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Abstract
Introduction—Transforming growth factor-β1 (TGF-β1) has been implicated in the
pathogenesis of Peyronie’s disease (PD) and also plays a role in collagen and elastin metabolism.
Pentoxifylline (PTX) antagonizes the effects of TGF-β1 and has been utilized in our clinic for the
management of PD.

Aim—We studied the effects of TGF-β1 and PTX on collagen metabolism and elastogenesis in
tunica albuginea-derived fibroblasts (TADFs).
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Methods—TADFs from men with and without PD were cultured and treated with TGF-β1 and
PTX as monotherapy at differing concentrations and time points. Combination treatment (TGF-β1
followed by PTX and vice versa) was also investigated.

Main Outcome Measures—Cell proliferation assay, enzyme-linked immunosorbent assay, and
immunohistochemistry were utilized to assess the impact of TGF-β1 and PTX on TADF with
respect to elastin and collagen I metabolism.

Results—PTX inhibited fibroblast proliferation at doses of 100 μM. TGF-β1 stimulated
elastogenesis and collagen I fiber deposition in TADF in a dose- and time-dependent fashion.
Pretreatment with PTX dramatically attenuated TGF-β1-mediated elastogenesis and collagen fiber
deposition in TADF from men with and without PD. Interestingly, production of collagen I was
higher in untreated Peyronie’s tunica (PT) cells relative to normal tunica (NT) cells; furthermore,
PTX attenuated collagen production to levels similar to untreated control TADF in PT cells but
not in NT cells, suggesting important intrinsic differences between PT and NT cells.

Conclusion—Both elastin and collagen are upregulated by TGF-β1 in TADF. This likely
contributes to the PD phenotype. Pretreatment with PTX attenuates both collagen fiber deposition
and elastogenesis in TADF exposed to TGF-β1; these effects suggest a useful role for PTX in the
management of PD.
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Introduction
Peyronie’s disease (PD) is the most common cause of acquired deformity of the penis and is
characterized by the development of fibrotic, collagen-containing plaques within the tunica
albuginea [1,2]. The condition is thought to occur when genetically predisposed men suffer
trauma to the tunica; this injury may lead to a prolonged inflammatory response with
subsequent remodeling of connective tissue into a dense fibrotic plaque with abundant
collagen deposition [2,3]. It has been established in prior studies using cultured tunica
fibroblasts that a variety of factors involved in wound healing and fibrosis (including alpha-
actin, beta-catenin, heat-shock proteins, fibronectin, transforming growth factor-β1 (TGF-
β1) receptor, and several currently unknown proteins) are upregulated in PD-plaque-derived
cells compared with normal-tunica-derived cells [4]. Investigation of the molecular
underpinnings of PD has the potential to further improve our capacity to understand and
treat this disorder.

TGF-β1 has been implicated in the pathogenesis of numerous human fibrotic disorders and
has been linked to the PD phenotype [5]. Treatment with TGF-β1 has been shown to induce
a PD-like condition in animal models [6,7]. Much of this effect has been attributed to TGF-
β1 induced enhancement of collagen production in fibroblasts and corporal smooth muscle
cells [8,9]. TGF-β1 has also been demonstrated to increase elastin mRNA levels in both
dermal and lung fibroblasts [10,11]. A report by Stewart et al. suggested that PD is
associated with an increase in elastin fiber production and degradation [12]. Histological
studies have demonstrated that tunical plaque tissue from men with PD contains dense,
abnormal bundles of elastin [13]. It is logical to speculate that elastin metabolism may
influence the PD phenotype; however, study of elastin in PD has been for the most part
neglected in favor of studies of collagen metabolism.

Pentoxifylline (PTX), a nonselective phosphodiesterase inhibitor with anti-inflammatory
properties in vivo and in vitro, has been used in a variety of inflammatory and fibrotic
conditions [14–17]. PTX has been shown in both in vitro and in vivo (rat) experiments to
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induce regression of collagen and TGF-β1 mediated plaque formation [18]. In clinical
practice PTX has been utilized for the treatment of PD although published data on treatment
outcomes are limited [19].

In the current study, we studied the impact of TGF-β1 on elastin and collagen metabolism in
tunica albuginea-derived fibroblasts (TADF). TADF are localized to the tissue in which PD
lesions typically develop and therefore represent a potentially more accurate and informative
model system than foreskin-derived fibroblasts. We also investigated the impact of PTX on
this in vitro model system. Our hypothesis was that TGF-β1 induces dysregulation of
collagen and elastin metabolism in TADF and that PTX ameliorates these effects.

