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Abstract

Objectives. SSc is an autoimmune disease characterized by peripheral vasculopathy and skin and internal organ
fibrosis. Accumulating evidence underlines a close association between a metabolic reprogramming of activated
fibroblasts and fibrosis. This prompted us to determine the metabolism of SSc dermal fibroblasts and the effect on
the vasculopathy characterizing the disease.

Methods. A Seahorse XF96 Extracellular Flux Analyzer was used to evaluate SSc fibroblast metabolism. In vitro
invasion and capillary morphogenesis assays were used to determine the angiogenic ability of endothelial cells
(ECs). Immunofluorescence, flow cytometry and real-time PCR techniques provided evidence of the molecular
mechanism behind the impaired vascularization that characterizes SSc patients.

Results. SSc fibroblasts, compared with controls, showed a boosted glycolytic metabolism with increased lactic
acid release and subsequent extracellular acidification that in turn was found to impair EC invasion and organization
in capillary-like networks without altering cell viability. A molecular link between extracellular acidosis and endothelial
dysfunction was identified as acidic ECs upregulated MMP-12, which cleaves and inactivates urokinase-type plas-
minogen activator receptor, impairing angiogenesis in SSc. Moreover, the acidic environment was found to induce
the loss of endothelial markers and the acquisition of mesenchymal-like features in ECs, thus promoting the
endothelial-to-mesenchymal transition process that contributes to both capillary rarefaction and tissue fibrosis in SSc.
Conclusion. This study showed the relationship of the metabolic reprogramming of SSc dermal fibroblasts, extra-
cellular acidosis and endothelial dysfunction that may contribute to the impairment and loss of peripheral capillary
networks in SSc disease.
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Rheumatology key messages

o Systemic sclerosis fibroblasts are characterized by an increased glycolytic metabolism and subsequent
extracellular medium acidification.

o Extracellular acidosis of scleroderma tissues impairs endothelial cell migration and organization in capillary-like
networks.

o Extracellular acidosis impairs angiogenesis by inducing MMP-12-derived uPAR cleavage and the endothelial-
to-mesenchymal transition process in endothelial cells.

Introduction
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terized by widespread tissue fibrosis and vascular
abnormalities [1-4]. Despite being a rare disease, SSc
has high morbidity and mortality [5]. Autoimmunity/in-
flammation, fibrosis and vascular rarefaction represent
the pathogenic triad of SSc [3]. A fibroproliferative and
destructive vasculopathy is considered one of the ear-
liest disease manifestations, even preceding fibrosis [2,
6]. Among them, endothelial cell (EC) activation,

© The Author(s) 2021. Published by Oxford University Press on behalf of the British Society for Rheumatology. All rights reserved. For permissions, please email: journals.permissions@oup.com


http://orcid.org/0000-0003-3980-3073
http://orcid.org/0000-0001-7122-6574
http://orcid.org/0000-0003-2813-2083
http://orcid.org/0000-0003-3956-8480

apoptosis and dysregulation of the pericyte-EC cross-
talk have been described [4, 7].

Emerging evidence has positioned the glycolytic me-
tabolism as a key factor that may promote fibrosis in dif-
ferent diseases. In addition, glycolysis plays an essential
role in rheumatic diseases such as RA, SLE and OA [1,
8-10]. Of note, glycolytic metabolism appears to be
closely associated with myofibroblastic activation and a
lung profibrotic phenotype, suggesting that pulmonary
fibrosis—and likely other fibrotic conditions—may be
characterized by glycolytic dysregulation [11-13].
Moreover, in an experimental model of SSc, the aerobic
glycolytic shift was suggested to be an important mech-
anism to ensure fibroblast survival [14]; also, keloid scar
fibroblasts, which share many characteristics with SSc
fibroblasts, use aerobic glycolysis as their primary en-
ergy source [15].

In line with this evidence, the aim of our work was to
evaluate for the first time the glycolytic metabolism of
SSc dermal fibroblasts and the effect of this metabolic
dysregulation on EC angiogenic potential.

