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Mineralized Peyronie’s plaque (MPP) impairs penile function. The association, colocalization, and dynamic
interplay between organic and inorganic constituents can provide insights into biomineralization of Pey-
ronie’s plaque. Human MPPs (n=11) were surgically excised, and the organic and inorganic constituents
were spatially mapped using multiple high-resolution imaging techniques. Multiscale image analyses re-
sulted in spatial colocalization of elements within a highly porous material with heterogenous composi-

Keywords: tion, lamellae, and osteocytic lacuna-like features with a morphological resemblance to bone. The lower

Biomineralization (520+179mg/cc) and higher (1024 4+ 155 mg/cc) mineral density regions were associated with higher

Peyronie’s (11%) and lower (7%) porosities in MPP. Energy dispersive X-ray and micro-X-ray fluorescent spectroscopic

;leterotopic ossification maps in the higher mineral density regions of MPP revealed higher counts of calcium (Ca) and phospho-
one

rus (P), and a Ca/P ratio of 1.48 4-0.06 similar to bone. More importantly, higher counts of zinc (Zn) were
localized at the interface between softer (more organic to inorganic ratio) and harder (less organic to in-
organic ratio) tissue regions of MPP and adjacent softer matrix, indicating the involvement of Zn-related
proteins and/or pathways in the formation of MPP. In particular, dentin matrix protein-1 (DMP-1) was
colocalized in a matrix rich in proteoglycans and collagen that contained osteocytic lacuna-like features.
This combined materials science and biochemical with correlative microspectroscopic approach provided
insights into the plausible cellular and biochemical pathways that incite mineralization of an existing
fibrous Peyronie’s plaque.

Statement of significance

Aberrant human penile mineralization is known as mineralized Peyronie’s plaque (MPP) and often results
in a loss of form and function. This study focuses on investigating the spatial association of matrix pro-
teins and elemental composition of MPP by colocalizing calcium, phosphorus, and trace metal zinc with
dentin matrix protein 1 (DMP-1), acidic proteoglycans, and fibrillar collagen along with the cellular com-
ponents using high resolution correlative microspectroscopy techniques. Spatial maps provided insights
into cellular and biochemical pathways that incite mineralization of fibrous Peyronie’s plaque in humans.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Aberrant human penile mineralization is known as mineralized
Peyronie’s plaque (MPP) [1]. The genesis of MPP is reliant on the
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formation of fibrotic plaque in the tunica albuginea of the pe-
nile corpora cavernosum [2,3]. Fibrillar proteins including collagen,
elastin, and fibronectin were identified in the fibrotic plaque of the
MPP [4,5]. MPP commonly forms on the dorsal aspect of the penis
and can result in a loss of form and thereby function [6].
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The biomineralization process of PP [1] resembles heterotopic
ossification (HO). HO results from fibroblast proliferation stimu-
lated by repetitive mechanical insult to the tissue followed by mi-
crovascular injury and subsequent deposition of fibrin [7,8]. MPP
results from differentiation of the fibroblasts in the tunica al-
buginea into myofibroblasts [9]. Myofibroblasts [10], smooth mus-
cle cells [11,12], and pericytes [13,14] in blood vessels have been
shown to undergo differentiation to osteogenic lineage in vitro.
These cells are thought to be the initiators of biologically con-
trolled biomineralization of the softer but inflamed matrices, sub-
sequently culminating into an MPP. Surgical excision of MPP fol-
lowed by mechanical therapy to restore penile form and function
is the current clinical intervention [1]. Inflammation-related pro-
cesses as well as the cation and anion recruitment including the
metal ion Zn?* are unknown. Various qualitative results focus on
the ultrastructure of MPP [15-17]. Limited studies exist on the
spatial-temporal localization of the biochemical and cytochemical
markers of MPP and the surrounding soft tissue. Additionally, the
spatial and chemical association of elements including calcium and
phosphorus toward mineralization of collagen fibrils within the fi-
brotic plaque and the role of the neurovascular bundle in subse-
quent formation of MPP following an insult are yet to be under-
stood. As such, some questions to ask include 1) does MPP grow
from a mineralized nodule, and 2) does it begin as a fibrotic tissue
and mineralize with phenotypic resemblance to bone? This study
focuses on investigating the spatial association of matrix proteins
and elemental composition of MPP by colocalizing Ca, P, and trace
metal Zn with dentin matrix protein 1 (DMP-1), acidic proteogly-
cans, and fibrillar collagen along with the cellular components us-
ing high resolution correlative microspectroscopy techniques. Spa-
tial maps of colocalized organic and inorganic constituents will
provide insights into plausible biomineralization pathways of fi-
brotic Peyronie’s plaque and help guide effective clinical interven-
tions.

