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A B S T R A C T

Endothelial-to-mesenchymal transition (EndMT) is a phenotypic switch in which endothelial cells acquire 
mesenchymal characteristics, involving both functional and morphological changes. While EndMT is essential for 
cardiac development, its aberrant activation contributes to adult cardiovascular pathologies, including calcific 
aortic valve disease (CAVD). Dysregulation of ectonucleotidases—membrane-bound enzymes that regulate 
extracellular ATP and adenosine metabolism—has been implicated in such diseases. Altered extracellular 
nucleotide signaling influences valvular interstitial cell (VIC) degeneration and may interact with valvular 
endothelial cells (VECs) undergoing EndMT. The objective of this study was to investigate the role of the 
purinergic signaling system in regulating EndMT in human aortic VECs.

Primary human VECs were cultured in vitro and treated with inhibitors of ectonucleoside triphosphate 
diphosphohydrolase 1 (CD39), ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1), and 5′-nucleo
tidase (CD73), alongside adenosine and P2 purinergic receptor agonists. EndMT markers and signaling pathways 
were assessed via phosphorylation assays and mRNA expression analysis of key transcription factors, including 
SLUG, SNAIL, ZEB1, and ZEB2. Inhibition of ATP- and AMP-hydrolyzing enzymes (CD39, ENPP1, CD73) 
enhanced p38 phosphorylation and modulated SLUG expression. Activation of P2 and adenosine A2B receptors 
altered SNAIL levels, while A2A receptor signaling influenced ZEB1 and ZEB2 expression. These perturbations 
resulted in pronounced morphological changes consistent with EndMT.

In conclusion, dysregulation of the purinergic signaling system induces EndMT in human aortic VECs, high
lighting a potential mechanistic link between extracellular nucleotide metabolism and valvular pathology. 
Targeting purinergic pathways may represent a therapeutic avenue for CAVD and related vascular disorders.

1. Introduction

Endothelial-to-mesenchymal transition (EndMT) is a process by 
which endothelial cells acquire a mesenchymal phenotype and respec
tive functional changes take place. The expression of endothelial 
markers such as CD31 and VE-cadherin is lost, whereas expression of 
mesenchymal markers such as α-smooth muscle actin (αSMA) and 
Vimentin is upregulated [1–3]. Initially, EndMT was identified in 
embryogenesis where it is necessary for endocardial cushion formation 

and heart valve development [4] and was considered a special form of 
epithelial-mesenchymal transition (EMT), a well-studied, similar pro
cess in epithelial cells [5,6]. Though crucial during development, in the 
adult organism high levels of EndMT have been associated with car
diovascular pathologies such as atherosclerosis, cardiac fibrosis or vein 
graft remodeling [7–9]. Interestingly, lower levels of EndMT seem to 
persist in the adult valve [10] and it has been hypothesized that this 
allows a subset of valvular endothelium to replenish the turnover of 
valvular interstitial cells (VIC) [11]. In valve calcification, activated, 
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mesenchymal-like VIC are present and contribute to matrix remodeling, 
biomineralization and inflammation [12–14]. In this context, a recent 
study by Gee et al. demonstrated that valvular endothelial cells (VEC) 
actively induce pathological remodeling and calcification of VIC via 
EndMT [15]. Furthermore, Hjortnaes et al. showed that EndMT may 
precede VEC osteogenesis, whereas VIC inhibit EndMT and osteogenesis 
in VEC [16]. Collectively, these studies highlight the relevance of 
EndMT and VEC-VIC interactions in valve pathophysiology, but the 
regulating factors are yet barely understood.

The purinergic signaling system utilizes purine nucleotides and nu
cleosides as extracellular messengers and mediates short-term (acute) 
signaling functions in mechanosensory transduction, secretion and 
vasodilatation. On the other hand, long-term (chronic) functions of 
purinergic signaling relate to cell proliferation, differentiation, and 
death involved in development and regeneration [17]. Released nucle
otides are hydrolyzed extracellularly by a variety of cell surface-located 
enzymes referred to as ectonucleotidases. Ectonucleoside triphosphate 
diphosphohydrolase 1 (CD39) catalyzes the hydrolysis of extracellular 
ATP via ADP to AMP, and then ecto-5′-nucleotidase (CD73) de
phosphorylates AMP into adenosine [18]. Activity and expression of the 
key enzymes CD39 and CD73 were shown to be associated with various 
diseases such as cancer, autoimmune conditions and arteriosclerosis 
[19,20]. Previous studies from our group reported the critical role of 
these key enzymes in the degeneration process of VIC and demonstrated 
enhanced biomineralization by inhibition of CD39 and ENPP1, whereas 
inhibition of CD73 resulted in protective effects [21].

Following the approach established in the study, the same pharma
cological agents were used to investigate extracellular purinergic 
signaling: To modulate extracellular purinergic signaling, sodium pol
yoxotungstate (POM-1) was used as an established inhibitor of 
NTPDase1, NTPDase2, and NTPDase3[22], which has been applied in a 
variety of experimental settings, including human cell culture models 
[23]. Inhibition of CD73-mediated conversion of AMP to adenosine was 
achieved using the competitive ecto-5′-nucleotidase inhibitor 
α,β-methylene-ADP (AMP-CP), a compound that has been shown to 
effectively block CD73 activity in human cell culture systems [24,25]. 
To selectively activate adenosine receptor signaling, we employed 
CGS-21,680, a well-characterized and widely used selective agonist of 
the adenosine A₂A receptor, which has been utilized to study A₂A-me
diated signaling pathways in vitro, including in human endothelial cell 
models [26,27]. In addition, BAY 60–6583 was used as a potent and 
selective agonist of the adenosine A₂B receptor [28], a compound that 
has already been applied in human endothelial studies to investigate 
A₂B-dependent signaling [29].

