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Abstract: Carpal tunnel syndrome (CTS) and Dupuytren’s disease (DD) are fibrotic conditions that
affect the connective tissue of the hand and limit its functionality. The exact molecular mechanism
underlying the fibrosis is unknown, and only some profibrotic factors have been investigated. In this
cross-sectional study, we analyzed the expression of FGF signaling pathway molecules associated with
fibrotic changes in the palmar fascia and the flexor retinaculum of 15 CTS patients and both clinically
affected and unaffected palmar fascia of 15 DD patients, using immunofluorescence techniques. The
expression of FGFR1, FGFR2, and CTGF in the blood vessel walls and surrounding connective tissue
cells differed significantly between the analyzed groups, with changes in expression present even in
clinically unremarkable tissues from DD patients. We also found altered expression of the analyzed
factors, as well as TGF-β1 and syndecan-1 in DD-associated sweat glands, possibly implicating their
role in the pathophysiology of the disease. The increased expression of profibrotic factors in the
clinically unaffected palmar fascia of DD patients may indicate that more extensive excision is needed
during surgical treatment, while the profibrotic factors could be potential targets for developing
pharmacological therapeutic strategies against DD-associated fibrosis.

Keywords: carpal tunnel syndrome; dupuytren contracture; FGFR1; FGFR2; CTGF; TGF-beta;
Syndecan-1

1. Introduction

Carpal tunnel syndrome (CTS) is the most common compression neuropathy. It is
defined as a compression of the median nerve at the level of the wrist joint associated with
decreased function of the nerve at that level [1]. Idiopathic CTS has no known cause, unlike
secondary CTS which is associated with diseases, such as diabetes mellitus, autoimmune
diseases (rheumatoid arthritis, scleroderma etc.), and hypothyroidism [2]. It can be either
acute or chronic, the latter being much more common [3]. Based on clinical examinations
and nerve conduction studies, it has been approximated that one in every five subjects
who complain of symptoms, such as pain, numbness, and a tingling sensation in the hands,
could have CTS [4]. The connective tissue fasciae surrounding the median nerve have been
implicated in the pathogenesis of CTS [5]; however, considering that the pathophysiology
of idiopathic CTS is not fully clear, definitive treatment strategies have not been established.
Treatment should be selected considering various factors, such as the stage of the disease,
the severity of the symptoms, or the patient’s preference [6]. In recent literature, surgical
treatment has been reported to be more effective than splinting and other conservative
treatments [7,8].
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Dupuytren’s disease (DD) is a common fibroproliferative disorder of the hand that
is often progressive and eventually can cause contractures of the affected fingers [9]. It
is a multifactorial and complex disease and has been reported to be associated with in-
herited genetic markers, alcohol and tobacco use, and different systemic diseases such as
diabetes and epilepsy [10–12]. One of the main factors involved in the development of this
disease is the proliferation of myofibroblasts in the affected tissues. Myofibroblasts share
characteristics of both fibroblasts and smooth muscle cells, and they may be responsible
for the tissue contracture found in the initial phases of DD [13,14]. The treatment of DD is
complex, and it involves surgical and non-surgical approaches, all of them with a unique
goal of eliminating the affected tissue. However, the most effective treatments are the
surgical removal of the fibrous cords causing the patient’s symptoms by fasciectomy or
fasciotomy [15,16]. In most cases, the evolution of DD is progressive and irreversible, and
the risk of relapse after surgical excision is high. The risk of disease recurrence ranges
between 8% and 71% [11], making additional research on the causes and factors related to
this disease necessary.

The etiology of CTS and DD is believed to be associated with changes of blood vessel
walls and sweat glands, as well as numerous profibrotic factors, including fibroblast and
connective tissue growth factors (FGF, CTGF), transforming growth factors (TGF-β) and
transmembrane proteoglycans [17,18]. Blood vessels generally have three layers: an intima
consisting of endothelium and subendothelial connective tissue, a media with multiple
smooth muscle cell layers, and an adventitia of connective tissue. The smallest blood
vessels, capillaries, consist of endothelium surrounded by pericytes [19]. Eccrine sweat
glands consist of a deeper, coiled region containing the entire secretory portion and the
beginning of the duct, and a more superficial, straight region containing the rest of the
duct. The secretory portion is made up of luminal and myoepithelial cells, while the duct is
composed of luminal and basal cells [20].

Fibroblast growth factors (FGFs) are a group of signaling molecules that contribute to
the growth, differentiation, survival, morphogenesis, angiogenesis, and repair of a variety
of tissue types [21]. Of the 22 FGFs that are currently known, 18 bind to and activate a family
of receptor tyrosine kinases known as FGF receptors (FGFRs) [22]. While there are only four
FGFRs (FGFR1–4), all of them, except FGFR4, have additional isoforms that display specific
expression patterns. Some are exclusively expressed in epithelial cells, while others only in
mesenchymal cells [23]. Activation of FGFRs on endothelial cells promotes angiogenesis,
mainly through FGFR1-mediated proliferation, with a contribution to cell motility from
FGFR2 activation [24]. Vascular smooth muscle cells (VSMCs) primarily express FGFR1,
and activation of FGF-signaling induces the conversion of VSMC from a contractile to a
proliferative phenotype [25]. By now, FGFR2 expression has been described in luminal cells
of sweat gland secretory portions [26]; however, FGFR1 expression in sweat glands has not
been described in any study to the best of the authors’ knowledge.

Transforming growth factor β (TGF-β) and connective tissue growth factor (CTGF) are
two of the most studied profibrotic factors. Three homologs of TGF-β exist, with TGF-β1
being the main representative of the entire superfamily. It is associated with multiple
processes, such as proliferation, apoptosis, differentiation, and wound healing [27]. TGF-β1
has been shown to promote tissue fibrosis by inducing synthesis and inhibiting the degra-
dation of extracellular matrix (ECM) components [28], and it has a role in angiogenesis and
maintaining vascular wall integrity [29]. Both secretory portions and eccrine sweat gland
ducts have been shown to express TGF-β1 [30]. CTGF is an ECM protein involved in differ-
entiation, proliferation, adhesion, and angiogenesis. It regulates intercellular signaling by
binding to cell surface receptors, cytokines, and ECM components. It also acts as a mediator
of ECM turnover, both in physiologic conditions and tissue fibrosis [31]. Interestingly, the
expression of CTGF is regulated by TGF-β, with sustained CTGF expression demonstrated
even after transitory TGF-β stimulation [32]. CTGF expression has been described both in
endothelium and VSMCs, with it acting as a mediator of their interactions during vascular
remodeling [33].



Biomedicines 2022, 10, 3214 3 of 22

Syndecans are transmembrane proteoglycans that can regulate cell behavior. Four
types are found in mammals, with syndecan-1, also known as CD138, being the founding
member. Syndecan-1 is primarily expressed by epithelial cells, but some stromal cells also
show its expression. It can bind a variety of ligands, such as growth factors, chemokines,
morphogens, and ECM components. It can also associate with other transmembrane
receptors, such as FGFRs, and contributes to the internalization of ligand–receptor com-
plexes [34].

Taking all of this into consideration, we hypothesize that cell proliferation and profi-
brotic factors will be increased in the palmar fascia of DD patients, especially in areas with
marked fibrotic changes. The objective of this study is to analyze the proliferation and
expression of FGFR1, FGFR2, and CTGF in the cells of blood vessel walls and surrounding
connective tissue of CTS and DD patients. Furthermore, TGF-β1 and syndecan-1 expression,
in addition to the previously mentioned factors, were analyzed in the eccrine sweat glands
of DD patients. Our findings may determine whether the flexor retinaculum is involved in
the pathophysiology of CTS, contribute to the understanding of the molecular mechanisms
involved in fibrosis associated with DD, and potentially reveal novel therapeutic strategies
for its management.

2. Materials and Methods
2.1. Tissue Acquisition and Processing

Palmar fascia and flexor retinaculum samples were obtained from routine surgical
procedures at the Department of Plastic Surgery of the University Hospital in Split in the
period between March 2021 and March 2022. All patients gave informed consent for their
tissues to be used in the study, and all performed procedures were approved by the Ethical
and Drug committee of the University Hospital in Split (class: 500-03/21-01/36, registry
number: 2181-147-01/06/M.S.-20-02; accessed on 26 February 2021) and in accordance
with the Declaration of Helsinki and other relevant national guidelines and regulations.
Samples were obtained from a total of 15 patients with CTS and 15 patients with DD
and were separated into four groups: palmar fascia from CTS patients (control samples),
flexor retinaculum from CTS patients, fibrotic cords from patients with DD, and clinically
unaffected palmar fascia adjacent to fibrotic cords from patients with DD. Each group
contained 15 samples, which was a sufficient sample size as calculated by Mead’s resource
equation. All 15 patients with DD had grade 2 DD, as described by Townley et al. [35].
Samples were processed as previously described [36]. Briefly, all samples underwent
identical initial processing steps: fixation in a 4% paraformaldehyde solution in phosphate-
buffered saline (PBS), dehydration in ethanol solutions of increasing concentration (up to
100% ethanol), clearing with toluene solutions, infiltration with melted paraffin in an oven,
embedding by cooling at room temperature, trimming excess paraffin, cutting 5 µm-thick
serial sections using a microtome, and mounting the sections on glass slides. Afterward, the
tissues were deparaffinized in xylene and rehydrated in graded water–ethanol solutions
to prepare them for staining with hematoxylin and eosin, Mallory trichrome stain, or
immunofluorescent stain.