2. Materials and methods
2.1. Specimen preparation

MPPs (n=11) were surgically excised from patients and these
specimens were collected following a protocol approved by the
UCSF Committee on Human Research Protection Program (IRB #
14-14,533). MPPs were fixed in 10% neutral buffered formalin at
4°C (NBF, Richard-Allan Scientific, Kalamazoo, MI, USA) overnight,
washed twice in phosphate buffered saline (PBS), and dehydrated
in 50% ethanol/Milli-Q water solution at 4°C.

2.2. Micro-X-ray computed tomography and data analyses

MPP specimens were scanned in 50% ethanol using a micro-
X-ray computed tomography (micro-XCT) system (MicroXCT-200;
Carl Zeiss Microscopy, Pleasanton, CA, USA) at 2x (9um/voxel),
4x (4.5pm/voxel), 10x (1.8pum/voxel), and 20x (0.9 pm/voxel) mag-
nifications with 1200 image projections, and an angle sweep from
—93° to 93° Scanning of MPPs was performed with a 2 second ex-
posure, source power of 40W, and current of 200 pA.

2.2.1. Post-analysis of micro-XCT datasets

Mineral density (MD), porosity, and pore diameter of MPP were
determined using 4x magnification scans. The reconstructed im-
ages of the specimens were analyzed using Avizo 2019.4 software
(Fisher Scientific, Hillsboro, OR, USA). X-ray intensity values were
converted from Hounsfield units to MD (mg/cc) following a pub-
lished calibration protocol [18]. Higher and lower MD regions were
labeled using a watershed algorithm [19]. The seeds for each re-
gion were based on mean + standard deviation. Pores less than
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100pum in diameter were used to estimate pore density and net-
work. Skeletonization function of the segmented pores was used
to calculate the (minor) pore radius and network. Porosity of MPP
was calculated by dividing the pore volume by the total volume.
For high resolution analysis of pores, 20x magnification scans were
used. Three regions of interests (ROIs) were taken from the spec-
imen which corresponded to predominantly organic, mineralizing
organic, and fully mineralized MPP. MD, pore diameter, and poros-
ity were calculated for lower, middle, and higher mineralizing and
mineralized regions.

2.3. Ultrastructural analyses

2.3.1. Scanning transmission electron microscopy and energy
dispersive X-ray spectroscopy

MPPs (n=3) were processed and embedded for ultrastructural
examination using a scanning transmission electron microscopy
(STEM) technique. Tissues were dehydrated gradually to 100%
ethanol then infiltrated with LR-White resin (14,383; Electron Mi-
croscopy Sciences, Hatfield, PA, USA) in a gelatin capsule (70,110;
Electron Microscopy Sciences) and polymerized for 2 days at 60 °C.
Ninety nm thick sections were cut with an ultramicrotome (Re-
ichert Ultracut E, Leica Microsystems, Inc., Buffalo Grove, IL, USA)
and mounted on carbon/formvar coated Ni grids. Ultrathin STEM
sections were examined under a field emission-scanning elec-
tron microscopy (FE-SEM) equipped with a STEM detector (Sigma
VP500; Carl Zeiss Microscopy). The operation voltage was kept at
15keV, aperture at 30 um, and STEM images were collected.