The existing evidence highlights purinergic signaling as well as 
EndMT as important factors in the physiology and pathophysiology of 
the cardiac valves, but to date, there are no studies on the relationship 
between these mechanisms and their interrelation in VEC.

Therefore, we aimed to investigate the potential role of the puri
nergic signaling system with respect to EndMT induction in VEC.

2. Materials and methods

2.1. Human VEC isolation

Aortic valve cusps were obtained from 11 patients who underwent 
either orthotopic heart transplantation or valve replacement (age 60 ±
13 years, range 33–78) at the University Hospital Düsseldorf, Depart
ment of Cardiac Surgery, Düsseldorf, Germany. Patients gave informed 
consent and the research protocol was approved and performed ac
cording to the institutional ethics committee (study ID: 2018–298-bio) 
and the Declaration of Helsinki [30]. VEC were isolated from the ob
tained tissue samples. Specifically, aortic valve cusps were digested for 4 
min in 0.25 % Trypsin-EDTA (Thermo Fisher Scientific) at 37 ◦C under 
sustained agitation. Digestion was stopped using equal parts of medium 
[Growth Medium MV, PromoCell supplemented with 1 % 

Penicillin-Streptomycin and Amphotericin B (Thermo Fisher Scientific)] 
and tissue surface was scraped before removal. The remaining suspen
sion was filtered using a 100 µm sterile strainer and centrifuged at 300 x 
g for 5 min to obtain a cell pellet. Cells were resuspended in fresh me
dium, seeded onto a 1 % gelatin coated 25 cm2 culture flask and kept at 
37 ◦C and 5 % CO2 until confluence and further passaging.

2.2. Patient data

Patients undergoing aortic valve replacement or heart trans
plantation (HTx) at a single center between October 2018 and May 2021 
were considered for inclusion in this study. During this period, a stan
dardized collection of aortic valve tissue was performed intraoperatively 
following a predefined protocol. Tissue harvesting was carried out by a 
trained research team in close collaboration with the cardiac surgery 
department. Clinical data, including demographic characteristics, 
comorbidities, previous surgical interventions, medication, and labora
tory values, were collected for all donors to allow reliable interpretation 
of the experimental results. Only samples with sufficient tissue quality 
for endothelial cell isolation and downstream analyses were included in 
the final study cohort.

2.3. Magnetic cell sorting

Isolated cells at passage 1 were positively selected for CD31 by 
magnetic cell separation using LS columns (Miltenyi Biotech). In brief, 
isolated cells were detached from the culture flask using 0.25 % Trypsin 
and incubated with CD31 magnetic microbeads according to manufac
turer’s instructions (Miltenyi Biotech). The obtained cell suspension was 
passed over a separating column and CD31-positive cells were eluted in 
the final step. Purified cells were further cultivated on a 1 % gelatin 
coated 75 cm2 culture flask and kept at 37 ◦C and 5 % CO2 until 
confluence and further passaging. Endothelial cells at passage 3 were 
cryopreserved and stored in liquid nitrogen until use in experiments.

2.4. Immunocytochemistry

Purified VEC at passage 3 were cultured on 1 % gelatin coated glass 
cover slips (G. Menzel) until confluency and subsequently fixed and 
stained. In brief, cover slips were washed twice with PBS and fixed in 4 
% paraformaldehyde (Roth) for 10 min at room temperature. The fixed 
cells were incubated with 0.25 % Triton X-100 (NeoLab) in PBS, fol
lowed by 1 hour incubation with 5 % serum albumin (Sigma-Aldrich) in 
0.1 % Tween-20 (Merck) PBS solution at room temperature in a humid 
chamber. Cells were then stained with primary antibodies against von 
Willebrand factor (vWf; Dako #A0082, RRID: AB_2,315,602), αSMA 
(Sigma-Aldrich #A5228, RRID: AB_262,054) or Vimentin (Progen 
#GP53, RRID: AB_2,687,459) over night at 4 ◦C in a humid chamber and 
then with secondary Alexa488- and Alexa546-conjugated antibodies for 
1 hour at room temperature in a humid chamber in the dark. Nuclei were 
stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min. Cells 
were covered with mounting medium (Leica) and microscopic images 
were obtained using a DM2000 LED microscope and Leica Application 
Suite v3.7.4 software (Leica).

2.5. Cell culture experiments

Adenosine 5′-(α,β-methylene)diphosphate (AMP-CP, a CD73 antag
onist), 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethy
lammonium salt (BzATP, a metabolically stable ATP derivative), CGS- 
21,680 hydrochloride hydrate (CGS, an adenosine A2A receptor 
agonist), BAY 60–6583 (BAY, an adenosine A2B receptor agonist) and 
tumor necrosis factor alpha (TNFα) were purchased from Sigma-Aldrich. 
Sodium polyoxotungstate (POM-1, a nucleoside triphosphate diphos
phohydrolase [NTPDase] inhibitor) was obtained from Tocris Bioscience 
and transforming growth factor beta1 (TGFβ1) was purchased from R&D 
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Systems. All reagents were dissolved in PBS. Cells were seeded on a 1 % 
gelatin coated 6-well plate with 100.000 cells per well in 2 ml medium 
and grown to confluency at 37 ◦C and 5 % CO2. Confluent cells were 
treated with the following conditions: TGFβ1 (10 ng/ml), TNFα (5 ng/ 
ml), POM-I (10 µM), BzATP (25 µM), AMP-CP (10 µM), CGS (10 µM), 
BAY (10 µM) for 14 days with medium changes every 2–3 days.