Materials and Methods
Tissue Harvesting and Cell Culture

Our Institutional Committee on Human Research approved all procedures regarding the
collection and use of human tissues. Plaque containing specimens of tunica from men with
PD (PT) were harvested from 12 patients with chronic (>12 months duration) PD who were
undergoing surgery for correction of penile curvature. Normal tunica (NT) was harvested
from six patients who were undergoing penile prosthesis placement. None of the patients
had undergone radical prostatectomy and all were free of diabetes. All cavernosal tissue was
stripped from the biopsy specimens so as to ensure a pure culture of tunica-derived tissues.

TADF were procured as previously described [20]. Briefly, the tunica tissues were washed
three times in sterile phosphate-buffered saline (PBS) and cut into 2- to 3-mm3 segments.
The segments were placed evenly onto a 100-mm cell culture dish (Falcon-Becton
Dickinson Labware, Franklin Lakes, NJ, USA). Ten minutes later, 10 mL of Dulbecco’s
modified Eagle medium (DMEM) containing penicillin (100 units/mL), streptomycin (100
ug/mL), and 10% fetal bovine serum (FBS) was pipetted into the dish. The dish was kept
undisturbed in a humidified 37°C incubator with 5% CO2. Five days later, tissue segments
that had detached from the dish were removed, and the culture medium was replaced. This
process was repeated after another 5 days of culture. When small islands of cells were
noticeable, wells were treated with trypsin and transferred to a fresh dish. Expansion of each
cell line was continued with change of medium every 3 days and passages approximately
every 10 days. It has been demonstrated that chromosomal and cellular biological
characteristics may change after multiple passages in cultured fibroblasts [21,22]; therefore,
all cells used in the following experiments were from passages 4 through 10. All
experiments were repeated in triplicate on TADF from each subject (i.e., 12 PT and 6 NT)
and all data are presented as the average of three independent experiments.

Cell Proliferation Assay
The CellTiter-96 kit (Promega, Inc., Madison, WI, USA) was used for cell proliferation
assay in the presence of PTX. One flat bottom 96-well cell culture plate was used for each
assay. The plate was divided into 12 rows and each row was used for a set concentration of
PTX. Each well in the same row received 50 μL of serum-free DMEM with 1% bovine
serum albumin (BSA) mixed with PTX 0 nM, 100 nM, 10 μM, or 100 μM. Thereafter, cells
that had grown to 70% confluence were rinsed with phosphate buffered saline, trypsinized,
and resuspended in serum-free DMEM supplemented with 1% BSA at 1 ×10 [5] cells per
mL. A total 50 μL of the cell suspension was then transferred to each well so that each well
contained ~5,000 cells in a final volume of 100 μL. The plate was incubated in a 37°C
humidified incubator with 5% CO2 for 48 hours. After 48 hours, 20 μL of CellTiter 96
Aqueous were added to each well and the plate was incubated an additional 1.5 and 3 hours
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at 37°C in the humidified 5% CO2 incubator. Color development was recorded with a plate
reader (Molecular Devices Corp., Sunnyvale, CA, USA) at 490 nm absorbance.

Elastogenesis Assay and Immunofluorescence Staining
Protoelastin proteins are secreted out of the cell and assembled into elastin fibers by the
actions of the proteins fibulin5 (aka DANCE) and lysyl oxidase-like 1 (LOXL). This
biological process is termed elastogenesis. To study elastogenesis in vitro, TADF were
seeded into eight-well plated glass at 40–60% confluence in DMEM with 10% FBS. At the
time of experimental intervention cells were starved of FBS for 12 hours and subsequently
treated with either 1 ng/mL TGF-β1 or PTX at 0, 0.01, 10, and 100 uM followed 6 hours
later by 1 ng/mL TGF-β1 treatment. After treatment cells were maintained in 5% FBS
DMEM for 2 weeks, the TADF were fixed with ice-cold methanol for 8 minutes,
permeabilized with 0.05% Triton X-100 for 5 minutes, and blocked with 5% normal horse
serum in PBS for 1 hour at room temperature. The cells were then incubated with Goat anti-
elastin antibody and rabbit anti-DANCE antibody for 1 hour at room temperature. After
washing with PBS three times, the cells were incubated with FITC-conjugated donkey anti-
goat antibody for 1 hour at room temperature. After three washes with PBS, the cells were
incubated with DexRed-conjugated Goat anti-rabbit antibody for 1 hour at room
temperature. After three washes with PBS, the cells were stained with 4′,6-diamidino-2-
phenylindole (for nuclear staining) for 5 minutes, examined under a fluorescence
microscope, and photographed.