Elemental maps and associated spectrum were acquired with
an increased aperture of 60pum with a 4um second dwell time
using energy dispersive X-ray spectroscopy (EDX) detector (Bruker
Nano Analytics, Billerica, MA, USA). The detector was calibrated us-
ing a copper standard and data were analyzed with Bruker Esprit
software (version 2, Bruker). Quantification of EDX data was done
using the standardless Cliff-Lorimer method and results are repre-
sented as percent atomic mass.

2.3.2. X-ray fluorescence microprobe spectroscopy and field emission
scanning electron microscopy (FE-SEM)

The ultra-sectioned block surfaces were further scanned using
X-ray fluorescence microprobe (micro-XRF) at beamline 10.3.2 of
the Advanced Light Source (ALS) at Lawrence Berkeley National
Laboratory (LBNL). All data was collected at 10 keV (for high atomic
mass elements Ca and Zn) and Cak-50eV (for low atomic mass el-
ements including P) with a spot size of ~20x 20 pm.

Following micro-XRF, the ultra-sectioned block surfaces were
further examined under the FE-SEM using the field emission mode.
The operation voltage was kept at 0.5keV with the aperture at
30um as the subsequent images were collected. Regions with
structural features were correlated with elemental spatial maps.

2.3.3. Colocalization and correlative image analyses of MD and
elemental maps

For spatial correlation of MD and elemental (Ca, P, Zn) maps,
tomograms displaying MD were translated, rotated, scaled, and
cropped to register with corresponding elemental maps using
Avizo. Registered MD and elemental maps were analyzed using Fiji
software (developed at the National Institutes of Health, Bethesda,
MD, USA, https://imagej.net/software/fiji/downloads) [20] for colo-
calization of elements and subsequent correlation of colocalized
elements with mineral densities. Regions above mean counts of
each element were segmented and overlaid on MD maps to colo-
calize elements within lower and higher MD regions. Spatial as-
sociation between elements also was analyzed using correlative
maps (code available on https://sunholab.ucsf.edu/codes) [21]. Fur-
ther data analyses and visualization were performed in R version
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3.6.3 (R Core Team 2020). 2D correlative scatter plots of MD-Ca,
MD-P, and MD-Zn were obtained to identify the spatial associa-
tion of different elements in lower and higher MD regions. Higher
and lower MD regions were segmented using a threshold of mean
counts. Binary masks corresponding to higher and lower MD re-
gions were generated using Fiji software [20], and these masks
were used to generate separate maps and histograms of Ca, P, and
Zn corresponding to higher and lower MD regions (code available
on https://sunholab.ucsf.edu/codes) [21].

2.4. Statistical analysis

Welch’s independent t-tests were used to analyze the signifi-
cance between MD of MPP and that of bones as reported in the
literature [18,22,23]. All results were considered significant if p <
0.05 on a two-tailed significance test. Gaussian functions were gen-
erated to best fit the histograms. Results are reported as mean
value + standard deviation.

2.5. Histology

2.5.1. Staining for extracellular matrix, cells, collagen, proteoglycans,
and other matrix proteins

MPP specimens were decalcified using 10% EDTA solution at
4°C before being embedded in paraffin, and sliced into 4um
sections. Sections were stained with H&E, alcian blue, Gomori
trichrome, and Safranin-O following standard procedures.

2.5.2. Immunolocalization of DMP-1

DMP-1 was immunolocalized in MPP specimens using mouse
anti-DMP-1 (Santa Cruz Biotechnology Inc., Dallas, TX, USA) (1:50)
in paraffin-embedded sections and was detected with mouse-
specific HRP/DAB detection IHC kit (ab42659, Abcam, Waltham,
MA, USA) following the manufacture’s instruction. The expression
was visualized by diaminobenzidine (DAB) substrate and hema-
toxylin counterstaining.

3. Results
3.1. MD and pore diameter distribution within MPP

All MPP specimens (n=11; representative in Fig. 1A) imaged
using micro-XCT illustrated heterogeneous MD ranging from 901 to
1270 mg/cc with an average MD of 1036 + 143 mg/cc (Fig. 1B-1E).
Watershed algorithms localized two regions within each MPP spec-
imen: lower and higher MD regions (Figs. 1D and 1F). The average
MD value of MPP was comparable to that of physiologic cortical
and alveolar bones, but was significantly higher than that of the
physiologic trabecular bone (Fig. 1G).