2.6. Western blot analysis

Proteins were extracted from cells using RIPA lysis buffer (Merck) 
supplemented with protease and phosphatase inhibitors (Roche). For 
protein separation, 7.5 µg of total protein was loaded on a 10 % poly
acrylamide gel and subsequently blotted onto a nitrocellulose mem
brane using a tank blot setup (Bio-Rad). The total protein expression was 
analyzed after incubation with primary antibodies for CD31 (Cusabio 
#Pa851852), VE-cadherin (Abcam #33,168, RRID: AB_870,662), αSMA 
(Sigma-Aldrich #A5228, RRID: AB_262,054), GAPDH (Cell Signaling 
#2118, RRID: AB_561,053), β-Actin (Cell Signaling #4967, RRID: 
AB_330,288), p38 (Cell Signaling #8690 RRID: AB_10,999,090) and p- 
p38 (Cell Signaling #4511 RRID: AB_2,139,682) at 4 ◦C overnight. 
Secondary antibodies (Jackson Immuno #111–035–003 and 
#115–035–044) were subsequently incubated at room temperature for 1 
hour. Bands were visualized using a chemiluminescence system (GE- 
Healthcare) and intensities were quantified with ImageJ software (NIH).

2.7. Semi-quantitative real-time PCR (qPCR)

Total RNA was extracted from cells using RNeasy Mini Kit (Qiagen) 
and the obtained RNA was reverse transcribed using Quantitect Reverse 
Transcription Kit (Qiagen). Kits were used according to manufacturer’s 
instructions. Quantitative real-time PCR was performed using Promega 
GoTaq PCR Master Mix (Promega) on a StepOnePlus real-time cycler 
(Applied Biosystems) with primers against SNAI1 (5′-CAC
TATGCCGCGCTCTTT-3′, 3′- TAGGGCTGCTGGAAGGTAAA-5′), SNAI2 
(5′- GCCAAACTACAGCGAACTGG-3′, 3′- CACAGTGATGGGGCTGTATG- 
5′), TWIST1 (5′- GGCTCAGCTACGCCTTCTC-3′, 3′- TCCTTCTCTG 
GAAACAATGACA-5′), ZEB1 (5′- AACCCAACTTGAACGTCACA-3‘, 3′- 
TTACACCCAGACTGCGTCAC-5‘), ZEB2 (5′- AACAAGCCAATCCCAG
GAG-3‘, 3′-GTTGGCAATACCGTCATCCT-5′), COL3A1 (5′-TGGAG
GATGGTTGCACGAAA-3′, 3′-ACAGCCTTGCGTGTTCGATA-5′), MMP2 
(5′- ACATCAAGGGCATTCAGGAG-3′, 3′-GCAGATCTCAGGAGTGA
CAGG-5′), FN1 (5′- CCAAGGCTGGATGGTAG-3′, 3′- TTGTGTCCTGAT 
CGTTGCAT-5′) and CDH2 (5′- TCACTGCTCAGGACCCAGAT-3′, 3′- 
CCAATTGGCAGGATCAGATAA-5′). Expression levels of GAPDH (5′- 
CTGCACCACCAACTGCTTAG-3′, 3′- ACAGTCTTCTGGGTGGCAGT-5′) 
were used as a reference to normalize the obtained results using the 
ΔΔCT method.

Fig. 1. EndMT induction in VEC. Cells were incubated with 10 ng/ml transforming growth factor beta (TGFβ1), 5 ng/ml tumor necrosis factor alpha (TNFα) or 
without treatment (Ctrl) for 14 days. Representative light microscopic assessment of cell shape (scale bars 500 µm, A). Representative immunofluorescent staining of 
vimentin (Vim, cyan) and von Willebrand factor (vWF, magenta), nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, blue; scale bars 50um, B). 
Analysis of protein expression by western blotting for vascular endothelial cadherin (VE-cadherin), cluster of differentiation 31 (CD31) and alpha smooth muscle 
actin (αSMA; C) normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are presented as means ± SEM; n = 11; Analysis was performed by 
Kruskal-Wallis test *p < 0.05 **p < 0.01 ***p < 0.001.
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2.8. ATP content assay

Cell culture and VEC treatment were performed as described in 
Section 2.4. For the ATP measurement, 100 µL of the culture medium 
from each well was transferred to an opaque 96-well plate and mixed 
with 100 µL of a luminescence-based ATP detection reagent (CellTiter- 
Glo® 2.0, Promega). After incubation for 10 minutes at room temper
ature, the ATP content was determined by measuring luminescence with 
a microplate reader (FLUOstar Omega, BMG LABTECH).

2.9. Statistical analysis

Data are presented as mean ± standard error of mean (SEM). Sta
tistical analysis and creation of graphs were performed using GraphPad 
Prism 6 (GraphPad Software, La Jolla, CA, USA). Comparisons between 
groups were determined using Kruskal-Wallis test with Dunn’s multiple 
comparisons. A p-value <0.05 was considered significant.

3. Results

3.1. Primary human VEC undergo EndMT after treatment with TGFβ or 
TNFα

TGFβ and TNFα are well-established inducers of EndMT [31,32]. 