2.2. Hematoxylin and Eosin Staining

The samples were immersed in a hemalaun solution for 10 min and subsequently
washed with distilled water, followed by fixation in hot water. An eosin solution was ap-
plied for 10 min and washed with distilled water. The samples were dehydrated again using
graded ethanol solutions and underwent three rounds of treatment in xylene solutions.
Finally, the samples were coverslipped using Canada balsam.

2.3. Mallory Trichrome Staining

The tissue samples underwent postfixation with Bouin’s fixative in a water bath at
60 ◦C for 1 hr. Afterward, acid fuchsin was applied for 3 to 5 min, then phosphomolybdic
acid for 5 min, followed by a combination of aniline blue and orange G stains for 10 min.
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Graded alcohol and xylene solutions were used for dehydration prior to coverslipping the
samples with Canada balsam.

2.4. Immunofluorescent Staining

Antigen retrieval was performed by heating samples at 95 ◦C for 30 min in sodium cit-
rate buffer (pH 6.0). The samples were then allowed to cool to room temperature and rinsed
in PBS. To prevent non-specific staining, protein blocking buffer (Protein Block ab64226, Ab-
cam, Cambridge, UK) was applied for 20 min in a humid chamber, followed by incubation
with a combination of primary antibodies (Table 1) overnight in the humid chamber. The
samples were subsequently rinsed in PBS twice, and incubation with appropriate secondary
antibodies (Table 1) was performed for an hour in the humid chamber. Next, samples
underwent three rounds of rinsing in PBS and DAPI (4′,6-diamidino-2-phenylindole) was
applied for 2 min to counterstain nuclei. After washing the sections with distilled water, the
slides were air-dried and coverslipped with a mounting medium (ImmuMount, Thermo
Shandon, Pittsburgh, PA, USA). Omitting primary antibodies from the protocol resulted
in the absence of specific staining and was used as a control for the specificity of staining.
The samples were examined with a fluorescent microscope (Olympus BX61, Olympus Cor-
poration, Tokyo, Japan), and micrographs were captured using a mounted digital camera
(Nikon Ri-D2, Nikon Corporation, Tokyo, Japan).

Table 1. Primary and secondary antibodies used in the study.

Antibodies Host Code No. Dilution Source

Primary

Anti-Ki-67 Rabbit AB9260 1:300 Sigma-Aldrich, Inc., St. Louis,
MO, USA

Flg (Anti-FGFR1) Rabbit sc-121 1:25 Santa Cruz Biotechnology, Dallas,
TX, USA

Bek (Anti-FGFR2) Rabbit sc-122 1:50 Santa Cruz Biotechnology, Dallas,
TX, USA

Anti-CTGF Goat sc-14939 1:50 Santa Cruz Biotechnology, Dallas,
TX, USA

Anti-TGF-β1 Rabbit ab215715 1:100 Abcam, Cambridge, UK
Anti-Syndecan-1 Mouse ab34164 1:75 Abcam, Cambridge, UK

Anti-α-SMA Mouse M0851 1:300 DAKO, Glostrup, Denmark

Secondary

Alexa Fluor® 488
Anti-Rabbit lgG Donkey 711-545-152 1:400

Jackson Immuno Research
Laboratories, Inc., Baltimore,

PA, USA

Alexa Fluor® 488
Anti-Goat lgG Donkey 705-545-003 1:400

Jackson Immuno Research
Laboratories, Inc., Baltimore,

PA, USA
Rhodamine

Red™-X
Anti-Mouse IgG

Donkey 715-295-151 1:400
Jackson Immuno Research

Laboratories, Inc., Baltimore,
PA, USA

2.5. Immunofluorescence Signal Quantification

We used individual cell counts to quantify the immunohistochemical expression (i.e.,
spatial expression) of Ki-67, syndecan-1, FGFR1, FGFR2, CTGF, and TGF-β in the blood
vessels, connective tissue, and sweat glands of our samples. After morphological analysis
to determine tissue quality, the 10 most representative samples per analyzed group were
used for quantification. For each analyzed protein, we merged the specific protein stain
image with its respective nuclear DAPI stain image using the layering option in Adobe Pho-
toshop (Adobe, San Jose, CA, USA). The merged images were opened in ImageJ software
(NIH, Bethesda, MD, USA), and 100 cells of a certain cell type were counted and marked
using the Multipoint tool for each analyzed sample. Then, we counted how many of the
100 marked cells displayed positive staining for the analyzed protein and calculated the
relative percentage of positive cells, which was used for further statistical analysis. Only
nuclear staining was considered positive for Ki-67, while membranous and/or cytoplas-
matic staining was considered positive for the other analyzed proteins. We counted exactly
100 cells per cell type in each sample to reduce the influence of the variability and hetero-
geneity of our samples on our results.
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2.6. Statistical Analysis

All the results are displayed as the mean ± standard deviation of the relative per-
centage of positive cells. The normality of the distribution of data was tested using the
D’Agostino–Pearson normality test. The statistical significance of the difference in Ki-67
and syndecan-1 expression was determined using one-way ANOVA with Uncorrected
Fisher’s LSD post hoc test. For FGFR1, FGFR2, CTGF, and TGF-β1, the significance of
differences of expression in blood vessels and connective tissue cells was determined by
Welch ANOVA and Dunnett’s T3 post hoc test, while ordinary one-way ANOVA and
Tukey’s post hoc test were used for expression in sweat glands. Statistical significance was
set at p < 0.05. Effect size was measured by Cohen’s d value, and d > 0.8 was considered a
large effect size.

3. Results

The term ‘expression’ used in our descriptive findings is a synonym for the intensity
of immunofluorescent staining of the analyzed structure, while ‘increased/decreased
expression’ in the description of our statistical analysis represents a larger/smaller relative
percentage of positive cells for the analyzed factor.

3.1. Haematoxylin and Eosin Staining (H&E)

Haematoxylin and eosin (H&E) staining revealed healthy palmar fascia (control sam-
ple) was predominantly built of irregular dense connective tissue, while areas of loose
connective tissue contained blood vessels and small nerves (Figure 1a). In contrast, the
flexor retinaculum of CTS patients showed more densely packed bundles of collagen fi-
bres (at places showing parallel orientation), while areas of blood vessels and fibrinogen
deposits characterized loose connective tissue islands (Figure 1b). In clinically unaffected
palmar fascia of DD patients (DUF) dense connective tissue predominated, with areas
of loose connective tissue observed around blood vessels (Figure 1c). Cords of palmar
fascia affected by DD (DAF) showed highly cellular, densely packed connective tissue,
surrounding islands of loose connective tissue with blood vessels and adipocytes, and
secretory parts and ducts of eccrine sweat glands (Figure 1d).

3.2. Mallory Trichrome Staining (MTC)

Mallory trichrome staining was used to delineate areas of dense connective tissue
with dark blue staining of type I collagen fibres, while areas of irregular loose connective
tissue showed lighter blue staining. Contents of the control tissue corresponded to those
described by the H&E method (Figure 2a). Compared to the control, MTC staining revealed
areas of more densely packed collagen fibres in the flexor retinaculum, even in areas around
blood vessels (Figure 2b). DUF samples generally contained more dense, dark blue stained
connective tissue, which was observed in areas of both dense and loose connective tissue
with blood vessels (Figure 2c). Compared to DUF, in DAF samples some blood vessels
and components of sweat glands were encircled by the fibrotic cords, composed of densely
packed collagen fibres, contrasting the blood vessels inside the less densely packed islands
of irregular loose connective tissue (Figure 2d).

3.3. Blood Vessel and Connective Tissue Cell Proliferation–Ki-67 and α-SMA Co-Expression

The proliferation marker Ki-67 was observed as green granular nuclear staining inside
the walls of blood vessels and in the surrounding connective tissue of all analyzed speci-
mens (Figure 3a,e,i,m). Alpha smooth muscle actin (α-SMA) demonstrated smooth muscle
cells of the blood vessel wall (Figure 3b,f,j,n), while DAPI staining showed localization of
all nuclei (Figure 3c,g,k,o). Merging of the images revealed cells with nuclear Ki-67 staining,
i.e., proliferating cells (Figure 3d,h,l,p).
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(cf) with fibroblasts (f) and areas of loose connective tissue (lct) where blood vessels (v) and nerves 
(n) can be seen (a); in the flexor retinaculum of CTS patients, dense connective tissue (dct) has more 
densely packed collagen fibers (cf) and is separated by loose connective tissue (lct) in which blood 
vessels (v) and fibrinogen deposits (fd) can be observed (b); clinically unaffected palmar fascia of 
DD patients (DUF) displays areas of dense connective tissue (dct) with thick strands of collagen 
fibers (cf), separated by areas of loose connective tissue (lct) containing blood vessels (v) (c); samples 
of affected palmar fascia of DD patients (DAF) show large areas of dense connective tissue (dct) 
containing dense collagen fibers (cf) with many fibroblasts (f), separated by loose connective tissue 
(lct) containing blood vessels (v) and adipocytes (a); at places, ducts (d) and secretory portions (s) 
of sweat glands are seen (d); 1st column, 40× magnification, scale bar 200 µm ; 2nd column, 100× 
magnification, scale bar 100 µm; 3rd column, 200× magnification, scale bar 50 µm; 4th column, 400× 
magnification, scale bar 20 µm. 
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described by the H&E method (Figure 2a). Compared to the control, MTC staining re-
vealed areas of more densely packed collagen fibres in the flexor retinaculum, even in 