Materials and methods
Cell culture

Normal human dermal fibroblasts (Sigma-Aldrich,
Milan, ltaly) isolated from normal adult skin were used
as control cells and compared with previously isolated
SSc fibroblasts (SSc1 and SSc2) from affected dorsal
skin of the hands of two diffuse SSc patients attend-
ing the Rheumatology Division of Careggi Hospital in
Florence, ltaly (SSc1: male, 52years old, disease dur-
ation 15years; SSc2: female, 65years old, disease
duration 9years) [16]. Control and SSc fibroblasts
were maintained in culture between the 3rd and 10th
passage in DMEM 4.5¢g/l glucose and 2mM L-glutam-
ine supplemented with 10% foetal bovine serum (FBS;
Euroclone, Milan, ltaly) and cryopreserved in liquid ni-
trogen. ECs used in this work were endothelial
colony-forming cells, as they are an EC type endowed
with intrinsic angiogenic capacity and the ability to
contribute to vascular repair and de novo blood vessel
formation [17]. ECs were isolated and characterized as
previously described [18] and grown in the EGM-2 EC
growth medium-2 Bullet Kit (Lonza, Basel, Switzerland)
onto Attachment Factor Solution-coated dishes
(Sigma-Aldrich). While the spontaneous acidification of
SSc fibroblast media was measured as described in
the ‘Lactate and pH measurement’ section, the chem-
ically induced acidic extracellular microenvironment
under which ECs were cultivated was obtained in vitro
by 1N hydrogen chloride (HCI) administration directly
in complete EC culture medium to reach pH7.0 and
6.7 in the presence or absence of 10mM lactate
(Sigma-Aldrich) and pH monitored using an Orion
520A1 pH meter (Thermo Fisher Scientific, Waltham,
MA, USA).
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Western blotting

Fibroblasts were lysed in radioimmunoprecipitation
assay lysis buffer (Merck Millipore, Milan, ltaly) contain-
ing Pierce Protease Inhibitor Tablets (Thermo Fisher
Scientific). Equal amounts of protein were separated in
Laemmli buffer on 8-12% (v/v) SDS-PAGE gel (Thermo
Fischer Scientific) and transferred to a polyvinylidene
fluoride membrane. Membranes were blocked and
probed overnight at 4°C with anti-COL1A1 and anti-f-
actin (Santa Cruz Biotechnology, Heidelberg, Germany)
antibodies. Membranes were incubated 1h at room tem-
perature with goat anti-rabbit IgG Alexa Flour 750 anti-
body (Invitrogen, Carlsbad, CA, USA) and visualized by
the Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE, USA).

Cell viability

Trypan blue exclusion test

Fibroblasts were grown up to 70% confluence, then me-
dium was removed and replaced with glucose-free me-
dium. Twenty-four hours later, 20l of cell suspension
were incubated with an equal volume of trypan blue solu-
tion (Sigma-Aldrich). Viable (trypan blue negative) and
non-viable (trypan blue positive) cells were counted on a
light microscope using a dual-chamber haemocytometer.

Annexin V/PI flow cytometer assay

ECs were grown for 24, 48 and 72h at standard pH 7.4
and acidic pH 7.0 and 6.7 in the presence or absence
of 10mM lactate. At each time point, 1 x 10° cells/tube
were harvested with Accutase (Eurolone), incubated
15min at 4°C in the dark with 100l annexin binding
buffer [100mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), 140 mM sodium chloride, 25 mM
calcium chloride, pH 7.4], 1pl of 100 pug/ml propidium
iodide (Pl; Sigma-Aldrich) working solution and 5l
annexin V fluorescein isothiocyanate (FITC)-conjugated
(Immunotools, Friesoythe, Germany). Samples were ana-
lysed with a BD FACS Canto Il (BD Biosciences,
Franklin Lakes, NJ, USA). Cellular distribution depending
on annexin V and/or Pl positivity allowed the measure-
ment of the percentage of viable cells (annexin V and PI
negative), early apoptosis (annexin V positive and PI
negative), late apoptosis (annexin V and PI positive) and
necrosis (annexin V negative and Pl positive).