Treatment with TGFβ for 14 days resulted in elongated cell shape with 
decreased vWf expression and increased vimentin expression compared 
to controls (Fig. 1A/B) as demonstrated by immunofluorescent staining. 
Protein expressions of additional endothelial markers CD31 and 
VE-cadherin were significantly reduced (CD31: p < 0.01, VE-cadherin: p 
< 0.05; Fig. 1C) while the mesenchymal marker αSMA was increased (p 
< 0.05; Fig. 1C). TNFα treatment resulted in a more definite morpho
logical change to spindle-shaped cell bodies with completely absent vWf 
signal and strong vimentin expression (Fig. 1A/B). Simultaneously, 
CD31 and VE-cadherin protein expression was significantly decreased (p 
< 0.01; Fig. 1C) and αSMA was increased (p < 0.01; Fig. 1C) upon TNFα 
treatment.

3.2. Enhanced ATP impact promotes mesenchymal phenotype in VEC

In the purinergic signaling cascade, hydrolysis of ATP to AMP is 
catalyzed by the ectonucleotidase CD39. Inhibition of CD39 by POM-I 
treatment significantly altered the morphology of VEC to an elon
gated, almost ramified appearance compared to controls (Fig. 2A). 
Expression of vWf was less prominent than in untreated cells and 
vimentin expression was detectable by immunofluorescent staining 
(Fig. 2B). Endothelial markers CD31 and VE-cadherin were significantly 
decreased (p < 0.01; Fig. 2C) while αSMA protein expression was 
significantly increased compared to controls (p < 0.05; Fig. 2C) as 

Fig. 2. Enhanced ATP impact promotes mesenchymal phenotype in VEC. Cells were incubated with 10 µM Sodium polyoxotungstate (POM-1, a nucleoside 
triphosphate diphosphohydrolase [NTPDase] inhibitor), 25 µM 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP, a prototypic 
P2X receptor agonist) or without treatment (Ctrl) for 14 days. Representative light microscopic assessment of cell shape (scale bars 500um, A). Representative 
immunofluorescent staining of vimentin (Vim, cyan) and von Willebrand factor (vWF, magenta), nuclei were counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI, blue; scale bars 50um, B). Analysis of protein expression by western blotting for vascular endothelial cadherin (VE-cadherin), cluster of differentiation 31 
(CD31) and alpha smooth muscle actin (aSMA; C) normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are presented as means ± SEM; n = 11; 
Analysis was performed by Kruskal-Wallis test *p < 0.05 **p < 0.01 ***p < 0.001.
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shown by western blotting. To assess whether the distinct effects of 
POM-I treatment are related to elevated ATP, BzATP, a prototypic P2X 
receptor agonist with 5- to 10-fold higher potency than ATP [33], was 
used. VEC treated with BzATP showed similar morphological alterations 
and pattern of vWf and vimentin expression as compared to POM-I 
treatment (Fig. 2A/B). Protein expressions of CD31, VE-cadherin (p <
0.01) and αSMA (p < 0.05) were also significantly altered equal to 
POM-I treatment with a more distinct decrease in CD31 (p < 0.001; 
Fig. 2C).

3.3. Inhibition of CD73 but also adenosine receptor activation promotes 
mesenchymal phenotype in VEC

Dephosphorylation of AMP to adenosine is mediated by CD73. In
hibition of the endogenous adenosine formation by AMP-CP resulted in a 
spindle shape morphology in treated VEC with stable vWf expression 
while Vimentin was detectable via immunofluorescent staining as 
compared to controls (Fig. 3A/B). Protein expressions of additional 
endothelial markers VE-cadherin and CD31 were significantly reduced 

Fig. 3. Inhibition of CD73 but also adenosine receptor activation promotes mesenchymal phenotype in VEC. Cells were incubated with 10 µM Adenosine 5′- 
(α,β-methylene)diphosphate (AMP-CP, a CD73 antagonist), 10 µM CGS-21,680 hydrochloride hydrate (CGS, an adenosine A2A receptor agonist), 10 µM BAY 60–6583 
(Bay, an adenosine A2B receptor agonist) or without treatment (Ctrl) for 14 days. Representative light microscopic assessment of cell shape (scale bars 500um, A). 
Representative immunofluorescent staining of vimentin (Vim, cyan) and von Willebrand factor (vWF, magenta), nuclei were counterstained with 4′,6-diamidino-2- 
phenylindole (DAPI, blue; scale bars 50um, B). Analysis of protein expression by western blotting for vascular endothelial cadherin (VE-cadherin), cluster of dif
ferentiation 31 (CD31) and alpha smooth muscle actin (aSMA; C) normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are presented as means 
± SEM; n = 11; Analysis was performed by Kruskal-Wallis test *p < 0.05 **p < 0.01 ***p < 0.001.

V. Schmidt et al.                                                                                                                                                                                                                                BBA Advances 9 (2026) 100190 

5 



(VE-cadherin: p < 0.05, CD31: p < 0.01; Fig. 3C) and αSMA expression 
was increased (p < 0.01; Fig. 3C). Interestingly, treatment with CGS or 
BAY, specific agonists of the A2A and A2B adenosine receptors, resulted 
in similar effects. Cell morphology was altered in a ramified (CGS) and 
elongated (BAY) manner with slightly more distinct Vimentin expres
sion in BAY-treated VEC (Fig. 3A/B). CD31 protein expression was also 
significantly reduced (p < 0.05) while αSMA expression was increased 
(p < 0.001) compared to controls (Fig. 3C). VE-cadherin expression was 
decreased as well by CGS treatment (p < 0.05) but failed to reach sta
tistical significance with BAY treatment (Fig. 3C).