Figure 1. Haematoxylin and eosin staining of connective tissues of CTS and DD patients. Rectangles
mark the area presented at a higher magnification in the following image. Control samples of healthy
palmar fascia (CTRL) consist of dense connective tissue (dct) with bundles of collagen fibers (cf)
with fibroblasts (f) and areas of loose connective tissue (lct) where blood vessels (v) and nerves (n)
can be seen (a); in the flexor retinaculum of CTS patients, dense connective tissue (dct) has more
densely packed collagen fibers (cf) and is separated by loose connective tissue (lct) in which blood
vessels (v) and fibrinogen deposits (fd) can be observed (b); clinically unaffected palmar fascia of DD
patients (DUF) displays areas of dense connective tissue (dct) with thick strands of collagen fibers (cf),
separated by areas of loose connective tissue (lct) containing blood vessels (v) (c); samples of affected
palmar fascia of DD patients (DAF) show large areas of dense connective tissue (dct) containing dense
collagen fibers (cf) with many fibroblasts (f), separated by loose connective tissue (lct) containing
blood vessels (v) and adipocytes (a); at places, ducts (d) and secretory portions (s) of sweat glands are
seen (d); 1st column, 40×magnification, scale bar 200 µm; 2nd column, 100×magnification, scale
bar 100 µm; 3rd column, 200×magnification, scale bar 50 µm; 4th column, 400×magnification, scale
bar 20 µm.
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dense connective tissue (dct) made up of mostly collagen fibers (cf) and areas of loose connective 
tissue (lct) with blood vessels (v). Some regions of loose connective tissue display darker blue stain-
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Figure 2. Mallory trichrome staining of connective tissues of CTS and DD patients. Rectangles mark
the area presented at a higher magnification in the following image. Healthy palmar fascia samples
show dark blue staining of collagen fibers (cf) in dense connective tissue (dct), with lighter blue
areas of loose connective tissue (lct) containing blood vessels (v) and fibroblasts (f) (a); the flexor
retinaculum of CTS patients contains more areas of darker staining dense connective tissue (dct)
with collagen fiber bundles (cf), while in areas of loose connective tissue (lct), blood vessels (v) are
observed (b); the clinically unaffected palmar fascia of DD patients (DUF) also contains areas of dense
connective tissue (dct) made up of mostly collagen fibers (cf) and areas of loose connective tissue
(lct) with blood vessels (v). Some regions of loose connective tissue display darker blue staining
(asterisks), signifying denser collagen packing (c); in samples of affected palmar fascia of DD patients
(DAF), dark blue staining of collagen fibers (cf) characterizes areas of dense (dct) and loose connective
tissue (lct), also surrounding blood vessels (v), adipocytes (a), and secretory parts (s) and ducts (d) of
sweat glands (d); 1st column, 40×magnification, scale bar 200 µm; 2nd column, 100×magnification,
scale bar 100 µm; 3rd column, 200× magnification, scale bar 50 µm; 4th column, 400× magnification,
scale bar 20 µm.
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Figure 3. Co-expression of Ki-67 and α-SMA in connective tissues of patients with CTS and DD. 
CTRL–palmar fascia of CTS patients (a–d); RF–flexor retinaculum of CTS patients (e–h); DUF–clin-
ically unaffected palmar fascia of DD patients (i–l); DAF–clinically affected palmar fascia of DD 

Figure 3. Co-expression of Ki-67 and α-SMA in connective tissues of patients with CTS and
DD. CTRL–palmar fascia of CTS patients (a–d); RF–flexor retinaculum of CTS patients (e–h);
DUF–clinically unaffected palmar fascia of DD patients (i–l); DAF–clinically affected palmar fascia of
DD patients (m–p). Nuclear Ki-67 expression (a,d,e,h,i,l,m,p) is seen in blood vessels (arrows) and sur-
rounding connective tissue cells (arrowheads); α-SMA staining shows sections through blood vessels
(b,f,j,n). DAPI staining displays all cell nuclei (c,g,k,o). Double immunofluorescence staining to
Ki-67, α-SMA, and DAPI, 1000×magnification, scale bar 50 µm. Statistically significant differences
in proliferation rate are displayed by graphs for both blood vessels (q) and connective tissue cells (r).
Error bars show standard deviation; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.001.
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In control samples (CTRL), co-localization of Ki-67 (Figure 3a), α-SMA (Figure 3b),
and DAPI staining (Figure 3c) was observed in endothelial and smooth muscle cells of
blood vessel walls and occasionally in the surrounding connective tissue cells (Figure 3d).
Similarly, in CTS patients, Ki-67 staining (Figure 3e) was co-localized with α-SMA staining
(Figure 3f) and DAPI staining (Figure 3g) in the endothelial and smooth muscle cells of
blood vessels and in the connective tissue cells (Figure 3h). In DUF samples, an increased
number of cells co-expressing Ki-67 (Figure 3i), α-SMA staining (Figure 3j), and DAPI
nuclear stain (Figure 3k) was observed in the endothelium of blood vessels and in several
connective tissue cells (Figure 3l). Compared to DUF, in DAF samples, co-localizations
of proliferating Ki-67-positive cells (Figure 3m), α-SMA (Figure 3n), and nuclear DAPI
(Figure 3o) staining was visible in endothelial and smooth muscle cells of blood vessels.
Some connective tissue cells also showed nuclear Ki-67 staining (Figure 3p).

Endothelial cells of control samples showed a significantly smaller proliferation rate
(19.85% ± 14.01%) compared to endothelial cells of both DUF (32.82% ± 15.65%; p = 0.013;
d = 0.873) and DAF samples (47.80% ± 15.21%; p < 0.0001; d = 1.911). Endothelial cells of
DAF samples had a significantly higher proliferation rate than DUF samples (p = 0.003;
d = 0.971). Vascular smooth muscle cells of control samples also showed a significantly
smaller proliferation rate (20.85% ± 12.93%) compared to vascular smooth muscle cells
of both DUF (32.59% ± 16.24%; p = 0.035; d = 0.800) and DAF samples (40.73% ± 16.29%;
p = 0.001; d = 1.352). There were no significant differences between control and CTS samples
(Figure 3q). Additionally, the proliferation rate of connective tissue cells of control samples
(17.41% ± 5.32%) was significantly lower compared to DUF (33.25% ± 7.96%; p = 0.001;
d = 2.349) and DAF (28.17% ± 9.95%; p = 0.009; d = 1.348) samples. There was no difference
between control and CTS samples (Figure 3r).

3.4. Co-Expression of FGFR1 and α-SMA in Blood Vessels and Surrounding Connective Tissue

In control samples, weak FGFR1 expression could be seen in endothelial and smooth
muscle cells of control sample blood vessel walls, while it was missing in most connective
tissue cells (Figure 4a); α-SMA staining characterized smooth muscle cells in the multiple
cross sections through blood vessel walls (Figure 4b), while DAPI staining showed nuclei
of all structures (Figure 4c,g,k,o). Merging of the images demonstrated only a few vascular
smooth muscle cells and connective tissue cells showing moderate FGFR1 expression
(Figure 4d). In contrast, CTS patients’ tissue displayed weak FGFR1 expression in the walls
of blood vessels, while strong expression was seen in some cells and within the fibrinogen
deposits of the connective tissue (Figure 4e). Blood vessels were demonstrated by intense
α-SMA staining (Figure 4f), while cell nuclei were DAPI positive (Figure 4g). The merged
image showed the strongest FGFR1/ α-SMA co-expression in the wall of blood vessels
(Figure 4h). In DUF samples, the strongest expression was seen in some endothelial cells,
while weak expression characterized the vascular smooth muscle cells (Figure 4i); α-SMA
staining characterized vascular smooth muscle (Figure 4j), while nuclei showed DAPI
staining (Figure 4k). Merging of the images revealed the absence of overlapping FGFR1
and α-SMA expression in the muscular vessel wall (Figure 4l). In comparison to DUF,
DAF samples had blood vessels with moderate to strong FGFR1 expression in most of
the endothelial cells and weak expression in the muscular walls, while areas of moderate
expression were observed in the surrounding connective tissue (Figure 4m). In the blood
vessels, α-SMA stained vascular smooth muscle cells (Figure 4n), while DAPI stained nuclei
(Figure 4o) Overlapping of the images demonstrated that the strongest FGFR1 expression
was in the endothelial cells, while smooth muscle cells and connective tissue cells showed
weaker expression (Figure 4p).
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Figure 4. Co-expression of FGFR1 and α-SMA in connective tissues of patients with CTS and
DD. CTRL–palmar fascia of CTS patients (a–d); RF–flexor retinaculum of CTS patients (e–h);
DUF–clinically unaffected palmar fascia of DD patients (i–l); DAF–clinically affected palmar fas-
cia of DD patients (m–p). FGFR1 expression (a,d,e,h,i,l,m,p) is seen in blood vessels (arrows) and
surrounding connective tissue cells (arrowheads); α-SMA staining shows sections through blood
vessels (b,f,j,n). DAPI staining displays all cell nuclei (c,g,k,o). Insets (a–p) reveal the distribution
of FGFR1 staining in blood vessels. Double immunofluorescence staining to FGFR1, α-SMA, and
DAPI, 400×magnification, scale bar 100 µm. The graph displays statistically significant differences in
FGFR1 expression of blood vessel and connective tissue cells (q). Error bars show standard deviation;
* p < 0.05, ** p < 0.01, **** p < 0.001.