Small radiolucent voids observed within MPP specimens illus-
trated pores (pore volume fraction) within the MPP. Pores less than
the size of a one voxel were not included in porosity evaluation.
Isolation and skeletonization of these small pores/voids yielded
a 3D map of interconnecting network, of which the branches of
the network were of various diameters and assumed a tortuous
path (Figs. 2A-2C). The average pore diameter was 13 pm with the
median porosity being 2.12+0.69% (Fig. 2C). Larger pores within
the MPP were consistently observed through plaque thickness;
however, these were not analyzed. Analysis of pore diameter in
the lower and higher MD regions showed that it was statistically
lower relative to the pore diameter of the entire plaque (p < 0.01
for both) (Fig. 2C). Porosity in the lower and higher MD regions
also was significantly lower (significantly less porous) than that in
the entire plaque (p < 0.01). Furthermore, lower MD regions were
significantly more porous than higher MD regions within MPP
(Fig. 2C).
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Each MPP specimen contained a varying degree of mineraliza-
tion. Three ROIs contained within different MD zones within the
MPP specimen were analyzed at 20X magnification, ROI 1 is within
the predominantly organic region with an average pore diameter
of 8.08 um, MD of 5204 179 mg/cc, and porosity of 30%. ROI 2 il-
lustrated the mineralizing region and ROI 3 the mineralized region
with average pore diameters of 4.58 (11% porosity) and 3.86um
(7% porosity) and MD of 673 + 133 mg/cc and 1024 + 155 mg/cc, re-
spectively (Fig. 2D). Overall, the pores within ROI 3 were less con-
nected compared to ROI 1, and there was a shift towards smaller
pore diameters and porosity as Peyronie’s plaque mineralized
(Fig. 2D).

3.2. Presence of various organic and inorganic elements within MPP
and the surrounding soft tissue

Electron microscopy of the MPP specimen also revealed regions
of higher and lower MD with varying degrees of porosities (Fig. 3).
High-resolution imaging focused on the interface between higher
and lower MD illustrated smaller non-mineralized pores filled with
mineralized particles. A different section from the same specimen
also was viewed under the FE-SEM (Fig. 4). High-resolution mi-
croscopy confirmed the presence of non-mineralized pores within
the mineralized tissue (Fig. 3). Smaller pores, however, resem-
bled the morphology of osteocyte lacunae. These osteocytic lacuna-
like features were filled with inorganic mineral constituents. Mi-
croscopy at a higher magnification also revealed that the mineral-
ization surrounding these cell-like structures was occurring within
a collagenous matrix. Within the MPP specimen, the mineralized
region was comprised of mainly Ca and P with an average Ca/P ra-
tio of 1.48 +0.06 as determined by EDX (Fig. 5). Sodium (Na), mag-
nesium (Mg), carbon (C), and nitrogen (N) were also present in the
surrounding soft tissue.

3.3. Colocalization of different inorganic elements within MPP

Mineral density from micro-XCT and elemental maps of Ca, P,
and Zn from micro-XRF of MPP specimen are shown in Figs. 6A
and 6B. Elemental maps were segmented into higher and lower
MD regions. Ca and P were colocalized within the higher MD re-
gion, while Zn was observed at the interface of higher and lower
MD regions and in lower MD regions. These co-localizations were
also confirmed in the histograms of Zn counts in different MD re-
gions (Fig. 6C). The highest Zn peak was observed in the lower MD
regions (Fig. 6C, black arrowhead and #).