3.4. TGFβ stimulation, inhibition of CD39 or treatment with BzATP 
enhances p38 phosphorylation in VEC

Activation of p38 MAPK (p38) has been linked to TGFβ1-induced 
EMT in human renal epithelial cells [34] as well as to EndMT in human 
dermal microvascular endothelial cells [35]. Therefore, we investigated 
p38 MAPK phosphorylation (p-p38) in VEC after EndMT induction. 
Relative protein expression levels of p-p38 were significantly elevated in 
cells after TGFβ1 treatment (p < 0.01) as well as after CD39 inhibition by 
POM-I (p < 0.05) or treatment with BzATP (p < 0.01), however this 
effect was not observed when CD73 was inhibited by AMP-CP (Fig. 4). 
Stimulation of VEC with TNFα or activation of purinergic receptors with 
CGS did not significantly alter p38 phosphorylation while treatment 
with BAY significantly decreased phosphorylation (p < 0.01) as 
demonstrated by Western blot analysis (Fig. 4).

3.5. Inhibition of key enzymes alters EndMT associated transcription 
factor expression in VEC

Many transcription factors have been associated with EndMT, espe
cially after TGFβ induction. Amongst them, the snail family of tran
scription factors (SNAIL, SNAI1; SLUG, SNAI2) is the most intensely 
studied [36,37]. Others, such as ZEB1/ZEB2, play equally important 
roles in EndMT and cardiovascular diseases but are rather associated 
with TNFα induction [38,39]. Hence, we explored the gene expression of 
these regulating factors in VEC after EndMT induction. As expected, 
TGFβ1 stimulation resulted in a significantly increased expression of 
SNAI1 (p < 0.01; Fig.5A) while VEC after TNFα induction showed 
elevated expression of ZEB1 (ns) and ZEB2 (p < 0.001), respectively 
(Fig. 5C/D). Interestingly, inhibition of CD39 resulted in significantly 
decreased expression of both SNAIL family transcription factors as 
compared to controls (POM-I p < 0.05; Fig. 5A/B), whereas treatment 
with BzATP exclusively led to SNAI1 downregulation (p < 0.05; Fig. 5A). 
Furthermore, inhibition of CD73 resulted in significant downregulation 
of SNAI2 (p < 0.001; Fig. 5B) and ZEB2 (p < 0.01; Fig. 5D). In addition, 
A2A receptor activation via CGS treatment led to significantly decreased 
ZEB1 (p < 0.01; Fig. C) expression and A2B receptor activation via BAY 
to significant downregulation of SNAI1 (p < 0.001; Fig. 5A).

3.6. Patient characteristics

Patient characteristics of the included donors are summarized in 
Table 1. In total, 11 donors were analyzed. The majority of donors were 
male (73 %), whereas 27 % were female. Mean age was 60 ± 13 years 
and mean body mass index was 28 ± 5 kg/m². No significant differences 
were observed with respect to age or body mass index. Heart trans
plantation represented the most common primary indication (73 %), 
followed by valve replacement procedures (27 %). Among cardiovas
cular risk factors, arterial hypertension was most frequently present (45 
%), while smoking and dyslipoproteinemia were each documented in 9 
% of donors. Regarding comorbidities, chronic kidney disease was pre
sent in 27 % of donors and coronary artery disease in 18 %, whereas no 
extracardiac vascular diseases were reported. Diabetes mellitus was 
documented in one donor (9 %). Medication use included predomi
nantly diuretics (73 %), anticoagulants (55 %), and statins (36 %). ACE 
inhibitors and β-adrenergic receptor antagonists were each administered 
in 27 % of donors. Several medication-related parameters showed sta
tistically significant differences, as detailed in Table 1. Laboratory 
analysis revealed a mean platelet count of 222 ± 46 × 10³/µl and a mean 
leukocyte count of 8 ± 4 × 10³/µl. Mean C-reactive protein levels were 2 
± 2 mg/dl. Platelet count, leukocyte count, and C-reactive protein levels 
showed statistically significant differences (Table 1).

4. Discussion

Despite extensive research on EndMT in cardiovascular diseases 
[40–42] and on purinergic signaling in cardiovascular pathologies [19,
20,43], their potential interconnection remains largely unexplored. In a 
previous study from our group, we demonstrated enhanced biominer
alization in VIC by inhibition of CD39 and ENPP1, whereas inhibition of 
CD73 resulted in protective effects [21]. Recent studies have also shown 
that VEC are able to actively induce pathological remodeling and 
calcification in VIC via the process of EndMT [15] and, in reverse, that 
VIC can inhibit EndMT in VEC [16]. Considering the profound effects of 
the purinergic signaling system on VIC and the extensive crosstalk be
tween VEC and VIC via EndMT in pathobiological processes, unraveling 
a potential link may lead to new therapeutic approaches in the field. In 
this study, we isolated primary human VEC and subjected the cells to 
inhibitors and agonists of the purinergic signaling system to evaluate the 
effect on EndMT induction. We found that VEC from all donors main
tained a predominantly endothelial phenotype prior to experimental 
stimulation (Supplementary Fig. 1) and were generally capable of 