The expression of FGFR1 in blood vessels of control samples (8.10% ± 2.51%) was
significantly lower compared to DUF (21.30% ± 7.70%; p = 0.002; d = 2.304) and DAF
samples (14.90% ± 2.42%; p < 0.0001; d = 2.754). Connective tissue cell FGFR1 expression
was also significantly lower in control samples (11.40% ± 3.10%) compared to both DUF
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(32.80% ± 7.96%; p < 0.0001; d = 3.543) and DAF samples (20.70% ± 6.06%; p = 0.005;
d = 1.932). The expression of FGFR1 in connective tissue cells of DUF samples was signifi-
cantly higher than in DAF sample connective tissue cells (p = 0.008; d = 1.710) and DUF
sample blood vessels (p = 0.016; d = 1.468). There was no significant difference between
control and CTS samples (Figure 4q).

3.5. Co-Expression of FGFR2 and α-SMA in Blood Vessels and Surrounding Connective Tissue

In control samples, moderate to strong FGFR2 expression was visible in both en-
dothelial and smooth muscle cells of blood vessel walls and in some connective tissue
cells (Figure 5a); α-SMA staining demonstrated smooth muscle cells in blood vessel walls
(Figure 5b), while DAPI staining showed all nuclei (Figure 5c,g,k,o). Merging of the images
revealed co-localization of FGFR2/α-SMA positive cells in the vascular wall (Figure 5d). In
comparison, weak to moderate FGFR2 expression was seen in most blood vessel cells of CTS
and in the connective tissue cells, which also contained fibrin deposits (Figure 5e). Sections
through the blood vessels were demonstrated by α-SMA staining (Figure 5f), while their
nuclei by DAPI stain (Figure 5g). The merged image showed FGFR2/α-SMA co-expression
in blood vessels, preferably in the smooth muscle cells (Figure 5h). Compared to control
samples, expression of FGFR2 was much stronger in both the blood vessel walls of and
surrounding connective tissue cells of DUF samples (Figure 5i). Several blood vessels were
visualized by strong α-SMA staining (Figure 5j), while DAPI stained cell nuclei (Figure 5k).
Merging of the images revealed that the strongest co-expression of FGFR2/α-SMA was in
the walls of blood vessels (Figure 5l). In DAF samples, strong FGFR2 expression charac-
terized the vascular wall and some connective tissue cells (Figure 5m); α-SMA staining
showed strong expression in blood vessel smooth muscles and endothelium (Figure 5n).
Overlapping of the images showed that the strongest FGFR2/α-SMA co-expression was
present in the smooth muscle cells of blood vessels (Figure 5p).

The expression of FGFR2 in blood vessels of control samples (20.50% ± 7.74%) was
significantly higher compared to CTS samples (8.90% ± 3.00%; p = 0.005; d = 1.978), while
it was significantly lower than in DUF (42.90% ± 11.41%; p = 0.001; d = 2.298) and DAF
samples (31.60%± 5.32%; p = 0.010; d = 1.672). Connective tissue cell FGFR2 expression was
also significantly higher in control samples (20.20% ± 10.49%) compared to CTS samples
(9.10% ± 2.08%; p = 0.044; d = 1.468), and it was significantly lower compared to both DUF
(45.20% ± 11.40%; p = 0.0004; d = 2.282) and DAF samples (33.10% ± 8.57%; p = 0.044;
d = 1.347). There was no significant difference in FGFR2 expression between DUF and DAF
samples (Figure 5q).

3.6. Co-Expression of CTGF and α-SMA in Blood Vessels and Surrounding Connective Tissue

Weak to moderate CTGF expression was present at the inner surface (endothelium) of
most blood vessels, while some connective tissue cells and fibers showed strong expression
in control samples (Figure 6a); α-SMA staining showed multiple cross sections through
blood vessels (Figure 5b), while DAPI staining showed all nuclei (Figure 6c). Merging of
the images revealed an absence of CTGF/α-SMA co-expression in the muscular part of
blood vessels (Figure 6d). In CTS samples, weak CTGF expression could be seen in the
wall of blood vessels and occasionally in some areas of the surrounding connective tissue.
The aforementioned deposits were also present, particularly around the thick-walled blood
vessels (Figure 6e); α-SMA staining characterized vascular smooth muscle cells (Figure 6f),
while DAPI stained cell nuclei (Figure 6f). The merged image shows moderate CTGF/α-
SMA co-expression in certain muscle cells of blood vessels (Figure 6h). Compared to CTS, in
DUF samples, moderate to strong CTGF expression was seen throughout the walls of blood
vessels and in the surrounding connective tissue (Figure 6i). Multiple blood vessel cross
sections were visualized by α-SMA staining (Figure 6j). Merging of the images (Figure 6i–k)
revealed CTGF/α-SMA co-expression in the smooth muscles of blood vessels (Figure 5l).
In DAF samples, weak to moderate CTGF expression was seen throughout the vascular
wall, while moderate to strong expression characterized connective tissue cells (Figure 6m);
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α-SMA staining characterized vascular muscle cells (Figure 6n), while DAPI stained cell
nuclei (Figure 6o). The merged image showed CTGF/α-SMA co-expression the vascular
smooth muscle cells (Figure 6p).
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DD. CTRL–palmar fascia of CTS patients (a–d); RF–flexor retinaculum of CTS patients (e–h);
DUF–clinically unaffected palmar fascia of DD patients (i–l); DAF–clinically affected palmar fas-
cia of DD patients (m–p). FGFR2 expression (a,d,e,h,i,l,m,p) is seen in blood vessels (arrows) and
surrounding connective tissue cells (arrowheads); α-SMA staining shows sections through blood
vessels (b,f,j,n). DAPI staining displays all cell nuclei (c,g,k,o). Insets (a–p) reveal the distribution of
FGFR2 staining in blood vessels. Double immunofluorescence staining to FGFR2, α-SMA, and DAPI,
400× magnification, scale bar 100 µm. The graph displays statistically significant differences in
FGFR2 expression of blood vessel and connective tissue cells (q). Error bars show standard deviation;
* p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. Co-expression of CTGF and α-SMA in connective tissues of patients with CTS and
DD. CTRL–palmar fascia of CTS patients (a–d); RF–flexor retinaculum of CTS patients (e–h);
DUF–clinically unaffected palmar fascia of DD patients (i–l); DAF–clinically affected palmar fas-
cia of DD patients (m–p). CTGF expression (a,d,e,h,i,l,m,p) is seen in blood vessels (arrows) and
surrounding connective tissue cells (arrowheads); α-SMA staining shows sections through blood
vessels (b,f,j,n). DAPI staining displays all cell nuclei (c,g,k,o). Insets (a–p) reveal the distribution of
CTGF staining in blood vessels. Double immunofluorescence staining to CTGF, α-SMA, and DAPI,
400× magnification, scale bar 100 µm. The graph displays statistically significant differences in
CTGF expression of blood vessel and connective tissue cells (q). Error bars show standard deviation;
* p < 0.05, *** p < 0.001, **** p < 0.001.

The expression of CTGF in blood vessels of control samples (4.70% ± 3.47%) was
significantly lower compared to CTS (9.80% ± 3.46%; p = 0.023; d = 1.473), DUF (20.20%
± 5.16%; p < 0.0001; d = 3.526), and DAF samples (13.20% ± 3.36%; p = 0.0002; d = 2.490).
Connective tissue cell CTGF expression was also significantly lower in control samples
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(9.30%± 4.47%) compared to DUF (19.40%± 4.06%; p = 0.0003; d = 2.364) and DAF samples
(14.20% ± 2.15%; p = 0.044; d = 1.396). CTGF expression was higher in DUF than in DAF
samples, both in blood vessels (p = 0.015; d = 1.608) and connective tissue cells (p = 0.017;
d = 1.600). There was no significant difference in CTGF expression between connective
tissue cells of control and CTS samples (Figure 6q).

3.7. Syndecan-1 Expression in Eccrine Sweat Glands

In control samples, only a few cells of the secretory portions of eccrine sweat glands
showed weak to moderate granular expression of syndecan-1 (Figure 7a), while in DAF
samples, strong granular and membranous syndecan-1 expression characterized most of
the cells (Figure 7b). The sweat gland ducts of control samples showed strong or moderate
membranous expression of syndecan-1 in a majority of cells (Figure 7c), while ducts in DAF
samples showed only moderate expression in cell membranes (Figure 7d). The secretory
portions of control samples had an average of 19.54% ± 4.01% positive cells, which was
significantly lower compared to both control sample ducts with 60.70% ± 6.02% positive
cells (p < 0.0001; d = 8.046) and DAF sample secretory portions with 46.92%± 5.99% positive
cells (p < 0.0001; d = 5.369). The secretory portions of DAF samples had significantly fewer
positive cells than DAF sample ducts with 63.00% ± 4.19% positive cells (p < 0.0001;
d = 3.110). There was no statistically significant difference between the ducts of control and
DAF samples (Figure 7i).