3.4. Histological staining and immunolocalization of proteins in MPP

Micro-XCT of the paraffin block from which sections were cut
to immunolocalize DMP-1 revealed X-ray opaque regions (Fig. 7A).
H&E staining of decalcified MPP revealed the X-ray opaque region
as eosin rich-matrix with cells (Fig. 7B, red dashed outline). Go-
mori trichrome stain of the section revealed collagen in the X-ray
opaque regions (Fig. 7C, red dashed outline). However, the X-ray
opaque regions were not stained positive for alcian blue but were
surrounded with alcian blue-positive matrix (Fig. 7D, red dashed
outline). The X-ray opaque regions also were stained positive for
Safranin-O (Fig. 7E, red dashed outline). The presence of blood
vessels surrounded by fast green-positive staining were apparent
within the outlined region. Within these mineralized regions, cells
were identified inside the lacunae, and the matrix surrounding the
lacunae was positive for DMP-1, suggesting osteocytic phenotype
(Fig. 7F, red dashed outline).
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Fig. 1. Mineralized Peyronie’s plaque (MPP) has different mineral densities. (A) Surgically removed MPPs from humans of different shapes and sizes are shown. (B) 3D
rendered volumes of the plaques illustrate regions of distinct mineral densities. A location of 2D virtual section (C) outlined in orange is shown in the 3D volume of MPP.
(C, D) Lower (blue) mineral density regions surround larger and smaller voids in contrast to higher mineral density regions (red). (E) Box plots illustrate variation in mineral
densities within each specimen (I-XI). (F) An average of lower, higher, and overall mineral densities of MPP are compared with (G) average mineral densities of human
skeletal trabecular [26], cortical [26], and alveolar bones [26]. A significant difference between MPP and trabecular bone (p < 0.001) was observed.

4. Discussion

Insights into penile biomineralization were gathered through
an interdisciplinary approach of materials science and biology.
Methodologies congruent with these perspectives have enabled us
to co-localize trace metals/elements such as Zn in an organic ma-
trix rich in acidic osteogenic proteins and polyanionic proteogly-
cans. The presence of Zn in MPP provides insights into two plau-
sible mutually exclusive or inclusive 1) inflammatory and 2) enzy-

matic pathways involved in the mineralization of a fibrotic penile
plaque.

The phenotypic features of MPP including the lamellae (Sup-
plemental Figure 1) and osteocytic lacuna-like features resemble
bone [24-26]. Higher MD regions of MPP were similar to human
physiological cortical [27] and alveolar [27] bone (p > 0.05) and
were statistically different from trabecular bone [27] (p < 0.001)
(Fig. 1). The inorganic makeup of MPP, however, is chemically sim-
ilar to that of bones regardless of their type. MPP is a porous ma-
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Fig. 2. Porosity of MPP decreases with increased mineral density, and MPP contains a tortuous network that changes with degree of mineralization. (A) Spatial maps
of porous networks illustrate pore diameters up to 60um. (B) 3D rendered volumes of MPPs illustrate varying morphology and distribution of smaller diameter pores. (C)
Box plots illustrate pore diameter and pore volume fractions for lower and higher mineral density regions, and the excised plaque. Significant differences between groups
are indicated with *: p < 0.05, **: p < 0.01, and ***: p < 0.001. (D) 3D rendered volume and X-ray tomograms of MPP illustrate lower to higher mineral density regions
of interest (ROI 1-3, green boxes). 2D virtual slices show the location of ROIs 1 (red), 2 (green), and 3 (blue) within the MPP (a). The tortuous network identified in ROI 1
disappeared with increasing mineral density. Regions of lower mineral density contained higher pore percentage, and degree of porosity decreased with increasing degree of
mineralization (b). Distribution of the pore diameter with spline fit within each region (c) and an overlap of correlated data between pore diameter and mineral density for

the three regions are shown (d).
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Fig. 3. Representative structures of lower and higher mineral density regions in Peyronie’s plaque reveal clusters of smaller but electron dense mineralized particles.
(A-C) SEM images contain interfaces between higher (asterisk) and lower (arrowhead) mineral density regions of MMP. Red boxes (i-iii) represent the locations of higher-

resolution images.