Quantification of Collagen I
Cells were seeded at 5 × 10 [4] cells per well in 1 mL of DMEM with 10% FBS in 12-well
culture plates. In 48–72 hours, the cells reached 80% confluence and were then treated with
1 ng/mL TGF-β1 only or followed PTX at 10 uM, or PTX at 10 uM for 6 hours followed by
1 ng/mL TGF-β1. The culture media were harvested 24 hours and assayed with the collagen
I enzyme-linked immunosorbent assay kit (Chondrex, Redmond, WA, USA) according to
the protocol from the manufacturer. All assays were performed in triplicate in each
experiment and all data presented under results are the average of three independent
experiments.

Statistics
Statistical analysis was performed according to the Primer of Biostatistics, 3rd edition
(Glantz SA, McGraw-Hill, Inc, New York, NY, USA). Data are expressed as means ±
standard deviation. Analysis of variance on data from all groups was used to determine the P
value. If the P value was less than 0.05, multiple comparisons of data from paired groups
were performed with Bonferroni correction. All calculations were performed using Prism
GraphPad v 4.0 (GraphPad Software, La Jolla, CA, USA). Statistical significance was set at
P ≤ 0.05.

Results
PTX Inhibits Cell Proliferation at Doses of 100 Micromolar

Proliferation of both PT and NT TADF was slightly but significantly inhibited by PTX at
doses of 100 μM PTX; at lower doses of PTX this inhibition was not statistically significant.

TGF-β1 Promotes Elastogenesis in TADF
TADF did not form elastin fibers in vitro without exposure to TGF-β1, although small
quantities of tropoelastin were identified (Figure 1A, B). After treatment with TGF-β1 at 1
ng/mL for 2 weeks in 5% FBS DMEM medium, TADF formed complex elastin fibers as
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determined by immunohistochemical staining for DANCE and elastin. A trend towards
more robust TGF-β1 mediated elastogenesis was noted in PT relative to NT cells but this
difference was not quantitated, and therefore cannot be definitively concluded (Figure 1C,
D).

Pretreatment with PTX Attenuates TGF-β1-Mediated Elastogenesis in TADF
Pretreatment with PTX 6 hours prior to exposure to TGF-β1 inhibited elastogenesis in
TADF in a dose-dependent fashion in PT cells (Figure 2). At 100 μM, PTX completely
attenuated elastogenesis in both NT and PT cells (Figure 3). PTX alone had no impact on
elastogenesis, and PTX given 6 hours after TGF-β1 did not inhibit elastogenesis to a
significant extent (data not shown).

PTX Attenuates TGF-β1-Mediated Collagen Production in TADF
Expression of collagen I was significantly higher in untreated (control) PT vs. untreated NT
cells. A significant decline in the production of Collagen I was detected in TGF-β1 treated
TADF which received PTX pretreatment compared with cells that received TGF-β1 alone
and TGF-β1 followed by PTX (Figure 4). Interestingly, NT cells that were treated with PTX
followed by TGF-β1 expressed collagen in significantly higher amounts than untreated
control NT cells but lower amounts than what was observed in the other two treatment arms;
in contrast, PT cells that were pretreated with PTX followed by TGF-β1 expressed collagen
at levels similar to completely untreated PT cells (Figure 4). Cells that received PTX after
TGF-β1 had a significant difference in collagen expression relative to cells that were treated
with TGF-β1 alone; this applied to both NT and PT cells.

Discussion
TGF-β1 is a regulator of normal biological functions including cell proliferation, apoptosis,
differentiation, adhesion, and mobility [23]. TGF-β1 also contributes to the pathogenesis
and progression of many human diseases, particularly those involving fibrosis [24,25]; PD
has been intimately linked with TGF-β1 [6,26] and TGF-β1 injection has been demonstrated
to produce fragmentation of penile elastic fibers and thickening of collagen in rat models
[27].

Our study is novel relative to prior in vitro work with PD tissues in that we have investigated
elastin metabolism in cultured TADF and the impact of PTX in this model system. This
differs from other important work that has been done in PD cell cultures [28–30]. As would
be expected, treatment with TGF-β1 stimulated an increase in collagen I production in all
TADF. Interestingly, baseline production of collagen I was significantly higher in PT
relative to NT cells, suggesting some intrinsic difference in the collagen-producing
properties of these cells. The upregulation of collagen in our study is in line with prior
reports in PD and is supportive of our model system as a proxy for studies of PD.