3.8. Proliferation of Eccrine Sweat Glands–Ki-67 and α-SMA Co-Expression

Here, α-SMA was applied to demonstrate differences between the secretory and
ductal cells of sweat glands in control and DAF samples. In control samples, α-SMA
staining demonstrated myoepithelial cells in secretory portions of eccrine sweat glands,
while proliferating Ki-67 cells characterized several luminal and basal cells (Figure 7e). In
ducts, myoepithelial cells were missing, while proliferating cells characterized their basal
portions (Figure 7f). Compared to control samples, in DAF samples, proliferating Ki-67
cells were increased in secretory portions (Figure 7g), while ducts predominantly showed
Ki-67 reactive cells in basal portions (Figure 7h). There was a statistically significant
(p < 0.0001; d = 1.988) increase in Ki-67 positive luminal cells of secretory portions be-
tween control (19.53% ± 13.00%) and DAF samples (41.33% ± 8.46%). The difference in
Ki-67 positive myoepithelial cells between control (10.53% ± 8.30%) and DAF samples
(39.53% ± 11.18%) was also significant (p < 0.0001; d = 2.946). There was no statistically
significant difference in Ki-67 expression between duct cells of control and DAF samples
with around 40–50% of positive cells in both sample groups (Figure 7j).

3.9. FGFR1, FGFR2, CTGF, and TGF-β1 Expression in Eccrine Sweat Glands
3.9.1. FGFR1 Expression

In control samples, granular cytoplasmatic FGFR1 expression was present in some
secretory cells of sweat glands (Figure 8a), while it was weak in ducts (Figure 8b). In
comparison, in DAF samples of sweat glands, moderate cytoplasmatic FGFR1 expression
characterized several secretory cells (Figure 8c), while ducts showed moderate cytoplasmic
expression (Figure 8d). FGFR1 expression was significantly higher (p < 0.0001; d = 2.319)
in the DAF sample secretory portions (41.80% ± 9.48%) compared to the control sample
secretory portions (23.30% ± 6.11%). It was also significantly higher (p < 0.0001; d = 2.633)
in DAF sample ducts (46.50%± 7.01%) compared to control sample ducts (26.40%± 8.21%).
There was no statistically significant difference between the secretory portions and ducts in
either sample group (Figure 8q).
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Figure 7. Expression of syndecan-1 and co-expression of Ki-67 and α-SMA in eccrine sweat glands
of healthy controls and patients with DD. CTRL–normal skin of healthy individuals (a,b,e,f);
DAF–clinically affected palmar fascia of DD patients (c,d,g,h). Syndecan-1 expression is seen in
eccrine sweat gland cells (arrows) of secretory portions (a,c) and ducts (b,d). Nuclear Ki-67 ex-
pression is also seen in eccrine sweat gland cells (arrows) of secretory portions (e,g) and ducts
(f,h); α-SMA staining shows myoepithelial cells of sweat gland secretory portions and sections
through surrounding blood vessels (e–h). DAPI staining displays all cell nuclei (a–h). Immunoflu-
orescence staining to syndecan-1 and DAPI, and double immunofluorescence staining to Ki-67,
α-SMA, and DAPI, 1000× magnification, scale bar 50 µm. Statistically significant differences in
syndecan-1 expression (i) and proliferation rate (j) are displayed by graphs. Error bars show standard
deviation; **** p < 0.001.

3.9.2. FGFR2 Expression

In control samples of sweat glands, moderate to strong granular cytoplasmic FGFR2
expression characterized several secretory cells (Figure 8e), while FGFR2 was moderately
expressed in the basal cells of ducts (Figure 8f). Compared to controls, in DAF samples,
strong homogenous cytoplasmic expression of FGFR2 was present in most of the secretory
(Figure 8g) and duct cells (Figure 8h). FGFR2 expression was significantly higher (p = 0.007;
d = 1.483) in the DAF sample secretory portions (48.20% ± 9.28%) compared to the control
sample secretory portions (37.60% ± 4.01%). It was also significantly higher (p = 0.024;
d = 1.426) in DAF sample ducts (42.00% ± 7.94%) compared to control sample ducts
(32.90% ± 4.28%). There was no statistically significant difference between the secretory
portions and ducts in either sample group (Figure 8r).
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Figure 8. Co-expression of FGFR1/FGFR2/CTGF/TGF-β and α-SMA in eccrine sweat glands of
healthy controls and patients with DD. CTRL–normal skin of healthy individuals (a,b,e,f,i,j,m,n);
DAF–clinically affected palmar fascia of DD patients (c,d,g,h,k,l,o,p). FGFR1 expression is seen in
sweat gland cells (arrows) of secretory portions (a,c) and ducts (b,d). FGFR2 expression is also seen
in sweat gland cells (arrows) of secretory portions (e,g) and ducts (f,h). CTGF is expressed in sweat
gland cells (arrows) of secretory portions (i,k) and ducts (j,l). TGF-β is also expressed in sweat gland
cells (arrows) of secretory portions (m,o) and ducts (n,p); α-SMA staining shows myoepithelial cells of
sweat gland secretory portions and sections through surrounding blood vessels (a–p). DAPI staining
displays all cell nuclei (a–p). Double immunofluorescence staining to FGFR1/FGFR2/CTGF/TGF-β,
α-SMA and DAPI, 1000× magnification, scale bar 50 µm. Graphs display statistically significant
differences in FGFR1 (q), FGFR2 (r), CTGF (s), and TGF-β expression (t) between the analyzed
samples. Error bars show standard deviation; * p < 0.05, ** p < 0.01, **** p < 0.001.
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3.9.3. CTGF Expression

In control samples, weak cytoplasmic CTGF expression characterized secretory cells
(Figure 8i), while ducts showed moderate to strong CTGF expression in the basal cy-
toplasm (Figure 8j). Comparatively, in DAF samples, moderate to strong cytoplasmic
CTGF expression was seen both in the secretory cells (Figure 8k) and ducts (Figure 8l).
CTGF expression was significantly lower (p = 0.004; d = 1.852) in the control sample
secretory portions (14.90% ± 5.86%) compared to the DAF sample secretory portions
(25.10% ± 5.13%). It was also significantly lower (p < 0.0001; d = 2.335) in control sample
ducts (13.50% ± 5.74%) compared to DAF sample ducts (29.20% ± 7.58%). There was no
statistically significant difference between the secretory portions and ducts in either sample
group (Figure 8s).

3.9.4. TGF-β1 Expression

In control samples, granular TGF-β1 expression was seen in secretory cells (Figure 8m),
while moderate cytoplasmic expression characterized duct cells (Figure 8n). In contrast,
the secretory portions of DAF samples showed stronger granular TGF-β1 expression
(Figure 8o), while ducts displayed moderate to strong TGF-β1 expression in a majority of
their cells (Figure 8p). TGF-β1 expression was significantly higher (p < 0.0001; d = 1.655)
in the DAF sample secretory portions (23.50% ± 5.54%) compared to the control sample
secretory portions (12.40% ± 2.27%). It was also significantly higher (p < 0.0001; d = 3.501)
in DAF sample ducts (42.00%± 4.94%) compared to control sample ducts (13.80%± 2.62%).
Secretory portions had a significantly lower signal area percentage compared to ducts in
the DAF samples (p < 0.0001; d = 2.556), but not in control samples (Figure 8t).

4. Discussion

Our study focused on the comparison of the morphological characteristics, cell prolif-
eration, and profibrotic signaling molecules in blood vessels and sweat glands between
two diseases associated with tissue fibrosis—carpal tunnel syndrome and Dupuytren’s
disease. We have analyzed healthy palmar fascia from CTS patients as control samples, as
was previously described [37]. In contrast to most other studies, which have analyzed the
subsynovial connective tissue of CTS patients [17,38,39], we have analyzed the flexor reti-
naculum to determine whether it is also affected by pathological changes. DD samples were
separated into two groups, palmar fascia clinically unaffected by DD (DUF) and palmar
fascia affected by DD (DAF), as previously described by Alfonso-Rodriguez et al. [40].

Our histological analysis of H&E samples revealed no significant differences between
the flexor retinaculum and palmar fascia of CTS patients. However, DUF samples contained
more dense connective tissue areas than the controls, while DAF samples demonstrated
large areas of highly cellular connective tissue. Our study is in accordance with the study of
Alfonso-Rodrigues et al. which also showed that DUF samples show initial morphological
alterations [40], thus implying that DUF tissues are already histologically affected by DD.
We have also described sweat glands between the fibrotic cords in DAF samples, which has
been suggested to have a role in the pathogenesis of DD [18]. Similar to a previous study,
Mallory trichrome staining of collagen revealed a gradual increase in the density of type I
collagen packing from control through DUF to DAF samples [40].