Fig. 4. TGFβ stimulation, inhibition of CD39 or treatment with BzATP 
enhances p38 phosphorylation in VEC. Cells were incubated with 10 ng/ml 
transforming growth factor beta (TGFβ), 5 ng/ml tumor necrosis factor alpha 
(TNFα), 10 µM Sodium polyoxotungstate (POM-1, a nucleoside triphosphate 
diphosphohydrolase [NTPDase] inhibitor), 25 µM 2′(3′)-O-(4-benzoylbenzoyl) 
adenosine 5′-triphosphate triethylammonium salt (BzATP, a prototypic P2X 
receptor agonist), 10 µM Adenosine 5′-(α,β-methylene)diphosphate (AMP-CP, a 
CD73 antagonist), 10 µM CGS-21,680 hydrochloride hydrate (CGS, an adeno
sine A2A receptor agonist), 10 µM BAY 60–6583 (Bay, an adenosine A2B receptor 
agonist) or without treatment (Ctrl) for 14 days. Analysis of protein expression 
by western blotting for p38 MAPK (p38) and its phosphorylated form (p-p38), 
representative blots are shown (A), values are displayed as ratio of p-p38 per 
p38 relative to control. β-Actin was utilized as a housekeeping protein for 
normalization. Data are presented as means ± SEM; n = 5; Analysis was per
formed by Kruskal-Wallis test *p < 0.05 **p < 0.01 ***p < 0.001.
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undergoing EndMT under similar conditions. Treatment with TGFβ1 or 
TNFα served as a baseline reference, as these are well-established in
ducers of EndMT [31,32]. Inhibition of the key enzymes CD39, ENPP1 
and CD73, as well as activation of purinergic A2 and P2 receptors leads to 
a mesenchymal phenotype in these VEC but first explorations of the 
underlying mechanisms suggest different processes.

Inhibition of the ATP-converting enzymes CD39 and ENPP1 in
creases ATP availability (Supplementary Fig. 2), which leads to higher 
activation of purinergic receptors. The rates of extracellular ATP and 
AMP hydrolysis have been shown to be comparable between VIC and 
VEC [44]. Inhibition of the ATP-converting enzymes with POM-I leads to 
a mesenchymal phenotype and EndMT-associated protein expression in 
VEC in the present study. This finding was further supported by exper
imental treatment with BzATP, an ATP analog and partial ATP receptor 
agonist. Although similar effects on VEC morphology and protein 
expression indicate an important role of elevated extracellular ATP 
availability, the underlying mechanisms seem to differ. Activation of 
p38 MAPK plays a crucial role in endothelial cell activation, pathogen
esis of atherosclerosis and has been linked to EndMT in human dermal 
microvascular endothelial cells [35,45]. In our experiments, treatment 
with POM-I but not the administration of BzATP leads to increased p38 
phosphorylation in VEC. Interestingly, regulation of EndMT-associated 
transcription factors of the snail family was different between the 

treatments as well. BzATP administration led to decreased SNAI1 gene 
expression, whereas POM-I treatment caused decreased SNAI2 gene 
expression in VEC. Compared to EndMT induction with the 
well-established inducers TGFβ1 or TNFα, CD39 and ENPP1 inhibition 
and TGFβ1 treatment have similar effects on p38 phosphorylation but 
decreased SNAI2 expression is similar to TNFα induction. However, 
BzATP treatment caused reduced expression of SNAI1. In our experi
ments, the generally observed decrease in gene expression of snail 
family transcription factors might be due to an already proceeded 
negative feedback loop and indicates that EndMT induction by inhibi
tion of CD39 and ENPP1, as well as BzATP treatment occurs in a 
different time-dependent course. Loss-of-function mutations of ENPP1 
are known to lead to generalized arterial calcification of infancy and P2Y 
receptor activation is also linked to vascular calcification [46–48]. Our 
data now suggest that EndMT may play a crucial role in these processes 
and contribute to CAVD.

In addition to our findings on the inhibition of CD39 and enhanced 
extracellular ATP availability, we examined the effects of altered 
extracellular adenosine availability. The enzyme CD73 hydrolyzes the 
conversion of AMP to adenosine, thus generally leading to higher 
extracellular AMP and lower adenosine availability with activation of 
adenosine receptors [49]. In our experiments, inhibition of CD73 with 
the inhibitor AMP-CP also caused EndMT-associated morphological 

Fig. 5. Inhibition of key enzymes alters EndMT-associated transcription factor expression in VEC. Cells were incubated with 10 ng/ml transforming growth 
factor beta (TGFβ), 5ng/ml tumor necrosis factor alpha (TNFα), 10 µM Sodium polyoxotungstate (POM-1, a nucleoside triphosphate diphosphohydrolase [NTPDase] 
inhibitor), 25 µM 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (BzATP, a prototypic P2X receptor agonist), 10 µM Adenosine 5′- 
(α,β-methylene)diphosphate (AMP-CP, a CD73 antagonist), 10 µM CGS-21,680 hydrochloride hydrate (CGS, an adenosine A2A receptor agonist), 10 µM BAY 60–6583 
(Bay, an adenosine A2B receptor agonist) or without treatment (Ctrl) for 14 days. Analyses of mRNA expression by semi-quantitative real-time PCR are shown. 
GAPDH was utilized as a housekeeping gene for normalization. Data are presented as means ± SEM; n = 5; Analysis was performed by Kruskal-Wallis test *p < 0.05 
**p < 0.01 ***p < 0.001.
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changes and alterations in protein expression of VEC. Interestingly, 
treatment with A2A receptor agonist CGS or A2B receptor agonist BAY led 
to a similar EndMT pattern with the most prominent morphological 
changes after BAY administration. The phosphorylation of p38 MAPK 
was not altered by adenosine receptor activation but increased by trend 
after inhibition of CD73. Furthermore, SNAI2 gene expression was 
decreased in VEC after AMP-CP treatment but not after adenosine re
ceptor activation. These findings match our aforementioned observa
tions after CD39 and ENPP1 inhibition and further indicate that 
inhibition of the key enzymes of the purinergic signaling system affects 
EndMT via other mechanisms compared to purinergic receptor activa
tion. Similar to BzATP treatment, the administration of A2B receptor 
agonist BAY regulated SNAI1 gene expression, suggesting related 
mechanisms of action. However, A2A receptor agonist CGS caused 
decreased ZEB1 and ZEB2 gene expression, which was also identified in 
TGFβ1-treated VEC. Collectively, the induction of EndMT via CD73 in
hibition but also adenosine receptor activation may seem conflicting but 
recently it was shown that patients with CD73 deficiency exhibit an 
increased activity of tissue-nonspecific alkaline phosphatase, leading to 
a higher dephosphorylation of AMP to adenosine [50]. Considering this 
mechanism, we suggest that the observed effects are likely related to 
alternative adenosine production. While adenosine is considered 
anti-inflammatory and rather protective in immune-modulation and the 
myocardium [49,51–53], our data suggest that elevated extracellular 
adenosine availability has deleterious effects on VEC physiology. In a 
previously published study of our group, we demonstrated the diverse 
effects of the purinergic signaling system on the degeneration of VIC 
with a largely similar outcome [21], indicating that a dysregulation of 
the purinergic signaling system has profound effects on aortic valve 
biology and occurrence of calcific processes. Additional transcriptional 
analyses further suggested that different stimuli induce distinct 

