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Elevated glucose levels increase vascular D
calcification risk by disrupting extracellular
pyrophosphate metabolism
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Abstract

Background Vascular calcification is a major contributor to cardiovascular disease, especially diabetes, where

it exacerbates morbidity and mortality. Although pyrophosphate is a recognized natural inhibitor of vascular
calcification, there have been no prior studies examining its specific deficiency in diabetic conditions. This study is
the first to analyze the direct link between elevated glucose levels and disruptions in extracellular pyrophosphate
metabolism.

Methods Rat aortic smooth muscle cells, streptozotocin (STZ)-induced diabetic rats, and diabetic human aortic
smooth muscle cells were used to assess the effects of elevated glucose levels on pyrophosphate metabolism
and vascular calcification. The techniques used include extracellular pyrophosphate metabolism assays, thin-layer
chromatography, phosphate-induced calcification assays, BrdU incorporation for DNA synthesis, aortic smooth
muscle cell viability and proliferation assays, and quantitative PCR for enzyme expression analysis. Additionally,
extracellular pyrophosphate metabolism was examined through the use of radiolabeled isotopes to track ATP and
pyrophosphate transformations.

Results Elevated glucose led to a significant reduction in extracellular pyrophosphate across all diabetic models. This
metabolic disruption was marked by notable downregulation of both the expression and activity of ectonucleotide
pyrophosphatase/phosphodiesterase 1, a key enzyme that converts ATP to pyrophosphate. We also observed an
upregulation of ectonucleoside triphosphate diphosphohydrolase 1, which preferentially hydrolyzes ATP to inorganic
phosphate rather than pyrophosphate. Moreover, tissue-nonspecific alkaline phosphatase activity was markedly
elevated across all diabetic models. This shift in enzyme activity significantly reduced the pyrophosphate/phosphate
ratio. In addition, we noted a marked downregulation of matrix Gla protein, another inhibitor of vascular calcification.
The impaired pyrophosphate metabolism was further corroborated by calcification experiments across all three
diabetic models, which demonstrated an increased propensity for vascular calcification.

Conclusions This study demonstrated that diabetes-induced high glucose disrupts extracellular pyrophosphate
metabolism, compromising its protective role against vascular calcification. These findings identify pyrophosphate
deficiency as a potential mechanism in diabetic vascular calcification, highlighting a new therapeutic target.
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Strategies aimed at restoring or enhancing pyrophosphate levels may offer significant potential in mitigating
cardiovascular complications in diabetic patients, meriting further investigation.

Graphical abstract

fGlucose
Pi+Ca? Pi+Ca2*
ADP+Pi  ATP  AMP+PPi Pi "\ l ADP+Pj A AMPsr Pj
Vascular 1
Calcification
| eNPP1/eNTPD1 ratio — | PPi synthesis
Propensity to

t TNAP
1 Mitochondrial ATP synthesis—

f Glucose

— 1 PPi Hydrolysis
| ATP synthesis

Inhibitory _= T

capacity artery calcification

Keywords Vascular calcification, Diabetes, Pyrophosphate, ATP, Aging, Phosphate

Background

Diabetes is a chronic metabolic disorder characterized
by elevated blood glucose levels. There are two primary
types of diabetes [1, 2]. Type 1 diabetes occurs when the
body’s immune system mistakenly attacks and destroys
insulin-producing beta cells in the pancreas. This leads
to little or no insulin production, resulting in high blood
sugar levels. Type 1 diabetes is typically diagnosed in
children and young adults, although it can develop at
any age. Individuals with type 1 diabetes require lifelong
insulin therapy to manage their condition. Type 2 dia-
betes usually develops in adulthood but is increasingly
being diagnosed in children and adolescents. In type
2 diabetes, the body becomes resistant to the effects of
insulin, or the pancreas fails to produce enough insulin to
maintain normal blood glucose levels, leading to chroni-
cally elevated blood sugar.

Both types of diabetes can lead to serious complica-
tions if not properly managed, including cardiovascular
disease, kidney disease (nephropathy), nerve dam-
age (neuropathy), and eye damage (retinopathy) [3, 4].

Diabetes significantly increases the risk of cardiovascular
events such as heart attack, stroke, and peripheral artery
disease [5]. A particularly concerning complication is
vascular calcification, a pathological process character-
ized by the deposition of calcium phosphate crystals, pri-
marily hydroxyapatite, within the walls of blood vessels.
This condition most commonly affects arteries, including
those supplying the heart (coronary arteries), brain (cere-
bral arteries), and peripheral tissues (peripheral arteries)
[4].

Vascular calcification is a major contributor to car-
diovascular morbidity and mortality in individuals
with diabetes [6, 7]. It is closely associated with several
key mechanisms identified in previous studies, includ-
ing hyperglycemia, which promotes advanced glyca-
tion end-product (AGE) formation and oxidative stress;
endothelial dysfunction, which impairs vasodilation and
promotes vascular stiffness; dyslipidemia, character-
ized by high levels of LDL cholesterol that increase lipid
deposition and inflammatory cell recruitment in vessel
walls; chronic inflammation, which triggers the release



Flores-Roco et al. Cardiovascular Diabetology (2024) 23:405

of proinflammatory cytokines and promotes vascular
smooth muscle cell osteogenic differentiation; and min-
eral imbalance, involving dysregulated calcium and phos-
phate homeostasis that accelerates calcification processes
in vascular tissues [8—10]. However, despite this under-
standing, to our knowledge, no studies have examined
the role of extracellular pyrophosphate, a known inhibi-
tor of calcification, in the development of vascular calcifi-
cation under diabetic conditions.