In our study, we have not found significant differences in the proliferation of blood
vessels or connective tissue cells of the flexor retinaculum of CTS patients compared to
controls. However, other studies have proven increased fibroblast proliferation in CTS
patients [41,42], as they have all analyzed subsynovial connective tissue instead of the
flexor retinaculum. Compared to controls, in DUF samples proliferation was uniformly
increased in endothelial, vascular smooth muscle, and surrounding connective tissue
cells, while among the proliferating cells of DAF samples, the highest proliferation was
observed in endothelial cells. In addition, some endothelial cells of DUF and DAF samples
seemed morphologically changed, appearing more cuboid-like rather than squamous
when observing their nuclear morphology. Other studies have also shown increased
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proliferation of vascular and connective tissue cells of DD samples [18,43]; however, they
only analyzed DAF tissues, and the majority of proliferating cells were smooth muscle
cells, not endothelial cells. We have additionally demonstrated the increased proliferation
of eccrine sweat glands in DAF samples compared to healthy controls. However, increased
proliferation in DAF samples compared to controls was found only in the secretory portions
of the sweat glands and not the ducts, which is interesting given the fact that specifically
the secretory portions were implicated in the pathogenesis of DD [18]. Considering that
sweat glands are not present in the palmar fascia of control or DUF samples, we assume
that the increased proliferation causes them to grow into the fascia of DAF samples.

In our study, we observed an increased expression of FGFR1 in both the wall of blood
vessels and surrounding connective tissue cells of DUF and DAF samples, but not the flexor
retinaculum of CTS patients, when compared to control samples. Increased expression
of FGFR1 mRNA was previously demonstrated in DD tissues, but the distribution of the
protein itself has not been previously described [44]. This is consistent with the role of
FGFR1 in the stimulation of angiogenesis by mediating the proliferation of both endothelial
and vascular smooth muscle cells [24,25]. The increased FGFR1 expression in the connec-
tive tissue cells has been previously explained by its upregulation mediated by TGF-β
signaling, which leads to myofibroblast differentiation and increased extracellular matrix
synthesis [45,46]. Myofibroblasts and TGF-β signaling seem to have a central role in the
pathogenesis of DD [37,47]. We have also found increased FGFR1 expression in the sweat
glands of DAF samples compared to controls, which may indicate that ERK signaling
downstream of FGFRs may contribute to increased sweat gland proliferation [48].

FGFR2 expression in our study was mostly similar to FGFR1, with the exception
of the flexor retinaculum of CTS patients having lower expression compared to controls.
The increased FGFR2 expression in the blood vessel walls of DUF and DAF samples
aligns with increased blood vessel proliferation, as FGFR2 contributes to angiogenesis
by promoting cell migration [24]. Increased FGFR2 expression in the connective tissue of
DD samples could contribute to DD-associated fibrosis as it has been shown that FGFR2
mediates fibrosis in both lungs and kidneys [49,50]. Interestingly, TGF-β has been shown
to be able to both increase [51] and decrease FGFR2 expression [45]. TGF-β signaling
was increased in fibrosis-affected tissues of both CTS and DD patients [17,37]; however,
the flexor retinaculum adjacent to fibrotic CTS tissue did not display profibrotic changes,
unlike the palmar fascia adjacent to fibrotic cords of DD patients. We, therefore, assume
that fibrosis is mediated by different molecular mechanisms in CTS and DD; however,
further studies of other profibrotic pathways are needed to confirm this. FGFR2 was
also increased in the sweat glands of DUF samples compared to controls, probably also
contributing to proliferation by the same mechanism as FGFR1 [48]. FGFR2 expression
was previously described in the secretory portions of normal sweat glands, but not in
the ducts [26]. We have demonstrated FGFR2 expression in the ducts of both control and
DAF samples, albeit weaker than in secretory portions. This could be explained by the
difference in the sensitivity of classic immunohistochemistry used in the referenced study
and immunofluorescence used in our study [52].

The expression of CTGF is increased in the blood vessel walls and connective tissue
cells of DUF and DAF samples compared to control samples, following the trend of FGFR1
and FGFR2. Slightly increased CTGF expression was also noted in the blood vessel walls of
the flexor retinaculum of CTS patients, which could be explained with the same reasoning
as the aforementioned decrease in FGFR2 expression since TGF-β has been also shown to
stimulate CTGF expression [32]. We have also found increased CTGF expression in both
secretory portions and ducts of DAF sample sweat glands compared to healthy controls.
This partially corresponds to the findings of a previous study that exclusively described
CTGF expression in the secretory gland portions [18]. The role of CTGF in tissue fibrosis
and angiogenesis is well-known [31,33]; therefore it could contribute to the pathologic
changes found in DD tissues.
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The increased expression of all three analyzed factors (FGFR1, FGFR2, and CTGF) was
already present in the seemingly unaffected palmar fascia of DD patients, even at higher
levels than in their fibrotic cords. We assume that higher expression of profibrotic signaling
molecules is required to prepare the tissue for initiation of ECM synthesis and formation
of fibrotic cords, while maintenance of the fibrotic state can be accomplished at lower
profibrotic signaling levels. This finding could explain the high relapse rate after surgical
intervention, as only visibly fibrotic tissue is removed, while the clinically unaffected fascia,
which has multiple profibrotic molecular changes, is spared [9,11]. Considering this, we
suggest that a more extensive excision of palmar fascia be performed during routine surgical
treatment of DD, not only removing fibrotic cords and nodules, but also the seemingly
unremarkable and healthy-appearing fascia directly adjacent to them. We cannot comment
on the usefulness of total fasciectomy in this regard, as we have only analyzed clinically
unaffected fascia in close proximity to fibrotic cords, and additional studies analyzing fascia
distal to visible fibrotic changes are needed to draw any meaningful conclusions. We also
believe that these molecules could be targets for developing potential novel antifibrotic
therapeutic strategies for preventing DD progression and reducing relapse rate.

The role of TGF-β1 in the pathogenesis of CTS and DD, as well as fibrosis in general,
has been extensively analyzed [17,28,37]. However, TGF-β1 expression in DD-associated
sweat glands has not been analyzed thus far. In our study, we have demonstrated TGF-β1
expression in both secretory portions and ducts of normal sweat glands and increased
expression in both regions of DAF sweat glands. Increased expression of FGFR1, FGFR2,
CTGF, and TGF-β1 in the ducts of the sweat glands indicates a potential role for them in
the pathogenesis of DD, which is in contrast to a previous study which suggested that only
secretory portions contribute to profibrotic signaling [18]. We propose that the increase
in FGFR1, FGFR2, and CTGF expression in DD-associated sweat glands is related to their
increased expression in blood vessels and connective tissue cells of the palmar fascia.

We have also analyzed the expression of syndecan-1 in sweat glands, as it has been
shown that it can modify FGF signaling by associating with FGFRs and facilitating lig-
and binding [53]. Control sweat glands demonstrated only focal membranous expression
in a few cells of their secretory portions, as had been previously described [54], while
the secretory portions of DAF samples showed much stronger and widespread membra-
nous syndecan-1 immunoreactivity. The ducts of both analyzed groups displayed strong
membranous staining and increased syndecan-1 expression compared to their respective
secretory portions. The increased syndecan-1 expression in DD-associated sweat glands
probably contributes to their FGFR-mediated signaling [53].

5. Conclusions

We have found increased proliferation and FGFR1, FGFR2, and CTGF expression in
the blood vessel walls and connective tissue cells of DUF and DAF samples, indicating
that molecular changes associated with DD are present even in the seemingly unaffected
palmar fascia. Only minor changes in FGFR2 and CTGF expression were found in the flexor
retinaculum of CTS patients, suggesting it is not the primarily affected tissue in CTS. All of
the aforementioned factors, as well as TGF-β and syndecan-1, were also increased in sweat
glands associated with DD cords, implicating their possible role in the pathogenesis of DD.
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tissue processing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Keith, M.W.; Masear, V.; Chung, K.C.; Maupin, K.; Andary, M.; Amadio, P.C.; Watters, W.C., 3rd; Goldberg, M.J.; Haralson, R.H.,

3rd; Turkelson, C.M.; et al. American Academy of Orthopaedic Surgeons Clinical Practice Guideline on diagnosis of carpal tunnel
syndrome. J. Bone Jt. Surg. 2009, 91, 2478–2479. [CrossRef] [PubMed]

2. El-Helaly, M.; Balkhy, H.H.; Vallenius, L. Carpal tunnel syndrome among laboratory technicians in relation to personal and
ergonomic factors at work. J. Occup. Health 2017, 59, 513–520. [CrossRef] [PubMed]

3. Schnetzler, K.A. Acute carpal tunnel syndrome. J. Am. Acad. Orthop. Surg. 2008, 16, 276–282. [CrossRef] [PubMed]
4. Atroshi, I.; Gummesson, C.; Johnsson, R.; Ornstein, E.; Ranstam, J.; Rosen, I. Prevalence of carpal tunnel syndrome in a general

population. JAMA 1999, 282, 153–158. [CrossRef] [PubMed]
5. Stecco, C.; Giordani, F.; Fan, C.; Biz, C.; Pirri, C.; Frigo, A.C.; Fede, C.; Macchi, V.; Masiero, S.; De Caro, R. Role of fasciae around

the median nerve in pathogenesis of carpal tunnel syndrome: Microscopic and ultrasound study. J. Anat. 2020, 236, 660–667.
[CrossRef]

6. Piazzini, D.B.; Aprile, I.; Ferrara, P.E.; Bertolini, C.; Tonali, P.; Maggi, L.; Rabini, A.; Piantelli, S.; Padua, L. A systematic review of
conservative treatment of carpal tunnel syndrome. Clin. Rehabil. 2007, 21, 299–314. [CrossRef]

7. Bland, J.D. Treatment of carpal tunnel syndrome. Muscle Nerve 2007, 36, 167–171. [CrossRef]
8. Verdugo, R.J.; Salinas, R.A.; Castillo, J.L.; Cea, J.G. Surgical versus non-surgical treatment for carpal tunnel syndrome.