Seahorse analysis

A total of 8x10° fibroblasts were seeded onto XF96
Seahorse microplates and evaluated with a Seahorse
XF96 Extracellular Flux Analyzer (Seahorse Bioscience,
Billerica, MA, USA) for their glycolytic and respiratory
metabolism using the Glycolysis Stress Test and the
Cell Mito Stress Test Kits (Agilent Technologies, Santa
Clara, CA, USA), according to the manufacturer’s in-
struction. All the experiments were performed at 37°C
and normalized via cell protein measure with a Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). The
Seahorse XF Report Generator automatically calculated
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the parameters from wave data that were exported to
GraphPad Prism software (GraphPad Software, San
Diego, CA, USA).

MMP-12 detection in patient-derived sera

MMP-12 levels in patient-derived sera were measured
by using a Human MMP-12 ELISA Kit (Thermo Fisher
Scientific), according to the manufacturer’s instructions.
Data were presented as ng/ml.

Real-time PCR

Total RNA isolated from fibroblasts and ECs was pre-
pared using Tri Reagent (Sigma-Aldrich), agarose gel
checked for integrity and reverse transcribed with iScript
cDNA Synthesis Kits (Bio-Rad, Milan, Italy) according to
the manufacturer’s instructions. Selected genes were
evaluated by real-time RT-PCR with a CFX96 Real-Time
PCR System (Bio-Rad). The fold change was deter-
mined by the comparative Ct method using B2-micro-
globulin  and p-actin as the reference genes.
Amplification was performed with a PCR setting of 40
cycles of 95°C for 10s and 60°C for 30s using
SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad). Primer sequences (Tema Ricerca, Bologna, Italy)
are listed in Table 1.

Lactate and pH measurement

A D-Lactate Colorimetric Assay Kit (BioVision, Milpitas,
CA, USA) was used according to the manufacturer’s
instructions to measure lactate production in fibroblast
conditioned media (CM). Data normalization was
obtained by directly counting the number of cells to get
a final result of lactate production (in nM) by
1 x 10%cells. To test the spontaneous acidification and
measure the pH of the fibroblast culture medium, the
same number of control and SSc fibroblasts were plated
to reach 80% confluence and allowed to adhere to the
tissue culture dish. Then standard growth medium was

TasLe 1 List of primers used for real-time PCR analysis

replaced with DMEM 4.5 g/l glucose, 2mM L-glutamine
and 10% FBS without sodium bicarbonate. Cells were
incubated overnight in a humidified atmosphere at 10%
carbon dioxide and the pH was measured using an
Orion 520A1 pH meter (Thermo Fisher Scientific).

Invasion and chemo-invasion assays

The 12 mm diameter Millicell Cell Culture Inserts (Merck
Millipore) were mounted in 24-well plates and 2.5 x 10*
ECs plated in 400 ul of their growth medium on 0.25 pg/
ul Matrigel pre-coated polycarbonate filters with 8 um
pore size. ECs were left migrate for 6h at 37°C towards
the lower compartment filled with 400ul of complete
EGM-2 medium. After 1h of fixation in methanol at 4°C,
non-invading cells on the upper side of the filters were
mechanically wiped off with a cotton swab, while inva-
sive cells on the lower side of the filters were stained
with a Diff-Quick kit (BD Biosciences), then visualized
and counted using an optical microscope. The chemo-
invasion assay was performed the same as the invasion
assay described above, with the difference that the
lower compartment was filled with CM from controls
and SSc fibroblasts.

