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INTRODUCTION
Dupuytren’s disease (DD) is a proliferative fibromatosis 

affecting the hands, causing shortening of the palmar fascia 
leading to contracture of the digits.1 Patients may experi-
ence similar contracture in other areas, such as the plantar 
fascia (Ledderhose’s disease) and penis (Peyronie’s dis-
ease) in males.1 The prevalence of DD varies worldwide, be-
ing most common in those of Northern European descent, 
with up to 30% reported in Norwegian men over 60 years.2,3

Current treatments for DD are unsatisfactory with high 
recurrence and complication rates.4 Surgery is the main-
stay treatment with fasciectomy being the most common 
procedure. Fasciectomy is associated with a recurrence 
rate of up to 39% over 5 years.5 Dermofasciectomy reduces 
the recurrence rate to 12%.6 Needle aponeurotomy has 
been used and recurrence rates of 50–58% have been re-
ported.5 Steroid injections have been used as a primary 
treatment or as an adjunct to surgery.4,7 Injection of Clos-
tridium histolyticum collagenase has been used recently 
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with a 10–31% recurrence rate5 and significant complica-
tions including dermal atrophy, skin depigmentation, skin 
tears, and tendon rupture.4,5,8

Factors attributed to the development of DD include 
genetic predisposition, smoking, alcohol consumption, 
diabetes, liver cirrhosis, history of manual labor, and hand 
injury.2 A possible autosomal dominant inheritance pat-
tern has also been suggested.2

DD is characterized by the growth of highly cellular 
nodules, followed by avascular collagen rich cords.9 Myo-
fibroblasts are the predominant cell type within the DD 
nodules9 and have been implicated in the development of 
DD.9,10 They are involved in the production of α-smooth 
muscle actin and extracellular matrix reorganization, evi-
dent within DD tissues.10

A number of recent studies have shown an increased 
population of progenitor cells within DD tissues. Mesen-
chymal stem cells (MSCs), which possess the ability to dif-
ferentiate into myofibroblasts,11 have been observed in the 
overlying skin and surrounding fat of DD tissues.12,13 We 
have recently demonstrated the presence of an embryonic 
stem cell (ESC)–like cell population, localized to the en-
dothelium of the microvessels adjacent to DD nodules and 
cords.14 This observation suggests the possibility of dysreg-
ulation of this stem cell population that ultimately sustains 
the proliferation of the myofibroblasts. The observation 
that dermofasciectomy, in which the overlying skin and 
surrounding tissue is also excised is associated with signifi-
cantly lower recurrence rates compared with fasciectomy,6 
implicates the involvement of the overlying skin and sur-
rounding adipose tissue in the disease process.

The renin-angiotensin system (RAS) is an endocrine15 
and paracrine system16 that maintains cardiovascular ho-
meostasis. It also plays a role in the mediation of fibrosis 
and healing of the skin, the kidneys, and the heart.17–19 The 
RAS cascade begins with a renin-mediated cleavage of an-
giotensinogen (AGN) to the biologically inert angiotensin 
I. Angiotensin I is then cleaved by angiotensin-converting 
enzyme (ACE) to form angiotensin II (ATII),15 which is the 
vasoactive end product of the RAS cascade and is a ligand 
for both angiotensin II receptor 1 (ATIIR1) and angioten-
sin II receptor 2 (ATIIR2).15 (Pro)renin receptor (PRR, also 
known as ATP6AP2), a receptor for renin20 binds both re-
nin and its precursor (pro)renin.20 Binding of renin to the 
PRR increases the efficiency of AGN cleavage.20 PRR is also 
involved in multiple ATII-independent signaling pathways 
through its ligands, renin, and (pro)renin.21

We hypothesized that the RAS might be expressed by 
the ESC-like cell population in DD. In this study, we inves-
tigated the expression and localization of components of 
the RAS: PRR, ACE, ATIIR1, and ATIIR2 in DD tissues, us-
ing immunohistochemical (IHC) staining, Western blot-
ting (WB), and NanoString mRNA analysis.

METHODS

Tissue Samples
Surgically excised DD samples from 6 male patients, 

aged 66–78 years (mean, 69.3 years) were sourced from 

the Gillies McIndoe Research Institute Tissue Bank, in a 
study approved by the Central Regional Health and Dis-
ability Ethics Committee (ref. no. 13NTB155). The DD tis-
sue samples were separated into cords and nodules by the 
operating surgeon (J.R.A.).