Cochrane Database Syst. Rev. 2008, 3, CD001552. [CrossRef]
9. Rayan, G.M. Dupuytren disease: Anatomy, pathology, presentation, and treatment. J. Bone Jt. Surgery. Am. Vol. 2007, 89, 189–198.

[CrossRef]
10. Arkkila, P.E.; Kantola, I.M.; Viikari, J.S. Dupuytren’s disease: Association with chronic diabetic complications. J. Rheumatol. 1997,

24, 153–159.
11. Michou, L.; Lermusiaux, J.L.; Teyssedou, J.P.; Bardin, T.; Beaudreuil, J.; Petit-Teixeira, E. Genetics of Dupuytren’s disease. Jt. Bone

Spine 2012, 79, 7–12. [CrossRef]
12. Mikkelsen, O.A. Dupuytren’s disease–initial symptoms, age of onset and spontaneous course. Hand 1977, 9, 11–15. [CrossRef]
13. Shih, B.; Bayat, A. Scientific understanding and clinical management of Dupuytren disease. Nat. Reviews. Rheumatol. 2010, 6,

715–726. [CrossRef]
14. Verhoekx, J.S.N.; Verjee, L.S.; Izadi, D.; Chan, J.K.K.; Nicolaidou, V.; Davidson, D.; Midwood, K.S.; Nanchahal, J. Isometric

contraction of Dupuytren’s myofibroblasts is inhibited by blocking intercellular junctions. J. Investig. Dermatol. 2013, 133,
2664–2671. [CrossRef]

15. Bainbridge, C.; Gerber, R.A.; Szczypa, P.P.; Smith, T.; Kushner, H.; Cohen, B.; Hellio Le Graverand-Gastineau, M.P. Efficacy of
collagenase in patients who did and did not have previous hand surgery for Dupuytren’s contracture. J. Plast. Surg. Hand Surg.
2012, 46, 177–183. [CrossRef]

16. Thomas, A.; Bayat, A. The emerging role of Clostridium histolyticum collagenase in the treatment of Dupuytren disease.
Ther. Clin. Risk Manag. 2010, 6, 557–572. [CrossRef]

17. Chikenji, T.; Gingery, A.; Zhao, C.; Passe, S.M.; Ozasa, Y.; Larson, D.; An, K.N.; Amadio, P.C. Transforming growth factor-beta
(TGF-beta) expression is increased in the subsynovial connective tissues of patients with idiopathic carpal tunnel syndrome.
J. Orthop. Res. 2014, 32, 116–122. [CrossRef]

18. Viil, J.; Maasalu, K.; Maemets-Allas, K.; Tamming, L.; Lohmussaar, K.; Tooming, M.; Ingerpuu, S.; Martson, A.; Jaks, V. Laminin-
rich blood vessels display activated growth factor signaling and act as the proliferation centers in Dupuytren’s contracture.
Arthritis Res. Ther. 2015, 17, 144. [CrossRef]

19. Taylor, A.M.; Bordoni, B. Histology, Blood Vascular System; StatPearls: Treasure Island, FL, USA, 2022.
20. Kurata, R.; Futaki, S.; Nakano, I.; Fujita, F.; Tanemura, A.; Murota, H.; Katayama, I.; Okada, F.; Sekiguchi, K. Three-dimensional

cell shapes and arrangements in human sweat glands as revealed by whole-mount immunostaining. PLoS ONE 2017, 12, e0178709.
[CrossRef]

21. Farooq, M.; Khan, A.W.; Kim, M.S.; Choi, S. The Role of Fibroblast Growth Factor (FGF) Signaling in Tissue Repair and
Regeneration. Cells 2021, 10, 3242. [CrossRef]

http://doi.org/10.2106/JBJS.I.00643
http://www.ncbi.nlm.nih.gov/pubmed/19797585
http://doi.org/10.1539/joh.16-0279-OA
http://www.ncbi.nlm.nih.gov/pubmed/28855446
http://doi.org/10.5435/00124635-200805000-00006
http://www.ncbi.nlm.nih.gov/pubmed/18460688
http://doi.org/10.1001/jama.282.2.153
http://www.ncbi.nlm.nih.gov/pubmed/10411196
http://doi.org/10.1111/joa.13124
http://doi.org/10.1177/0269215507077294
http://doi.org/10.1002/mus.20802
http://doi.org/10.1002/14651858.CD001552.pub2
http://doi.org/10.2106/00004623-200701000-00026
http://doi.org/10.1016/j.jbspin.2011.05.027
http://doi.org/10.1016/S0072-968X(77)80023-5
http://doi.org/10.1038/nrrheum.2010.180
http://doi.org/10.1038/jid.2013.219
http://doi.org/10.3109/2000656X.2012.683795
http://doi.org/10.2147/TCRM.S8591
http://doi.org/10.1002/jor.22485
http://doi.org/10.1186/s13075-015-0661-y
http://doi.org/10.1371/journal.pone.0178709
http://doi.org/10.3390/cells10113242


Biomedicines 2022, 10, 3214 21 of 22

22. Sarabipour, S.; Hristova, K. Mechanism of FGF receptor dimerization and activation. Nat. Commun. 2016, 7, 10262. [CrossRef]
[PubMed]

23. Eswarakumar, V.P.; Lax, I.; Schlessinger, J. Cellular signaling by fibroblast growth factor receptors. Cytokine Growth Factor Rev.
2005, 16, 139–149. [CrossRef] [PubMed]

24. Javerzat, S.; Auguste, P.; Bikfalvi, A. The role of fibroblast growth factors in vascular development. Trends Mol. Med. 2002, 8,
483–489. [CrossRef] [PubMed]

25. Chen, P.Y.; Qin, L.; Li, G.; Tellides, G.; Simons, M. Fibroblast growth factor (FGF) signaling regulates transforming growth factor
beta (TGFbeta)-dependent smooth muscle cell phenotype modulation. Sci. Rep. 2016, 6, 33407. [CrossRef]

26. Satake, K.; Goto, K.; Sugino, T.; Sasaki, Y.; Yoshikawa, S.; Kiyohara, Y. Limited immunoexpression of fibroblast growth factor
receptor 2 (FGFR2) in digital papillary adenocarcinoma: Comparison of FGFR2 immunohistochemistry between digital papillary
adenocarcinoma, other sweat gland tumors and normal skin tissue. J. Dermatol. 2021, 48, e86–e87. [CrossRef] [PubMed]

27. Aashaq, S.; Batool, A.; Mir, S.A.; Beigh, M.A.; Andrabi, K.I.; Shah, Z.A. TGF-beta signaling: A recap of SMAD-independent and
SMAD-dependent pathways. J. Cell. Physiol. 2022, 237, 59–85. [CrossRef]

28. Border, W.A.; Noble, N.A. Transforming growth factor beta in tissue fibrosis. New Engl. J. Med. 1994, 331, 1286–1292. [CrossRef]
29. Pepper, M.S. Transforming growth factor-beta: Vasculogenesis, angiogenesis, and vessel wall integrity. Cytokine Growth Factor Rev.

1997, 8, 21–43. [CrossRef]
30. Kiszewski, C.A.; Becerril, E.; Baquera, J.; Aguilar, L.D.; Hernandez-Pando, R. Expression of transforming growth factor-beta

isoforms and their receptors in lepromatous and tuberculoid leprosy. Scand. J. Immunol. 2003, 57, 279–285. [CrossRef]
31. Ramazani, Y.; Knops, N.; Elmonem, M.A.; Nguyen, T.Q.; Arcolino, F.O.; van den Heuvel, L.; Levtchenko, E.; Kuypers, D.;

Goldschmeding, R. Connective tissue growth factor (CTGF) from basics to clinics. Matrix Biol. J. Int. Soc. Matrix Biol. 2018, 68–69,
44–66. [CrossRef]

32. Grotendorst, G.R.; Okochi, H.; Hayashi, N. A novel transforming growth factor beta response element controls the expression of
the connective tissue growth factor gene. Cell Growth Differ. 1996, 7, 469–480.

33. Hall-Glenn, F.; De Young, R.A.; Huang, B.L.; van Handel, B.; Hofmann, J.J.; Chen, T.T.; Choi, A.; Ong, J.R.; Benya, P.D.; Mikkola,
H.; et al. CCN2/connective tissue growth factor is essential for pericyte adhesion and endothelial basement membrane formation
during angiogenesis. PLoS ONE 2012, 7, e30562. [CrossRef]

34. Couchman, J.R. Syndecan-1 (CD138), Carcinomas and EMT. Int. J. Mol. Sci. 2021, 22, 4227. [CrossRef]
35. Townley, W.A.; Baker, R.; Sheppard, N.; Grobbelaar, A.O. Dupuytren’s contracture unfolded. BMJ 2006, 332, 397–400. [CrossRef]
36. Ogorevc, M.; Kosovic, I.; Filipovic, N.; Bocina, I.; Juric, M.; Benzon, B.; Mardesic, S.; Vukojevic, K.; Saraga, M.; Kablar, B.; et al.