! 2000 mg/cc

AR g

Fig. 4. MPP consists of regions with varying mineral densities and mineralized particles of different sizes. MPP (A) illustrates a representative 2D XCT tomogram (B)
with inherent heterogeneity in mineral density and porosity (C). Various “clusters of mineralized nodules” around cell bodies (i-iii, the locations can be seen in (C)) are

shown.

terial wherein lower MD region with larger pores and morpho-
logical resemblance to vasculature (> 100pm) and smaller pores
(10pm) in higher MD region 10-20pm osteocytic lacuna-like fea-
tures (Figs. 2-5) [28]. The smaller diameter pores of 10-20 um os-
teocytic lacuna-like features observed in higher MD regions were
confirmed by FE-SEM and STEM, and this size was well within
the range observed using X-rays. The interconnected tortuous net-
work between smaller diameter voids (lacunae) was plausibly rep-
resentative of the canaliculi connecting these cells. The presence
of these lacunae suggests their involvement in maintaining MPP
albeit pathological.

The higher concentrations of Ca and P in the mineralized re-
gions of MPP with a lower Ca/P ratio of 1.4840.06 (hydroxyap-
atite has a Ca/P ratio of 1.67 [29]) suggests a phase between trical-
cium phosphate and calcium oxide [29]. The presence of sodium
and magnesium, albeit trace amounts, further supports the resem-
blance of MPP with human skeletal bone [30,31]. The platelet-
shaped minerals intertwined within and on type I collagen fibrils
(Fig. 4C (i and ii), Supplemental Figure 2) are indicative of their
intrafibrillar and extrafibrillar association with collagen [32,33].
Future studies on tissue sections using electron/X-ray diffraction
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Fig. 5. Osteocytic lacuna-like regions were contained in higher mineralized regions with Ca and P as elemental composition, and in lower mineralized regions with
carbon (C) and nitrogen (N) as the elemental composition. Regions (A-D) illustrate different osteocytic lacuna-like areas within the MPP. These areas consist of varying
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Fig. 6. Lower mineral density (MD) regions contain higher zinc (Zn) counts. (A) The location of the 2D virtual section is shown in the 3D-rendered volume. (B) Elemental
maps from lower and higher MD regions are shown. (C) Histograms illustrate Zn counts in lower and higher MD regions. Arrowheads (#) and arrows (*) denote lower and
higher MD regions, respectively, and are shown in spatial maps (B).
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Fig. 7. Histology: Osteocytic lacuna-like regions were localized within higher mineralized collagenous and DMP-1-positive matrix that also is lower in Zn counts.
However, this region is surrounded by a softer matrix with higher Zn counts. Presence of blood vessels within these regions also were observed. (A) 2D virtual section
illustrates regions with higher mineral density. (B) H&E illustrates distribution of cells relative to the matrix, and plausibly nerves (black arrow). (C) Gomori trichrome
staining illustrates collagenous matrix in both harder (outlined) and softer regions. (D) Alcian Blue staining reveals the absence of negatively charged proteoglycans in the
higher mineralized regions (outlined). (E) Safranin-O counterstained with fast green illustrates the plausible presence of cartilaginous tissues within the higher mineralized

regions (outlined). Fast green-positive areas surrounding blood vessels within the outlined regions with nerves were observed (black arrow). (F) DMP-1 was immunolocalized
in higher mineral density regions (outlined), that also contained nerves (black arrows).
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would reveal the type and phase of the mineral, that is, crystalline
or amorphous.

Changes in the extracellular matrix (ECM) (Figs. 7B and 7C),
particularly at the interface of two dissimilar biomaterials/tissues,
the tunica albuginea and the corpora cavernosum, can create dif-
ferential biomechanical strain, potentiate inflammatory cascades
resulting from insults, and can trigger the differentiation of fibrob-
lasts to myofribroblasts [34]. This process of inflammation and the
initiation of fibroproliferation resembles the first of the four hall-
mark stages of HO [34]. The presence of Safranin-O hints at the
presence of proteoglycans, which are present in higher concentra-
tions in cartilaginous tissues (Fig. 7E), resembling the next stage
of HO, which is chondrogenesis [34]. The maturation of the os-
teogenic matrix is marked by the immunolocalization of DMP-1
[34] in the perilacunar regions and higher MD regions of MPP (Fig.
7F). Taken together, it is likely that changes in tissue compliance
including increased elastin production (data not shown) could al-
ter this soft tissue-like phenotype to a harder tissue containing os-
teonal and lamellar features similar to bone. Despite this pheno-
typic resemblance to bone, the elucidation of whether a fibrotic
Peyronie’s plaque converts to an MPP through a fibrous vs. a fibro-
cartilaginous transformation is further warranted.