Histochemical and IHC Staining
Hematoxylin and eosin staining was performed on 

4-μm thick formalin-fixed paraffin-embedded sections of 
DD tissues from 6 patients to confirm the presence of DD 
cords and nodules, as recently reported.14 3,3-Diaminoben-
zidine (DAB) and immunofluorescent (IF) IHC staining 
was performed on sections of all DD cords and nodules 
using the Leica Bond Rx auto-stainer (Leica, Nussloch, 
Germany) with primary antibodies: PRR (1:2000; cat# 
AB40790, Abcam, Cambridge, Mass.), ACE (1:100; cat# 
3C5, AbD Serotec, Oxford, United Kingdom), ATIIR1 
(1:30; cat# AB9391, Abcam), and ATIIR2 (1:2000; cat# 
NBP1-77368, Novus Biologicals, Littleton, Colo.). Antibod-
ies were diluted in Bond primary antibody diluent (Leica).

IF IHC staining was performed using a combination of 
VectaFluor Excel anti-rabbit 594 (ready-to-use; cat# VEDK-
1594, Vector Laboratories, Burlingame, Calif.) and Alexa 
Fluor anti-mouse 488 (1:500; cat# A21202, Thermo Fisher Sci-
entific, Waltham, Mass.) to detect combinations that included 
PRR and ATIIR2 and VectaFluor Excel anti-mouse (ready-to-
use; cat# VEDK2488, Vector Laboratories) with Alexa Fluor 
anti-rabbit 594 (1:500; cat# A21207, Thermo Fisher Scien-
tific) to detect combinations that included ACE and ATIIR1.

Human positive control tissues were placenta for PRR,20 
kidney for ACE,22 and ATIIR1,23 and liver for ATIIR2.24 A 
DD nodule and a DD cord sample was used as a secondary 
antibody control by omitting the primary antibody.

Image Analysis
DAB IHC-stained slides were viewed and imaged with 

an Olympus DP21 digital camera (Olympus, Tokyo, Ja-
pan) fitted to an Olympus BX53 light microscope (Olym-
pus). IF IHC-stained slides were viewed and imaged using 
an Olympus FV1200 confocal microscope (Olympus) and 
processed with CellSens Dimension 1.11 using 2D decon-
volution algorithm (Olympus).

Western Blotting
Total protein was extracted from snap-frozen DD cord 

(n = 3) and DD nodule (n = 3) samples from 3 patients  from 
the same cohort included for DAB IHC staining, by rotor-
stator homogenization (Omni TH, Omni International, 
Kennesaw, Ga.) in ice-cold radioimmunoprecipitation as-
say buffer (Sigma-Aldrich, St. Louis, Mass.) supplemented 
with 1× HALT protease and phosphatase inhibitor cocktail 
(Pierce Biotechnology, Rockford, Ill.) and 10 mM dithioth-
reitol (Sigma-Aldrich). Soluble proteins were precipitated at 
˗20°C for 1 hour (ProteoExtract Protein Precipitation Kit, 
Merck Millipore, Billerica, Mass.) and then resuspended 
at 4°C overnight in 1× sodium dodecyl sulfate sample buf-
fer (Bio-Rad, Hercules, Calif.) containing 10 mM dithioth-
reitol. Protein samples (~30 µg total protein per sample) 
were resolved by 4–12% 1-dimensional polyacrylamide gel 
electrophoresis (Thermo Scientific, Waltham, Mass.) and 
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transferred to PVDF membranes using an iBlot 2 (Thermo 
Scientific; n = 2). The membranes were blocked at 4°C 
for 90 minutes in tris-buffered saline (pH, 7.4) containing 
0.1% Tween-20 (TBST) and 2% skim-milk powder and then 
probed at 4°C overnight using primary antibody diluted in 
TBST. Primary antibodies were ACE (1:200; cat# sc-12184, 
Santa Cruz, Rockford, Ill.), ATIIR2 (1:5000; cat# ab92445, 
Abcam), PRR (1:500; cat# HPA003156, Sigma-Aldrich), and 
β-actin (1:2000; cat# ab8226, Abcam). Membranes probed 
for ATIIR1, ATIIR2, PRR, and β-actin were then incubated 
at 4°C for 1 hour with the appropriate secondary antibody 
diluted in TBST, goat anti-rabbit, horseradish peroxidase 
(HRP) conjugate (1:20000; cat# A16110, Thermo Scientif-
ic), donkey anti-goat, HRP conjugate (1:5000; cat# ab97120, 
Abcam), or Alexa Fluor 647 rabbit anti-mouse (1:2000; cat# 
A21239, Thermo Scientific). Membranes probed for ACE 
were incubated at 4°C for 1 hour with rabbit anti-goat Su-
perclonal biotin conjugate secondary antibody (1:20000, 
cat# A27013, Thermo Scientific) followed by incubation at 
4°C for 20 minutes with streptavidin poly-HRP (1:5000, cat# 
21140, Thermo Scientific). HRP detection was achieved us-
ing Clarity Western enhanced chemiluminescence substrate 
(Bio-Rad), and all membranes were imaged using a Chemi-
Doc MP imaging system (Bio-Rad).