EndMT-associated gene expression profiles in VECs. While TGFβ1 pro
moted a broader pro-fibrotic signature, TNFα primarily increased genes 
related to matrix remodeling, whereas purinergic modulation resulted in 
more intermediate responses (Supplementary Fig. 3).

Collectively, our study demonstrates for the first time that dysregu
lation of the purinergic signaling system promotes EndMT in human 
VECs, providing novel insights into aortic valve biology and identifying 
potential targets for pharmacological intervention. Our in vitro experi
ments reveal that altered purinergic signaling activates distinct intra
cellular pathways, depending on whether key enzymes (CD39, ENPP1, 
CD73) are inhibited or purinergic receptors are stimulated. These ob
servations complement previous findings on VIC degeneration and 
suggest a critical interplay between the two major cell types of the aortic 
valve in response to dysregulated purinergic signaling. Future studies 
employing co-culture and 3D culture systems will more accurately 
mimic native valve conditions, offering clinically relevant insights. 
Further investigation is warranted to elucidate the crosstalk between 
VECs and VICs and to define the precise molecular mechanisms under
lying purinergic regulation of EndMT.
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Table 1 
Patient characteristics.

Patient number P value

Donor [number], n 11 ​
Sex [female], n (%) 3 (27) 0,0816
Sex [male], n (%) 8 (73) 0,0004
Age [years] 60 ± 13 n.d.
Body Mass Index [kg/m2] 28 ± 5 0,1751
Primary Indication, n (%) ​ ​
Heart Transplantation 8 (73) 0,0004
Valve Replacement 3 (27) 0,0816
Cardiovascular Risk Factors, n(%) ​ ​
Smoking 1 (9) 0,3409
Arterial Hypertension 5 (45) 0,0162
Dyslipoproteinemia 1 (9) 0,3409
Comorbidities, n (%) ​ ​
Chronic Kidney Disease 3 (27) 0,0816
Coronary Artery Disease 2 (18) 0,1669
Extracardiac Vascular Diseases 0 n.a.
Diabetes Mellitus 1 (9) 0,3409
Medication, n (%) ​ ​
Statins 4 (36) 0,0379
Diuretics 8 (73) 0,0004
ACE-Inhibitors 3 (27) 0,0816
β-adrenergic receptor antagonists 3 (27) 0,0816
Anticoagulants 6 (55) 0,0061
Laboratory Values ​ ​
Platelets [x1000/µl] 222 ± 46 <0,0001
Leukocytes [x1000/µl] 8 ± 4 0,0158
C-Reactive Protein [mg/dl] 2 ± 2 <0,0001
ACE, angiotensin-converting enzyme; n.d., normally distributed; BMI, body mass 

index; n.a., not applicable; 
Categorical variables are presented as the number of affected donors (n) and the 
proportion of the total cohort (%), while continuous variables are reported as mean 
± standard error of the mean (SEM). Continuous variables were first tested for 
normal distribution using the D’Agostino–Pearson omnibus normality test and 
subsequently compared, as were the remaining parameters, using a one-sample t- 
test. Body mass index and laboratory values were analyzed in comparison to 
established upper reference values.
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the online version, at doi:10.1016/j.bbadva.2026.100190.
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Endothelial cell phenotype, a major determinant of venous thrombo-inflammation, 
Front. Cardiovasc. Med. 9 (2022) 864735.

[42] Q. Huang, Y. Gan, Z. Yu, H. Wu, Z. Zhong, Endothelial to mesenchymal transition: 
an insight in atherosclerosis, Front. Cardiovasc. Med. 8 (2021) 734550.

[43] A. Weber, M. Barth, J.I. Selig, S. Raschke, K. Dakaras, A. Hof, J. Hesse, J. Schrader, 
A. Lichtenberg, P. Akhyari, Enzymes of the purinergic signaling system exhibit 
diverse effects on the degeneration of valvular interstitial cells in a 3-D 
microenvironment, FASEB J. 32 (8) (2018) 4356–4369.

[44] E. Kaniewska-Bednarczuk, B. Kutryb-Zajac, P. Sarathchandra, I. Pelikant-Malecka, 
A. Sielicka, I. Piotrowska, E.M. Slominska, A.H. Chester, M.H. Yacoub, R. 
T. Smolenski, CD39 and CD73 in the aortic valve-biochemical and 
immunohistochemical analysis in valve cell populations and its changes in valve 
mineralization, Cardiovasc. Pathol. 36 (2018) 53–63.

[45] D. Bryk, W. Olejarz, D. Zapolska-Downar, [Mitogen-activated protein kinases in 
atherosclerosis], Postepy. Hig. Med. Dosw. (Online) 68 (2014) 10–22.