Capillary morphogenic assay

A total of 0.2 x 10°ECs/well were plated on 96-well
plates pre-coated with 50ul Matrigel (Miscio
Rappresentanze, Perugia, ltaly) and cultured in FBS-free
EGM-2 medium. Cells were incubated for 6h at 37°C
and pictures acquired using an EVOS optical micro-
scope (Thermo Fisher Scientific). The angiogenesis ana-
lyser tool of Imaged software, by measuring the number
of nodes, segments, meshes and junctions per field,
provided the statistical analysis for each experimental
condition tested. ECs were tested for capillary morpho-
genic assay upon acidic treatment (see the Cell culture
section) or in the presence of CM derived from controls
and SSc fibroblasts or in the presence of sera collected

Gene Forward (5'-3) Reverse (5'-3)
f2-microglobulin GCCGTGTGAACCATGTGACT GCTTACATGTCTCGATCCCACTT
f-actin TCGAGCCATAAAAGGCAACT CTTCCTCAATCTCGCTCTCG
PDK1 CCAAGACCTCGTGTTGAGACC AATACACGTCTCAGGTCTCCTTGG
PDP2 TAGGCCAACCTTTGTTTCACCA AGACCCTCACAACAAAAGCCT
LDHA AGGGAATGTACGGCATTGAG CCTCATCGTCCTTCAGCTTC
VE-cadherin TCGCTGTTGTCACATCTCAGGGAA TGACTGATGCCACTTCTCCAAGGT
uPAR GGTCACCCGCCGCTG CCACTGCGGGTACTGGACA
MMP-12 TGCTGATGACATACGTGGCA AGGATTTGGCAAGCGTTGG
TGF-8 GACTACTACGCCAAGGAGGTCA TGCTGTGTGTACTCTGCTGCTTTGAAC
oa-SMA CTGTTCCAGCCATCCTTCAT CCGTGATCTCCTTCTGCATT
COL1A1 CTGTTCTGTTCCTTGTGTAACTGTGTT GCCCCGGTGACACATCAA
Twist CGGGAGTCCGCAGTCTTA TGAATCTTGCTCAGCTTGTC
Snail CCCAGTGCCTCGACCACTAT CCAGATGAGCATTGGCAG
Zeb1 GGCAACCAGTTCTCCTCAGG TTGGATGCAAGATTGGCTTG
Zeb2 GAGCACATCAAGTACCGCCA ACCTGCTCCTTGGGTTAGCA
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from a healthy donor and four SSc patients (age, sex,
disease duration and inflammatory markers for each pa-
tient are reported in Supplementary Table S1, available
at Rheumatology online).

Immunofluorescence

ECs were grown on glass coverslips in six-well plates in
standard or acidified medium in the presence or absence
of 10mM lactate for 24h. ECs were fixed for 30 min at
4°C with 3.7% paraformaldehyde and permeabilized for
15min with PBS 0.1% Triton X-100 at room temperature.
After a 1 h incubation in blocking buffer (0.1% Triton X-100
and 5.5% horse serum PBS), cells were stained with anti-
urokinase-type plasminogen activator receptor (UPAR
JMON-R4 antibody (Thermo Fisher Scientific) for 1h at
room temperature and then 45min at room temperature in
the dark with Cy3-conjugated anti-mouse antibody
(Invitrogen, Carlsbad, CA, USA). Following the 20 min nu-
clei staining with DAPI (Thermo Fisher Scientific) at room
temperature in the dark, cells were mounted onto glass
slides and visualized with at Eclipse TE2000-U confocal
microscope (Nikon, Tokyo, Japan). Imaged software was
used to calculate the corrected total cellular fluorescence
(CTCF): CTCF =integrated density — (cell area x fluores-
cence average of background readings).

Flow cytometer

A total of 2 x 10%cells/tube of ECs were harvested by
using Accutase (Euroclone, Milan, Italy), permeabilized
with 0.25% Triton X-100 PBS, stained 1h at 4°C with
anti-uPAR MON-R4 (Thermo Fisher Scientific) and 1h in
the dark at 4°C with secondary FITC-conjugated anti-
body (Merck Millipore). For each sample, 1x 10*events
were analysed using an FACS Canto Il (BD Biosciences).

Statistical analysis

The experiments were performed at least four times for
a reliable application of statistics. All samples used were
included in the statistical analysis. Statistical analysis
was performed by t-test, one-way analysis of variance
(ANOVA) and two-way ANOVA with GraphPad Prism 6
software (GraphPad Software), as specified in each fig-
ure legend.