Although collagen findings are of some interest for validation of the model system, the
principal novel finding of our study pertains to elastin metabolism. Upregulation of elastin
production in inflammatory conditions has been previously reported [31,32]. Based on
antibody studies, Stewart et al. suggested that elastin production and breakdown is
upregulated in clinical PD [12]. However, other reports have suggested that elastin
metabolism is down-regulated in PD plaques. Iacono et al. reported a significant decline in
the number of elastin fibers found in tunica specimens from men with PD compared with
controls; furthermore, men with erectile dysfunction (ED) and PD had significantly fewer
elastin fibers than men with PD alone [1]. Costa et al. reported on stereological density of
collagen and elastin in a series of plaque and corporal specimens in 7 men with PD
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compared with five men with no clinical evidence of PD. It was determined that the elastin
content in both the plaque and the corporal tissue was significantly lower than what was
observed in specimens from men without PD [33]. Similarly, in a study of 64 men Akkus et
al. reported significantly lower elastin content in men with ED and/or PD relative to men
without either condition; the elastin that was present tended to be densely packed and
abnormal [13]. Loss of elasticity is consistent on a conceptual level with fibrotic conditions
and therefore our determination of increases in elastin production with TGF-β1 is
counterintuitive.

In our own examination of more than 20 plaques excised during surgery, the distribution and
amount of elastic fibers has varied even within the same plaque. In the center of a mature
plaque elastic fibers are scanty because of the dominance of the packed collagen fibers. In
the peripheral part of the plaque, the elastic fibers content can be abundant but tend to be
variable in length, width and arrangement (unpublished data). Therefore, based on our
findings, we believe that the apparent total volume of elastic fibers can be increased or
decreased in PD depending on the stage of the disease and the location from which
histological samples are taken; this may explain the prior report by Akkus et al. in which
dense buncles of elastin were observed but overall elastin content was thought to be
diminished. It may be conjectured that many of these elastin fibers produced in clinical PD
are phenotypically abnormal and not truly elastic, perhaps more similar to a “rubber ball”
than a “rubber band.” In this situation elastin fibers may contribute to the PD phenotype
rather than oppose it; ergo, upregulation of elastin production would tend to worsen clinical
PD. It may also be the case that elastogenesis effects of the disease process(es) leading to the
clinical condition of PD are overwhelmed by collagen effects, rendering elastin metabolism
perturbations a moot point. These hypotheses are at this time entirely speculation; further
histochemical, functional tissue, and in vivo studies using the variety of experimental
models currently available will be required to ascertain whether they have any validity and
to either refute or confirm prior published reports [34].

PTX, a non-specific phosphodiesterase inhibitor, has been used in a variety of clinical
inflammatory and fibrotic conditions [14–17]. Oral bioavailablity of PTX is about 20–30%
and the serum half-life of PTX is about 1 hour; to compensate for this a 400-mg extended
release formulation taken three times daily is the standard regimen for use of this drug. At
the conclusion of a 9 day study of routine dose PTX at 400 mg three times daily, peak serum
concentration was 248 ng/mL with AUC 922 ± 512 ng/mL*hour; with a molecular weight of
PTX of 278.3 g/Mole, this translates to approximate peak concentration of 0.89 uM and
AUC of 3.3 uM/hour [35]. We are not aware of any published data concerning soft tissue
concentration of PTX in human subjects after treatment. Assuming soft tissue levels of PTX
are similar to serum levels in vivo, these concentrations are in the mid-range of doses
utilized for this study. However, PTX is metabolized into at least seven active metabolites in
vivo, and therefore serum concentrations of PTX alone may not be reflective of the level of
biological activity of the drug in vivo [36].

In this study, PTX had a modest and likely clinically insignificant inhibitory effect on cell
proliferation at high doses. PTX also had inhibitory effects on both elastogenesis and
collagen fiber deposition. However, these effects occurred only when cells were incubated
with PTX prior to exposure to TGF-β1. It is logical to speculate therefore that PTX will
have a modest effect in ameliorating existing plaque tissue but may have an important role
in PD by inhibiting the TGF-β1-mediated processes leading to further plaque formation. As
PD is a progressive and chronic disease, interruption of the cascade of events leading to
deposition of extracellular matrix would likely be of clinical utility when administered
during the active phase of the disease. These findings suggest that PTX may be useful in the
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management of early phase PD or in cases where there is a concern about possible
development of PD (i.e., penile fracture or other penile trauma).

It is particularly intriguing that PTX was able to return collagen production to what was seen
in untreated control TADF in PT but not in NT. One possible explanation for this finding is
that TGF-β1 induced a transformation in NT that made them similar to PT cells, with similar
levels of collagen production that could not be modulated by PTX treatment; indeed, there
was very little difference in collagen production between NT and PT treated with PTX
followed by TGF-β1. In this scenario, PTX might play an inhibitory role in collagen
production but cannot completely restore collagen metabolism to what is observed in
healthy (i.e., NT), untreated TADF.