[46] M. Schuchardt, M. Tölle, J. Prüfer, N. Prüfer, T. Huang, V. Jankowski, 
J. Jankowski, W. Zidek, M. van der Giet, Uridine adenosine tetraphosphate 
activation of the purinergic receptor P2Y enhances in vitro vascular calcification, 
Kidney Int. 81 (3) (2012) 256–265.
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function ENPP1 mutations cause both generalized arterial calcification of infancy 
and autosomal-recessive hypophosphatemic rickets, Am. J. Hum. Genet 86 (2) 
(2010) 267–272.

V. Schmidt et al.                                                                                                                                                                                                                                BBA Advances 9 (2026) 100190 

9 

https://doi.org/10.1016/j.bbadva.2026.100190
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0001
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0001
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0002
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0002
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0003
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0003
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0003
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0004
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0004
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0005
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0005
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0005
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0005
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0006
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0006
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0007
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0007
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0007
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0008
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0008
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0008
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0008
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0008
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0009
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0009
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0009
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0009
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0010
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0010
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0010
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0010
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0010
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0011
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0011
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0011
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0011
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0012
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0012
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0012
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0012
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0013
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0013
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0014
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0014
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0014
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0014
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0015
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0015
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0015
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0016
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0016
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0016
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0017
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0017
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0018
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0018
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0019
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0019
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0020
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0020
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0021
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0021
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0021
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0021
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0022
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0022
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0022
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0022
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0023
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0023
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0023
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0023
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0023
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0023
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0024
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0024
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0024
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0024
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0025
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0025
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0025
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0025
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0026
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0026
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0026
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0027
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0027
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0027
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0027
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0028
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0028
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0029
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0029
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0029
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0030
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0030
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0031
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0031
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0031
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0032
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0032
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0032
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0032
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0032
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0032
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0033
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0033
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0033
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0034
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0034
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0034
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0034
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0035
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0035
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0035
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0035
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0036
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0036
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0036
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0037
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0037
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0037
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0038
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0038
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0038
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0038
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0039
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0039
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0039
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0039
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0039
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0040
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0040
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0040
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0041
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0041
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0041
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0042
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0042
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0043
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0043
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0043
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0043
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0044
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0044
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0044
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0044
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0044
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0045
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0045
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0046
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0046
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0046
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0046
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0047
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0047
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0047
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0047
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0047
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0047
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0048
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0048
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0048
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0048


[49] F.S. Regateiro, S.P. Cobbold, H. Waldmann, CD73 and adenosine generation in the 
creation of regulatory microenvironments, Clin. Exp. Immunol. 171 (1) (2013) 
1–7.

[50] H. Jin, C. St Hilaire, Y. Huang, D. Yang, N.I. Dmitrieva, A. Negro, R. Schwartzbeck, 
Y. Liu, Z. Yu, A. Walts, J.M. Davaine, D.Y. Lee, D. Donahue, K.S. Hsu, J. Chen, 
T. Cheng, W. Gahl, G. Chen, M. Boehm, Increased activity of TNAP compensates for 
reduced adenosine production and promotes ectopic calcification in the genetic 
disease ACDC, Sci. Signal. 9 (458) (2016) ra121.

[51] S.P. Colgan, H.K. Eltzschig, T. Eckle, L.F. Thompson, Physiological roles for ecto-5′- 
nucleotidase (CD73), Purinergic. Signal. 2 (2) (2006) 351–360.

[52] C. Quast, C. Alter, Z. Ding, N. Borg, J. Schrader, Adenosine formed by CD73 on T 
cells inhibits cardiac inflammation and fibrosis and preserves contractile function 
in transverse aortic constriction-induced heart failure, Circ. Heart. Fail. 10 (4) 
(2017).

[53] J. Hesse, S. Leberling, E. Boden, D. Friebe, T. Schmidt, Z. Ding, P. Dieterich, 
A. Deussen, C. Roderigo, C.R. Rose, D.M. Floss, J. Scheller, J. Schrader, CD73- 
derived adenosine and tenascin-C control cytokine production by epicardium- 
derived cells formed after myocardial infarction, FASEB J. 31 (7) (2017) 
3040–3053.

V. Schmidt et al.                                                                                                                                                                                                                                BBA Advances 9 (2026) 100190 

10 

http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0049
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0049
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0049
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0050
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0050
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0050
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0050
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0050
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0051
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0051
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0052
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0052
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0052
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0052
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0053
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0053
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0053
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0053
http://refhub.elsevier.com/S2667-1603(26)00011-6/sbref0053

	Titelblatt_Barth_final
	Barth_purinergic.pdf
	Purinergic signaling modulates endothelial-to-mesenchymal transition in human aortic valve endothelial cells
	1 Introduction
	2 Materials and methods
	2.1 Human VEC isolation
	2.2 Patient data
	2.3 Magnetic cell sorting
	2.4 Immunocytochemistry
	2.5 Cell culture experiments
	2.6 Western blot analysis
	2.7 Semi-quantitative real-time PCR (qPCR)
	2.8 ATP content assay
	2.9 Statistical analysis

	3 Results
	3.1 Primary human VEC undergo EndMT after treatment with TGFβ or TNFα
	3.2 Enhanced ATP impact promotes mesenchymal phenotype in VEC
	3.3 Inhibition of CD73 but also adenosine receptor activation promotes mesenchymal phenotype in VEC
	3.4 TGFβ stimulation, inhibition of CD39 or treatment with BzATP enhances p38 phosphorylation in VEC
	3.5 Inhibition of key enzymes alters EndMT associated transcription factor expression in VEC
	3.6 Patient characteristics

	4 Discussion
	Funding sources
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	References