Results

SSc fibroblasts exploit a higher glycolytic
metabolism compared with normal fibroblasts

In this work, dermal fibroblasts derived from patients
with diffuse cutaneous SSc (SSc1 and SSc2) were com-
pared with commercially available normal dermal fibro-
blasts (CTRL). An increased expression of type |
collagen characterized the activated phenotype of SSc
fibroblasts (Fig. 1a). By culturing all types of fibroblasts
for 24h in a glucose-free medium, we observed that
~60% of SSc1 and ~80% of SSc2 fibroblasts under-
went cell death, while CTRL cells did not show any cell

https://academic.oup.com/rheumatology
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viability impairment (Fig. 1b), showing a glucose de-
pendence of SSc fibroblasts. By checking their metab-
olism with an XFe96 bioanalyzer (Seahorse Bioscience),
we found a clear promotion of glycolysis counterbal-
anced by a reduction in respiration in SSc fibroblasts.
Indeed, when assessed with the glycolysis stress test,
SSc fibroblasts showed an increased glycolysis and
glycolytic capacity compared with controls (Fig. 1c,
upper) and significantly reduced basal respiration and
spare respiratory capacity when subjected to the Mito
stress test (Fig. 1c, lower). Real-time PCR analysis con-
firmed their metabolic shift towards glycolysis, since the
pyruvate dehydrogenase kinase 1 (PDK1):pyruvate de-
hydrogenase phosphatase 2 (PDP2) ratio and lactate
dehydrogenase A (LDHA) were significantly up-regulated
in SSc fibroblasts (Fig. 1d). Accordingly, the measure-
ment of pH and lactate content in CM revealed that
SSc1 and SSc2 fibroblasts produced a two- to three-
fold increased amount of lactic acid compared with
control cells (Fig. 1e). Together, a dynamic measure of
metabolism and the evaluation of glycolytic markers
clearly demonstrated the glycolytic addiction of SSc
fibroblasts.

Reduced pH impairs EC activities

As a direct consequence of the high SSc glycolytic ac-
tivity, in particular the lactic acid release, extracellular
pH of the SSc microenvironment undergoes progressive
acidification. Therefore we wondered if the acidic micro-
environment could be a cause of the impaired EC activ-
ity that characterizes SSc lesions. In accordance with
the pH values of spontaneously acidified SSc fibroblast
media [pH 6.8 (s.p. 0.1) and 6.9 (s.p. 0.1) vs 7.3 (s.n. 0.1)
of control fibroblasts, see Fig. 1e], we cultivated ECs
under a non-physiological acidic pH of 7.0 and 6.7 (s.p.
0.1), obtained by HCI administration directly into the cul-
ture medium (see the Cell culture paragraph in the
Materials and methods section), in order to mimic the
spontaneous acidified tissue microenvironment caused
by the altered metabolism of SSc fibroblasts. A signifi-
cant reduction of EC tube formation (in terms of both
lumen and network formation) was observed at acidic
pH 7.0 and was further strengthened at pH 6.7, as
reported by the statistical analysis of the angiogenic
parameters of nodes, segments, meshes and junctions
reported by the angiogenesis analyser of Imaged soft-
ware (Fig. 2a). It should be noted that lactate caused a
further impairment of capillary morphogenesis under
acidic pH 7.0, but by lowering pH to 6.7, this synergistic
effect was no longer visible. EC invasion was significant-
ly decreased under acidic pH 6.7, either in the presence
or absence of lactate (Fig. 2b). We ascertained that
these effects were not a result of acidosis-induced cell
death. The annexin V/PI flow cytometer assay revealed
that acidic conditioning of ECs up to 72h, in the pres-
ence or absence of lactate, did not alter their viability
(Fig. 2c). Indeed, tube formation and invasion abilities
were completely restored by increasing pH to 7.4
(Supplementary Fig. S1a-b, available at Rheumatology
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Fic. 1 Enhanced glycolytic metabolism of SSc fibroblasts
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Fic. 2 Acidic microenvironment exerts anti-angiogenic effects
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Fic. 3 SSc-derived CM impairs EC angiogenic activities
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online). Accordingly, VE-cadherin, a marker of EC stabil-
ity, was down-regulated under acidosis but re-
expressed at control or even higher levels when the nor-
mal pH condition was restored (Supplementary Fig. S1c,
available at Rheumatology online). Acidic CMs derived
from SSc1 and SSc2 fibroblasts [pH 6.8 and 6.9 (s.D.
0.1), respectively, as shown in Fig. 1e] compared with