Nanostring mRNA Analysis
Snap-frozen DD cord (n = 5) and DD nodule (n = 5) 

samples from 5 patients from the same cohort included for 
DAB IHC staining were used to isolate total RNA. RNA was 
extracted using the MagJET RNA Kit and KingFisher Duo 
(ThermoFisher Scientific) protocol and quantitated by the 
NanoDrop 2000 Spectrophotometer (Thermo Scientific) 
and Qubit (Thermo Scientific). mRNA was assayed by New 
Zealand Genomics Ltd (Dunedin, NZ), using the NanoString 
nCounter Gene Expression Assay (NanoString Technolo-
gies, Seattle, Wash.). Probes for the genes were designed 
and synthesized by NanoString Technologies and are PRR 
(ATP6AP2, NM_005765.2), ACE (CD143, NM_000789.2), 
ATIIR1 (AGTR1, NM_000685.3), and ATIIR2 (AGTR2, 

NM_000686.3). Raw data were analyzed by nSolver software 
(NanoString Technologies) using standard settings and 
were normalized against the housekeeping gene glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH).

RESULTS

Histochemical and 3,3-Diaminobenzidine IHC Staining
Hematoxylin and eosin staining confirmed the pres-

ence of DD cords and nodules on the slides and demon-
strated the location of the microvessels. DAB IHC staining 
showed expression of PRR, localized to the endothelium 
and pericyte layer of the microvessels at the periphery of 
both the DD cords (Fig. 1A, brown) and nodules (Fig. 1B, 
brown). ACE was localized to the endothelium of these 
microvessels surrounding both the DD cords and nodules 
(Fig. 1 C, D, brown). Both the DD cords and nodules ex-
pressed ATIIR1 (Fig. 1 E, F, brown) and ATIIR2 (Fig. 1 G, 
H, brown).

Positive control staining was demonstrated in human 
placenta for PRR, kidney for ACE, liver for ATIIR1, and 
kidney for ATIIR2. There was minimal staining on the 
negative control (see figure, Supplemental Digital Con-
tent 1, which displays DAB IHC-stained positive control 
human samples using placenta for PRR (A, brown), kid-
ney for ACE (B, brown), liver for ATIIR1 (C, brown), and 
kidney for ATIIR2 (D, brown). Negative control by omis-
sion of the primary antibody (E) confirmed specificity of 
the secondary antibody. Nuclei were counter-stained with 
hematoxylin (A-E, blue). Original magnification: 400x, 
http://links.lww.com/PRSGO/A483).

IF IHC Staining
To confirm the localization of PRR, ATIIR1, ATIIR2, 

and ACE, we performed dual IF IHC staining on sections 
of DD nodule (n = 2) with the endothelial markers CD34 or 
ERG. PRR (Fig. 2A, red) was localized to the CD34+ (Fig. 2A, 
green) endothelium of the microvessels and the pericyte 

Fig. 1.  DAB IHC-stained slides of representative DD cord (A, C, e, and g) and DD nodule (B, D, F, and H) samples showing the expression 
of Prr (A and B, brown), ACe (C and D, brown), ATIIr1 (e and F, brown), and ATIIr2 (g and H, brown) on the microvessels surrounding DD 
tissue. expression of Prr, ACe, ATIIr1, and ATIIr2 was localized to the endothelium of these microvessels. Prr was also expressed on the 
surrounding pericyte layer  (A and B). Nuclei were counter-stained with hematoxylin (A-H, blue). Original magnification: 400×.
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layer surrounding the endothelium. ACE (Fig. 2B, green) 
and ATIIR1 (Fig. 2C, green) were expressed on the ERG+ 
(Fig. 2B, C, red) endothelium of the microvessels. ATIIR2 
(Fig. 2D, red) was expressed on the nuclei of the CD34+ 
(Fig. 2D, green) endothelial cells. (see figure, Supplemen-
tal Digital Content 2, which displays separated images of 
IF IHC-stained slides of representative DD nodule samples 
showing expression of PRR (A, red) on the endothelium 
of the microvessels that expressed CD34 (B, green) and 
the surrounding pericyte layer; the ERG+ (C&E, red) endo-
thelium expressed ACE (D, green) and ATIIR1 (F, green); 
and ATIIR2 (G, red) was expressed on the endothelium of 
the microvessels expressing CD34 (H, green). Nuclei were 
counter-stained with 4’6-diamino-2-phenylindole (A-H, 
blue). Scale bars: 20μm, http://links.lww.com/PRSGO/A484).