Limitations of this study include the in vitro study design; the behavior of cultured
monolayers of fibroblasts in vitro may not be representative of what occurs in the more
complex in vivo environment. Furthermore, we did not assess collagen III metabolism,
which has been shown to play a role in PD in vivo. Without precise quantification of elastin
fiber content it is difficult to definitively claim that elastin fiber content was higher in TGF-
β1 treated cells. The mechanism by which PTX mediates elastin and collagen metabolism is
the subject of another investigation that will be published separately; in this related study
elastin mRNA and protein content are also quantified, lending support to our histological
findings from this study. PTX treatment had to be applied prior to the application of TGF-β1
for maximal efficacy. Patients with PD typically present after disease is already manifest.
This finding begs the question of whether or not application of PTX in a patient with
existing PD could produce clinically meaningful results. However, as the inflammatory
injury of PD is thought to be progressive and likely involves autocrine factors, we believe
that application of PTX may have utility in disrupting progression of active phase PD
lesions. PTX may also be useful when given before the development of palpable plaque in a
patient at high risk of developing PD, i.e., after penile injury.

Conclusions
Pretreatment of TADF with PTX attenuates the TGF-β1 mediated increase in elastogenesis
and collagen deposition, suggesting that PTX may have utility in the management of PD.
The precise mechanisms by which PTX attenuates TGF-β1 mediated elastogenesis and
collagen deposition remain unclear. Further studies are required to elucidate the molecular
mechanisms underlying these observations; additionally, randomized, and controlled clinical
studies in men with PD should be undertaken to accurately determine the clinical utility of
PTX in the management of this troublesome and controversial condition.
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Figure 1.
Tunica albuginea-derived fibroblast cells were treated with vehicle or transforming growth
factor-β1 (TGF-β1; 1 ng/mL) in Dulbecco’s modified Eagle medium with 5% fetal bovine
serum for 14 days. In the native status (vehicle treated; A, B), there were no mature elastic
fibers formed although small quantities of tropoelastin were identified (arrowheads). After
treatment with TGF-β1, elastogenesis was activated. Many matured elastic fibers (arrows)
were formed in the extracellular matrix (green) (C, D). Elastin fiber formation was more
robust in PT cells.
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Figure 2.
Pentoxifylline (PTX) attenuates elastogenesis activated by transforming growth factor-β1
(TGF-β1) in tunica albuginea-derived fibroblast. PT TADF cells were pretreated with 0,
0.01, 10, and 100 uM PTX for 6 hours followed by 1 ng/mL TGF-β1 for 14 days in
Dulbecco’s modified Eagle medium with 5% fetal bovine serum. Inhibition of elastogenesis
showed a dose–response increase with progressively higher levels of PTX in PT cells; a
PTX dose–response relationship was not clearly evident in normal tunica cells (arrows
indicate elastic fibers, arrowhead indicates tropoelastin. ×200).
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Figure 3.
Pentoxifylline (PTX) attenuates elastogenesis activated by transforming growth factor-β1
(TGF-β1) in normal tunica (NT) and PT cells. (A) PT tunica albuginea-derived fibroblast
cells were treated with TGF-β1 (1 ng/mL) or combination TGF-β1 (1 ng/mL) and PTX (100
uM). PTX attenuated elastogenesis in both PT and NT cells.
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Figure 4.
Pentoxifylline (PTX) decreases collagen I in tunica albuginea-derived fibroblast. Normal
tunica (NT) and PT were treated with transforming growth factor-β1 (TGF-β1), TGF-β
followed by PTX, and PTX followed by TGF-β1. Expression of collagen I was higher in PT
relative to NT in the untreated control group (*P < 0.05). TGF-β1 significantly increased
collagen I in NT and PT cells from 0.169 3 0.02 and 0.703 3 0.1 ug/mL to 1.342 3 0.01 and
1.8525 3 0.05 ug/mL, respectively (#P < 0.05 vs. controls). This effect was not observed in
cells pretreated with PTX prior to TGF-β1 (0.569 3 0.02 and 0.75 3 0.05 ug/mL in NT and
PT, respectively, P < 0.05 vs. TGF-β1 treated groups) although collagen I production in
these NT cells remained significantly higher than what was observed in NT controls (#P <
0.05 vs. control cells). PTX following TGF-β1 treatment did not affect collagen I increase
relative to TGF-β1 alone (P > 0.05; *P < 0.05 vs. NT cells, #P < 0.05 vs. control cells [PT
and NT]).
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