4514

CMs derived from control fibroblasts [pH 7.3 (s.0. 0.1)]
decreased in vitro EC tube formation (Fig. 3a) and inva-
sion (Fig. 3b). SSc CM also impaired in vitro EC chemo-
attraction while control CM did not induce any variation
compared with the untreated condition (Fig. 3c), mean-
ing that even EC recruitment in SSc affected areas is
likely impaired.

https://academic.oup.com/rheumatology

Gzoz AMenuer g1 uo 1sanb Ag 986101 9/80G+/0L/09/a101e/ABojojewnayl/woo dno-ojwapeoe//:sdpy wol) papeojumoq


https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keab022#supplementary-data

Glycolysis and endothelial dysfunction in SSc

Fic. 4 The MMP-12-mediated uPAR cleavage anti-angiogenic mechanism is up-regulated under acidic conditions
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(A) EC tube formation in the presence of one healthy and four SSc sera. Scale bar: 300 um, t-test. (B) MMP-12 ELISA
test of the one healthy and the four SSc sera used in (A) (t-test). (C) Real-time PCR analysis of MMP-12 and uPAR in
ECs exposed to standard and acidic conditions in the presence or absence of 10mM lactate. Two-way ANOVA,
Tukey’s multiple comparisons test. (D) Immunofluorescence (scale bar: 50 um, two-way ANOVA, Sidak’s multiple
comparisons test) and (E) flow cytometry (two-way ANOVA, Sidak’s multiple comparisons test) of cleaved uPAR in
EC exposed to standard or acidic conditions in the presence or absence of 10 mM lactate.
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Fic. 5 Acidic ECs undergo endoMT
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(A) Representative pictures of morphology (scale bar: 100 um) and (B) real-Time PCR analysis of endoMT markers of
ECs exposed to the standard condition (pH 7.4), acidosis (pH 6.7) or lactic acidosis (pH 6.7Lact). Two-way ANOVA,

Dunnett’s multiple comparisons test.

Together these findings suggest that SSc fibroblast
glycolytic addiction and activity may contribute to the
impairment of angiogenesis.

A molecular mechanism linking extracellular acidosis
and endothelial dysfunction

Four SSc sera compared with one healthy donor serum
were tested in vitro for their ability to impair EC tube for-
mation. Defective capillary-like networks were observed
when ECs were exposed to the SSc sera compared
with the healthy one, with a significantly decreased
number of nodes, segments and meshes, and also a re-
duction (even though not significant) in the number of
junctions (Fig. 4a). SSc sera showed significantly higher
levels of MMP-12 compared with the healthy serum
(Fig. 4b). We have already reported that MMP-12 is sig-
nificantly up-regulated in serum of SSc patients com-
pared with healthy people [19], representing one of the
mechanisms involved in SSc vascular alterations. MMP-
12 plays a key role in angiogenesis inhibition, as it drives
uPAR cleavage, thus preventing the pro-angiogenic ac-
tivity of uPAR signalling [16, 20]. As we already reported,
uPAR is indeed indispensable for EC-driven angiogen-
esis [21]. What is not yet known is whether the acidic
microenvironment promotes this MMP-12-mediated
uPAR cleavage leading to angiogenesis inhibition. In
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Fig. 4c (left panel), we show that MMP-12 mRNA ex-
pression was significantly up-regulated in ECs exposed
to pH 6.7 and the increase was further strengthened in
the presence of lactate. While uPAR mRNA expression
levels did not significantly vary under acidosis and lactic
acidosis compared with the standard pH condition
(Fig. 4c, right panel), the cleaved uPAR protein level was
significantly increased in ECs exposed to acidosis and
lactic acidosis than in standard pH. Accordingly, by con-
focal microscopy we observed an ~4-fold increment,
compared with controls, of cleaved uPAR in acidic ECs
that was further enhanced up to ~5-fold under lactic
acidosis (Fig. 4d); accordingly, by flow cytometer ana-
lysis we found a similar trend, with an ~1.5- and ~2-
fold increase of cleaved uPAR levels in ECs under acid-
osis and lactic acidosis, respectively (Fig. 4e).