Differences in Immunohistochemical and Ultrastructural Features between Podocytes and Parietal Epithelial Cells (PECs) Are
Observed in Developing, Healthy Postnatal, and Pathologically Changed Human Kidneys. Int. J. Mol. Sci. 2022, 23, 7501.
[CrossRef]

37. Satish, L.; Gallo, P.H.; Baratz, M.E.; Johnson, S.; Kathju, S. Reversal of TGF-beta1 stimulation of alpha-smooth muscle actin and
extracellular matrix components by cyclic AMP in Dupuytren’s-derived fibroblasts. BMC Musculoskelet. Disord. 2011, 12, 113.
[CrossRef]

38. Chikenji, T.; Gingery, A.; Zhao, C.; Vanhees, M.; Moriya, T.; Reisdorf, R.; An, K.N.; Amadio, P.C. Transforming growth factor-beta
(TGF-beta) expression is increased in the subsynovial connective tissue in a rabbit model of carpal tunnel syndrome. PLoS ONE
2014, 9, e108312. [CrossRef]

39. Gingery, A.; Yang, T.H.; Passe, S.M.; An, K.N.; Zhao, C.; Amadio, P.C. TGF-beta signaling regulates fibrotic expression and activity
in carpal tunnel syndrome. J. Orthop. Res. 2014, 32, 1444–1450. [CrossRef]

40. Alfonso-Rodriguez, C.A.; Garzon, I.; Garrido-Gomez, J.; Oliveira, A.C.; Martin-Piedra, M.A.; Scionti, G.; Carriel, V.; Hernandez-
Cortes, P.; Campos, A.; Alaminos, M. Identification of histological patterns in clinically affected and unaffected palm regions in
dupuytren’s disease. PLoS ONE 2014, 9, e112457. [CrossRef]

41. Donato, G.; Galasso, O.; Valentino, P.; Conforti, F.; Zuccala, V.; Russo, E.; Maltese, L.; Perrotta, I.; Tripepi, S.; Amorosi, A.
Pathological findings in subsynovial connective tissue in idiopathic carpal tunnel syndrome. Clin. Neuropathol. 2009, 28, 129–135.
[CrossRef]

42. Saito, Y.; Chikenji, T.; Ozasa, Y.; Fujimiya, M.; Yamashita, T.; Gingery, A.; Iba, K. PDGFR Signaling Mediates Hyperproliferation
and Fibrotic Responses of Subsynovial Connective Tissue Cells in Idiopathic Carpal Tunnel Syndrome. Sci. Rep. 2017, 7, 16192.
[CrossRef] [PubMed]

43. Vi, L.; Feng, L.; Zhu, R.D.; Wu, Y.; Satish, L.; Gan, B.S.; O’Gorman, D.B. Periostin differentially induces proliferation, contraction
and apoptosis of primary Dupuytren’s disease and adjacent palmar fascia cells. Exp. Cell Res. 2009, 315, 3574–3586. [CrossRef]
[PubMed]

44. Gonzalez, A.M.; Buscaglia, M.; Fox, R.; Isacchi, A.; Sarmientos, P.; Farris, J.; Ong, M.; Martineau, D.; Lappi, D.A.; Baird, A. Basic
fibroblast growth factor in Dupuytren’s contracture. Am. J. Pathol. 1992, 141, 661–671. [PubMed]

45. Kanda, T.; Funato, N.; Baba, Y.; Kuroda, T. Evidence for fibroblast growth factor receptors in myofibroblasts during palatal
mucoperiosteal repair. Arch. Oral Biol. 2003, 48, 213–221. [CrossRef]

46. Wu, Q.; Han, L.; Gui, W.; Wang, F.; Yan, W.; Jiang, H. MiR-503 suppresses fibroblast activation and myofibroblast differentiation
by targeting VEGFA and FGFR1 in silica-induced pulmonary fibrosis. J. Cell. Mol. Med. 2020, 24, 14339–14348. [CrossRef]

http://doi.org/10.1038/ncomms10262
http://www.ncbi.nlm.nih.gov/pubmed/26725515
http://doi.org/10.1016/j.cytogfr.2005.01.001
http://www.ncbi.nlm.nih.gov/pubmed/15863030
http://doi.org/10.1016/S1471-4914(02)02394-8
http://www.ncbi.nlm.nih.gov/pubmed/12383771
http://doi.org/10.1038/srep33407
http://doi.org/10.1111/1346-8138.15701
http://www.ncbi.nlm.nih.gov/pubmed/33210330
http://doi.org/10.1002/jcp.30529
http://doi.org/10.1056/NEJM199411103311907
http://doi.org/10.1016/S1359-6101(96)00048-2
http://doi.org/10.1046/j.1365-3083.2003.01210.x
http://doi.org/10.1016/j.matbio.2018.03.007
http://doi.org/10.1371/journal.pone.0030562
http://doi.org/10.3390/ijms22084227
http://doi.org/10.1136/bmj.332.7538.397
http://doi.org/10.3390/ijms23147501
http://doi.org/10.1186/1471-2474-12-113
http://doi.org/10.1371/journal.pone.0108312
http://doi.org/10.1002/jor.22694
http://doi.org/10.1371/journal.pone.0112457
http://doi.org/10.5414/NPP28129
http://doi.org/10.1038/s41598-017-16443-w
http://www.ncbi.nlm.nih.gov/pubmed/29170419
http://doi.org/10.1016/j.yexcr.2009.07.015
http://www.ncbi.nlm.nih.gov/pubmed/19619531
http://www.ncbi.nlm.nih.gov/pubmed/1325742
http://doi.org/10.1016/S0003-9969(02)00204-2
http://doi.org/10.1111/jcmm.16051


Biomedicines 2022, 10, 3214 22 of 22

47. Badalamente, M.A.; Sampson, S.P.; Hurst, L.C.; Dowd, A.; Miyasaka, K. The role of transforming growth factor beta in Dupuytren’s
disease. J. Hand Surg. 1996, 21, 210–215. [CrossRef]

48. Xie, Y.; Su, N.; Yang, J.; Tan, Q.; Huang, S.; Jin, M.; Ni, Z.; Zhang, B.; Zhang, D.; Luo, F.; et al. FGF/FGFR signaling in health and
disease. Signal Transduct. Target. Ther. 2020, 5, 181. [CrossRef]

49. Li, L.; Zhang, S.; Wei, L.; Wang, Z.; Ma, W.; Liu, F.; Qian, Y. FGF2 and FGFR2 in patients with idiopathic pulmonary fibrosis and
lung cancer. Oncol. Lett. 2018, 16, 2490–2494. [CrossRef]

50. Xu, Z.; Dai, C. Ablation of FGFR2 in Fibroblasts Ameliorates Kidney Fibrosis after Ischemia/Reperfusion Injury in Mice.
Kidney Dis. 2017, 3, 160–170. [CrossRef]

51. Shirakihara, T.; Horiguchi, K.; Miyazawa, K.; Ehata, S.; Shibata, T.; Morita, I.; Miyazono, K.; Saitoh, M. TGF-beta regulates isoform
switching of FGF receptors and epithelial-mesenchymal transition. EMBO J. 2011, 30, 783–795. [CrossRef]

52. Jafari, M.; Monsef-Esfahani, A.; Solimani, B. Diagnostic value of immunoperoxidase staining and immunofluorescence in the
study of kidney biopsy specimens. Iran. J. Kidney Dis. 2015, 9, 286–290.

53. Filla, M.S.; Dam, P.; Rapraeger, A.C. The cell surface proteoglycan syndecan-1 mediates fibroblast growth factor-2 binding and
activity. J. Cell. Physiol. 1998, 174, 310–321. [CrossRef]

54. Noel, F.; Pierard, G.E.; Delvenne, P.; Quatresooz, P.; Humbert, P.; Pierard-Franchimont, C. Immunohistochemical sweat gland
profiles. J. Cosmet. Dermatol. 2013, 12, 179–186. [CrossRef]

http://doi.org/10.1016/S0363-5023(96)80102-X
http://doi.org/10.1038/s41392-020-00222-7
http://doi.org/10.3892/ol.2018.8903
http://doi.org/10.1159/000484604
http://doi.org/10.1038/emboj.2010.351
http://doi.org/10.1002/(SICI)1097-4652(199803)174:3&lt;310::AID-JCP5&gt;3.0.CO;2-R
http://doi.org/10.1111/jocd.12043

	Introduction 
	Materials and Methods 
	Tissue Acquisition and Processing 
	Hematoxylin and Eosin Staining 
	Mallory Trichrome Staining 
	Immunofluorescent Staining 
	Immunofluorescence Signal Quantification 
	Statistical Analysis 

	Results 
	Haematoxylin and Eosin Staining (H&E) 
	Mallory Trichrome Staining (MTC) 
	Blood Vessel and Connective Tissue Cell Proliferation–Ki-67 and -SMA Co-Expression 
	Co-Expression of FGFR1 and -SMA in Blood Vessels and Surrounding Connective Tissue 
	Co-Expression of FGFR2 and -SMA in Blood Vessels and Surrounding Connective Tissue 
	Co-Expression of CTGF and -SMA in Blood Vessels and Surrounding Connective Tissue 
	Syndecan-1 Expression in Eccrine Sweat Glands 
	Proliferation of Eccrine Sweat Glands–Ki-67 and -SMA Co-Expression 
	FGFR1, FGFR2, CTGF, and TGF-1 Expression in Eccrine Sweat Glands 
	FGFR1 Expression 
	FGFR2 Expression 
	CTGF Expression 
	TGF-1 Expression 


	Discussion 
	Conclusions 
	References