An exciting finding in this study is the presence of Zn. Zn was
identified at the interface of soft and hard matrices and in adja-
cent harder bone-like tissue (Fig. 6). We contend that the presence
of Zn is relatable to matrix metalloproteases (MMPs) in the softer
and inflamed tissue surrounding MPP. MMPs are Zn-dependent en-
dopeptidases that degenerate the ECM proteins including collagen
[35,36]. This proteolysis can alter extracellular signaling which in
turn can influence the gene expression and cell differentiation [37].
MMPs are involved in wound healing as well as bone or cartilage
matrix degradation, remodeling, and repair [38,39]. The gene ex-
pressions of MMP-2 and MMP-9 were observed to be upregulated
in Peyronie’s plaque [40,41]. MMP-2 and MMP-9 also are expressed
in healing wounds and are critical molecules during physiologi-
cal formation of bone [42,43]. Therefore, during the MPP devel-
opment and formation, a significant increase in local Zn expres-
sions renders function of the MMPs and promotes collagen degra-
dation. On the other hand, Zn also has been associated with NF-
kB signaling pathway, one of the primary inflammatory pathways
regulating genes related to 1) apoptosis, adhesion, and cell prolif-
eration (altered proliferation and apoptosis of fibroblasts are con-
sidered as the cause of abundant collagen production and accu-
mulation in Peyronie’s plaque); 2) tissue remodeling; 3) the innate
and adaptive immune responses; as well as 4) sterile and nonster-
ile inflammatory pathways [44]. Zn-regulated sterile inflammatory
pathways specifically affect expressions of various proinflammatory
cytokines, chemokines, acute phase proteins, adhesion molecules,
and growth factors [44]; all of which plausibly condition the chem-
istry of the tissue and facilitate ion recruitment.

A common argument related to Zn specifically within the con-
text of biominerals, bone, and teeth are its functional roles with
tissue non-specific alkaline phosphatase (TNAP) and NF-«xB. TNAP
is a key enzyme for biomineralization and hydrolyzes organic py-
rophosphate (PP;) to inorganic phosphate (P;) [45]. TNAP defi-
ciency leads to bone hypomineralization [45]. The Zn-dependent
NF-«kB pathway also has been associated with osteoblast, osteo-
clast, and osteocyte biology [44]; all of which are needed to main-
tain functional health status of skeletal bone. Understanding the
biochemical and molecular expressions related to Zn concentra-
tions would help direct preventive and therapeutic approaches to
mitigate pathologic mineralization not limited to penile tissues.

In summary, the correlative microspectroscopic approach on
quantitative spatial mapping of MD, elements, and matrix alluded
to MPP as HO. Both MPP and HO appear to share mechanobio-
logical pathways, that is, mechanical trauma as a possible cue for
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soft tissue conversion into a hard tissue. Overall, results suggest a
systematic well-orchestrated interplay between the metal ion Zn%*+
and matrix proteins that incite mineralization of Peyronie’s fibrotic
plaque.

5. Conclusions

Zinc ligand complexes could be localized at the interface be-
tween softer and harder tissues of MPP, indicating the role of Zn-
related biochemical pathways in the biomineralization of fibrotic
Peyronie’s plaque. Future studies should investigate the phase of
mineralized particles, i.e.,, amorphous or crystalline, in association
with the ECM proteins through the use of chemo- and mechano-
biological functional assays. These mechanistic models will reveal
the direct influence of shifts in cellular expressions and differentia-
tion. These cellular processes result in a shift in tissue compliance;
all of which are necessary to map the biomineralization pathways
to mitigate heterotopic mineralization in tissues which otherwise
would result in loss of function.
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