Thus we may propose a scenario in which extracellu-
lar acidosis caused by the SSc fibroblast glycolytic ad-
diction promotes EC dysregulation and angiogenesis
impairment through MMP-12-mediated uPAR cleavage.

The acidic microenvironment drives endothelial-to-
mesenchymal transition (endoMT)

We further investigated the fate of ECs exposed to
extracellular acidosis and displaying an impaired ability
to perform angiogenesis. Acidic ECs acquired a
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mesenchymal-like morphology (Fig. 5a) and showed a
significant down-regulation of the endothelial marker VE-
cadherin, associated with a higher expression of the
myofibroblast markers TGF-p, type | collagen, a-smooth
muscle action (SMA) and the transcription factors Twist,
Snail, Zeb1 and Zeb2 (Fig. 5b). This may look like an
endoMT phenomenon, a trans-differentiation process in
which ECs lose their specific markers and acquire, ei-
ther totally or partially, a myofibroblast-like phenotype
that is known to contribute to vascular dysfunction and
dermal fibrosis in SSc [22-25].

The acidic microenvironment may thus contribute, by
inducing endoMT, to the degenerative fibrotic and vas-
culopathic features of SSc.

Discussion

Our data clearly show that SSc dermal fibroblasts have
an increased glycolytic metabolism causing extracellular
acidification that deeply impairs EC angiogenic potential.
It is well known that metabolic dysregulation can foster
the progression of various types of diseases, including
cancer and rheumatic diseases [1]. In particular, emerg-
ing evidence indicates that enhanced glycolysis may be
associated with fibrotic remodelling of multiple organs
and represents a necessary condition for the develop-
ment and sustainment of pro-fibrotic myofibroblast dif-
ferentiation [11, 26-29]. Here, although with the
presence of some limitations, such as the limited num-
ber of SSc fibroblast lines and the comparison between
patient-derived SSc fibroblasts with commercially avail-
able normal fibroblasts, we demonstrate that SSc fibro-
blasts show a selective glucose dependence and an
increased glycolysis accompanied by a reduction in their
respiratory capacity. Indeed, metabolomic profiling of
SSc patients revealed that glycolysis and gluconeogene-
sis pathways are the most important pathways altered
in dcSSc compared with 1cSSc and a significant reduc-
tion in glucose serum levels along with disease progres-
sion was found [30]. Moreover, increased 'F-
fluorodeoxyglucose uptake has been reported in the
skin and soft tissue calcinosis of SSc patients [1, 31,
32], as well as in patients affected by interstitial lung dis-
ease [33], which corroborates increased glucose use in
such compromised tissues.