WB
WB analysis of total protein extracts from snap-frozen 

DD cord (n = 3) and DD nodule (n = 3) samples from 3 
patients confirmed the presence of PRR (Fig. 3A) at the 
expected size of 39 kDa in all samples. ACE (Fig. 3B) was de-

tected by tertiary cascade WB at the expected ~190 kDa in 
4 and 5 of the nodule and cord extracts, respectively. Simi-
larly, ATIIR2 (Fig. 3C) was detected in most but not all 3 
sets of DD total protein extracts, at ~50 kDa. ATIIR1 was not 
detected in any of the 3 set of DD samples examined (data 
not shown). β-Actin confirmed approximately equivalent 
loading of the 3 cord and 3 nodule DD samples (Fig. 3).

Nanostring mRNA Analysis
NanoString mRNA analysis for PRR, ACE, ATIIR1, and 

ATIIR2 in DD cords (n = 5) and DD nodules (n = 5) from 
5 patients was performed, normalized against the house-
keeping gene, GUSB. Transcriptional profiling confirmed 
the presence of PRR, ACE and ATIIR1 mRNA in all the 
samples but ATIIR2 mRNA was below detectable level 
within all the samples examined (Fig. 4).

DISCUSSION
In this study, we have demonstrated expression of PRR, 

ACE, ATIIR1, and ATIIR2, localized to the endothelium of 

Fig. 2. IF IHC-stained slides of representative DD nodule samples showing coexpression of the endothe-
lial marker CD34 (A, green) and Prr (A, red). Prr (A, red) was also expressed on the surrounding pericyte 
layer. expression of ACe (B, green) and ATIIr1 (C, green) on the erg+ endothelium (B and C, red) was 
also demonstrated. ATIIr2 (D, red) was also expressed on the endothelium expressing CD34 (D, green). 
Nuclei were counter-stained with 4’6-diamino-2-phenylindole (A–D, blue). Scale bars: 20 μm.
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the microvessels in DD cords and nodules by IHC staining. 
PRR is also expressed by the pericyte layer. Although ATI-
IR1 and ATIIR2 were detected by both DAB IHC and IF 
IHC staining, ATIIR2 was below the detectable levels when 
analyzed by NanoString, possibly due to rapid clearance of 
the mRNA. Furthermore, ATIIR1 was not detected by WB.

Viil et al.25 have demonstrated that DD-associated mi-
crovessels form proliferative centers that provide an abnormal 
microenvironment of cytokines and signaling factors. Iqbal et 
al.12 have recently identified an MSC population with the abili-
ty to differentiate into myofibroblasts seen in DD nodules and 
cords, the skin overlying nodule and perinodular fat areas. 
We recently demonstrated the presence of a more primitive 
ESC-like cell population within the microvessels of the tissues 
surrounding the DD nodules and cords.14 This progenitor 
cell population may sustain the ESC-like cell population with 
downstream MSCs that give rise to myofibroblasts in DD. RAS 
might play a role in the development of DD, given its involve-
ment in other fibrotic conditions.17,18 Our hypothesis that the 
RAS may be expressed by the ESC-like cell population is sup-
ported by the observation that low-dose enalapril leads to im-
provement in hypertrophic and keloid scars.26

There are few previous reports on the potential role 
of the RAS in DD tissues. These focused on the myo-

fibroblasts and yielded contradictory results. McKirdy  
et al.27 have demonstrated the presence of the ATIIR1 on 
the myofibroblasts, whereas Stephen28 has found limited 
expression of ATIIR1 and a much wider distribution of 
ATIIR2. Rayan et al.29 show contraction in cultured DD 
myofibroblasts treated with ATII.

Renin cleaves AGN into ATI, with a 5-fold increase in 
the rate of cleavage when renin is bound to the PRR.20 ACE 
then converts ATI into ATII, which acts on the ATIIR1 and 
ATIIR2 to regulate multiple signaling pathways.15 We spec-
ulate that RAS signaling at the microvessels may contribute 
to the proliferative niche, which may promote the develop-
ment of an ESC-like phenotype from which DD myofibro-
blasts may be ultimately derived.

PRR may also contribute to the dysregulation of signal-
ing pathways independent of ATII. Binding of (pro)renin 
triggers intracellular signaling through the mitogen-activat-
ed protein kinases ERK1/2.21 This can lead to the upregu-
lation of profibrotic factors including transforming growth 
factor-β (TGF-β) and cyclooxygenase 2.21 Furthermore, PRR 
associated with V-ATPase is involved in the canonical Wnt/β-
catenin pathway.30 The canonical Wnt pathway is linked to 
the TGF-β pathway, and together they are believed to play 
a key role in the pathogenesis of fibrotic diseases.31 Wnt-
signaling has been shown to be highly dysregulated in DD.32

We have demonstrated the presence and localization 
of components of the RAS in the ESC-like population on 
the microvessels within DD in the vicinity of the proliferat-
ing myofibroblasts. These results suggest that the ESC-like 
cell population, the proposed origin of the DD, may be a 
novel therapeutic target by modulating the RAS.
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