diseases

Although the TGF-β pathway has the most important role in fibrosis, there are other 

molecular pathways that have been identified in fibrosis for other organ systems [8,9,33]. 

The intracellular molecular pathways in PD have historically focused on the TGF-β 
pathway. However, a more complete understanding of the involvement of other pathways 

that can stimulate fibrosis may provide novel targets for therapeutics in the setting of PD. 

Systemic sclerosis is an acquired fibrotic disease characterized by uncontrolled deposition of 

ECM causing thickened dermis. The relative ease of obtaining human dermal tissue samples 

and human derived dermal fibroblast cell lines has made systemic sclerosis a model disease 

Patel et al. Page 7

World J Urol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for the study of human fibrotic diseases. Several additional fibrotic signaling pathways 

contributing to fibrosis have been identified in systemic sclerosis, including the Notch, Sonic 

Hedgehog, and Wnt/β-catenin pathways. However, these pathways have not been 

extensively studied with regards to pathogenesis in PD. A genome wide association study 

identified an association between the single nucleotide polymorphism (SNP) rs4730775 in 

the Wnt2 gene and PD susceptibility, suggesting a role for the Wnt signaling pathway in PD 

[66]. Associations between the Notch and Sonic Hedgehog signaling pathways and PD have 

yet to be explored. Although there is some evidence suggesting roles for these three 

pathways in the pathogenesis of fibrosis for systemic sclerosis, our understanding of these 

signaling pathways and the crosstalk between pathways is limited.

The Notch signaling pathway was initially identified in Drosophila [67]. It involves binding 

of the Jagged-1 and Delta-like ligands to Notch membrane receptors that results in the 

release of the active Notch intracellular domain (NICD) [67]. This domain translocates to 

the cell nucleus where it enhances transcription of Hairy/Enhancer of Split (Hes-1). 

Activation of the Notch signaling pathway ultimately increases collagen production and 

promotes fibrosis although the nuclear targets of NICD have been incompletely identified. In 

an in vitro model of cultured dermal systemic sclerosis fibroblasts, stimulation with 

recombinant Jag-1 led to increased collagen synthesis and differentiation of resting 

fibroblasts to myofibroblasts [68].

The Sonic hedgehog (Shh) family of proteins has also been implicated in fibrosis. Shh binds 

Patched (Ptc), a transmembrane protein that stabilizes the Gli family of zinc finger 

transcription factors that enhance transcription of profibrotic genes [69]. Without the 

presence of Shh, Ptc is bound to Smoothened (Smo), a G protein-coupled receptor, in a 

latent state. In another systemic sclerosis model of cultured fibroblasts, overstimulation by 

Shh led to increased levels of Gli-2 and increased collagen synthesis [70]. Additionally, 

overexpression of both TGF-β and Shh in these models led to more pronounced 

myofibroblast differentiation and increased collagen production compared to TGF-β 
stimulation alone, suggesting a synergistic effect of both signaling pathways [70].

The Wnt/β-catenin pathways have also been implicated in fibrosis [71]. In the absence of 

Wnt, β-catenin forms an intricate complex which is tagged for ubiquitin-mediated 

degradation. In the presence of Wnt protein, the Frizzled (FZD) receptor and low density 

lipoprotein receptor related protein 1 (LRP1) co-receptor, bind Wnt and disrupt the 

degradation of β-catenin and promote β-catenin stabilization. β-catenin then moves to the 

nucleus where it binds T-cell factor/Lymphoid enhancer factor (TCF/LEF) to promote 

transcription of several genes including c-myc, c-jun, and MMP-7. Other downstream 

effectors regulate cell proliferation and cell death. In a mouse model of systemic sclerosis, 

Beyer et al. observed increased levels of β-catenin, Wnt-1 and Wnt-10b in dermal tissue 

samples obtained from patients with systemic sclerosis compared to healthy controls [72]. 

Mice fibroblast cultures with stabilization of β-catenin, developed dermal thickening and 

accumulation of collagen within 2 weeks.
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Conclusions

Current knowledge of the pathogenesis of PD and related fibrosing disorders is limited. 

Although TGF-β is thought to be the primary mediator of fibrosis, there are multiple 

pathways, cytokines, and growth factors that are involved in fibrosis, and there are likely 

other pathways and mediators involved in human fibrotic conditions that remain to be 

identified. Identification of pathways predisposing to or leading to fibrosis in other organ-

confined and systemic fibrotic conditions may lead to a better overall understanding of the 

common molecular alterations that lead to fibrosis in PD and additional insight into other 

benign urologic conditions such as erectile dysfunction. The development of novel 

preventative or disease modifying therapeutics will require appreciation of the breadth of 

signaling pathways leading to fibrosis in PD. Future treatments may be most successful by 

interfering at multiple points in the molecular mechanisms of fibrosis due to the redundancy 

within these pathways.
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Figure 1: Inflammatory and Fibrotic Response after Cell Damage in Peyronie’s Disease
“Abbreviations: TGF-β - Transforming Growth Factor-β; IL-1 – Interleukin-1; FGF – 

Fibroblast Growth Factor; PDGF – Platelet Derived Growth Factor; PAI-1 - Plasminogen 

Activator Inhibitor 1; TNF- Tumor Necrosis Factor-α; ROS – Reactive Oxygen Species; NF-

ΚB - nuclear factor kappa-light-chain-enhancer of activated B cells; MMP - matrix 

metalloproteinase; TIMP - Tissue Inhibitor of MMP.”
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Figure 2: Signaling Pathways in Fibrosis. TGF-β and BMP-mediated signaling pathways within 
fibroblasts.
“Abbreviations: TGF-β - Transforming Growth Factor-β; TGF-β RI - Transforming Growth 

Factor-β Receptor I; TGF-β RII - Transforming Growth Factor-β Receptor II; BMP – Bone 

Morphogenetic Protein; BMP RI - Bone Morphogenetic Protein Receptor I; BMP RII - Bone 

Morphogenetic Protein Receptor II; PAK-2 - P21-activated kinase 2; c-Abl- c-Abelson 

kinase; PKC-δ - protein kinase C delta; EgR – Early growth response protein; ROCK – Rho 

associated protein kinase; CTGF – Connective Tissue Growth Factor; JNK - c-Jun N 

terminal kinase; AP-1 – Activator Protein −1; Tak1 - TGF-β-activated kinase 1; Tab1 - TGF-

β activated kinase 1 binding protein 1; MAPK – mitogen activated protein kinase.
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