As a direct consequence of lactic acid release by the
highly glycolytic SSc fibroblasts and also sustained by
hampered removal, the tissue microenvironment inevit-
ably becomes acidic, perturbing most of the adjacent
cellular elements. This means that such altered metabol-
ism causes a change in the local pH in the tissue around
SSc fibroblasts, which falls into the non-physiological
range of ~7.0-6.7 (s.n. 0.1). Such pH maodifications
would be limited to the local SSc tissue microenviron-
ment. It is known that fibroblasts are often exposed to
metabolic acidosis, an important parameter of the local
microenvironment found in several disorders such as in-
flammation, ischaemia and solid tumours. Strikingly, dis-
ease progression might be promoted by this ‘new’
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metabolically altered microenvironment, as already
shown for cancer, in which extracellular acidity reinfor-
ces their pro-tumoral effects in cancer-associated fibro-
blasts [34-36]. Thus our experiments meant to
reproduce the likely in vivo situation in which local tissue
acidosis/lactic acidosis would affect the physiological
functions of other cell types around SSc fibroblasts,
such as ECs. In line with the reduced human umbilical
vein response to VEGF for cell proliferation and migra-
tion upon acidic exposure [37], we observed that acid-
osis per se and lactic acidosis are sufficient conditions
to dramatically impair in vitro EC capillary network/
lumen formation and invasion without altering cell viabil-
ity. Tube formation and invasion were restored together
with VE-cadherin expression with standard pH condition
re-establishment. In accordance with our findings,
potentiated angiogenic activity of human endothelial
colony-forming cells that have undergone acidic precon-
ditioning and then were re-exposed to standard pH has
been shown [17, 38]. In apparent contrast with our
observations, acidic pulmonary microvascular ECs
increased network formation, although displaying
impaired cell migration [39]. It is possible that organ
specificity of ECs might be related to the different be-
haviour observed [40]. Indeed, lung endothelium is
exposed to considerable luminal pH changes [41, 42]
and thus pulmonary vascular ECs could be very adapt-
able cells to extracellular pH variations.

Looking for a molecular mechanism of angiogenesis
inhibition by extracellular acidosis, we demonstrated
that it promotes MMP-12 upregulation by ECs, likely
accounting for the cleaved uPAR expressed by acidic
ECs. In SSc sera and tissues, MMP-12 was found to be
up-regulated [19] and may be responsible for endothelial
uPAR cleavage and a consequent reduction of pro-
angiogenic EC functions [16, 20]. Of note, uPAR can po-
tentially mediate all the angiogenic phases [43, 44].
Recently the role of uPAR and other fibrinolytic regula-
tors in SSc vasculopathy was reviewed [45]. There is
evidence that uPAR-deficient mice develop peripheral
vasculopathy and dermal and pulmonary fibrosis [46,
47]. Also, MMP-12-mediated uPAR cleavage has been
implicated in the induction of endoMT in SSc dermal
ECs [22]. Accordingly, we have shown that uPAR-
deficient acidic ECs undergo endoMT, a process first
proposed by Karasek in 2007 [25], by which ECs ac-
quire myofibroblast-like features, detaching from the
endothelial layer, becoming elongated and fusiform, los-
ing their specific molecular markers (i.e. CD31/PECAM-
1, von Willebrand factor and VE-cadherin) and acquiring,
at the same time, mesenchymal markers (i.e. a-SMA,
vimentin and type | collagen) [23]. EndoMT is a potential
player in the pathogenesis of different fibrotic diseases
and it seems to occur in the dermal endothelium of SSc
patients, contributing to the development of skin fibrosis
[22]. It is important to emphasize that the EC-myofibro-
blast transition does not need to be a total transdifferen-
tiation, since a partial transition process may be enough
for fibrogenesis initiation and progression [23].
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Extracellular acidosis, by promoting the endoMT pro-
cess, may provide an important contribution to SSc pro-
gression to tissue fibrosis. A connection between
extracellular acidosis and fibrosis has also been found in
cystic fibrosis [41, 48, 49] and idiopathic pulmonary fi-
brosis. In these diseases, pH measurement through the
acidoCEST MRI technique showed that larger lung
lesions correlate with higher lactic acid production and
lower pH [50], in accordance with the metabolically
induced local pH acidification that we propose for SSc
tissues.

In conclusion, a chain of events may closely link the
high glycolytic metabolism of SSc dermal fibroblasts
and the resulting extracellular microenvironment acidifi-
cation to the impairment of angiogenesis and EC-myofi-
broblast transdifferentiation, definitively fuelling the
fibrotic process. These data suggest that a metabolic
reconversion of fibroblasts might represent a novel
therapeutic target in SSc patients.
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