Extracellular pyrophosphate metabolism involves bio-
chemical processes that regulate and utilize pyrophos-
phate molecules outside of cells [11, 12]. Pyrophosphate
is a crucial molecule with roles in various physiological
functions, including bone mineralization, energy metab-
olism, and the regulation of vascular calcification. In the
context of diabetes and vascular calcification, abnormali-
ties in extracellular pyrophosphate metabolism can have
significant consequences [13]. Disruption of normal
pyrophosphate metabolism may result in reduced levels
of pyrophosphate [14], a natural inhibitor of hydroxyapa-
tite crystal formation and vascular calcification [13]. This
imbalance can contribute to the development of vascu-
lar calcification, a common complication of diabetes that
significantly increases cardiovascular risk [15].

Studies have also shown that pyrophosphate not only
acts as a physical inhibitor of mineral crystal formation
but also functions as a signaling molecule that can mod-
ulate the expression of genes involved in mineralization
processes [16—18]. For example, pyrophosphate upregu-
lates osteopontin (OPN) expression through the ERK1/2
and p38 MAPK signaling pathways, enhancing the role of
OPN as a mineralization inhibitor [19]. Similarly, pyro-
phosphate influences the expression of matrix Gla pro-
tein (MGP), another potent inhibitor of vascular and soft
tissue calcification, by regulating pathways that affect
extracellular matrix mineralization. This dual function of
pyrophosphate—as a direct crystal inhibitor and a regu-
lator of gene expression related to calcification—provides
a new perspective on how pyrophosphate homeostasis
may be crucial for preventing pathological calcification.

Pyrophosphate is metabolized into phosphate by tissue-
nonspecific alkaline phosphatase (TNAP) in extracellular
fluids [20, 21]. Conversely, extracellular pyrophosphate
is produced by ectonucleotide pyrophosphatase/phos-
phodiesterase (eNPP), which hydrolyzes extracellular
adenosine-5'-triphosphate (ATP) to generate pyrophos-
phate and AMP (adenosine-5’'-monophosphate) [22, 23].
In vascular smooth muscle cells and the aorta, the pri-
mary source of extracellular pyrophosphate is the hydro-
lysis of ATP by eNPP1 [24, 25]. Mutations in eNPP1 can
lead to generalized arterial calcification in infancy, a
condition marked by widespread arterial calcification in
humans [26]. Additionally, the ectonucleoside triphos-
phate diphosphohydrolase (eNTPD) family, particularly
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eNTPD1, which is predominant in rat aortas [24], com-
petes with eNPP for ATP substrate. eNTPD1 is respon-
sible for approximately 90% of ATP hydrolysis in these
tissues [24, 25]. While eNTPD1 is known primarily for
its role in regulating purine receptor signaling, recent
evidence suggests a direct association with vascular cal-
cification [14, 27]. By hydrolyzing ATP to phosphate,
eNTPD1 may reduce the availability of ATP for conver-
sion to pyrophosphate by eNPP1, thereby potentially pro-
moting calcification [14, 27]. Finally, ATP plays a critical
role in preventing vascular calcification by serving as a
source of pyrophosphate and directly inhibiting the for-
mation of calcium phosphate crystals (CPCs) [27, 28].

Moreover, the progressive ankylosis (ANK) gene plays a
role in regulating extracellular pyrophosphate levels and
preventing pathological calcification [29]. Mutations in
the ANK gene lead to a severe form of generalized joint
calcification and arthritis, as observed in mouse models.
Loss of ANK function in ANK”" mice causes excessive
hydroxyapatite formation, highlighting its role in con-
trolling mineralization. Cells from ANK-deficient mice
exhibit significantly reduced extracellular pyrophosphate
levels, whereas the overexpression of ANK in cultured
cells leads to increased extracellular pyrophosphate,
highlighting ANK’s essential function in maintaining
pyrophosphate homeostasis and preventing pathological
tissue calcification and arthritis [29].

The interplay of these pathophysiological mechanisms
highlights the increased risk of vascular calcification in
individuals with diabetes [5, 7]. Vascular calcification is a
dynamic process driven by multiple factors, including the
metabolic disturbances associated with diabetes [6, 30,
31]. Given its significant impact on cardiovascular health,
vascular calcification is a critical therapeutic target in the
management of diabetes. This underscores the need for
comprehensive strategies to mitigate cardiovascular risk
in affected individuals.

To our knowledge, there are currently no studies
directly linking pyrophosphate deficiency with diabetes.
Although pyrophosphate is recognized as a natural inhib-
itor of vascular calcification, its direct association with
diabetes has not been established. This study specifically
examines extracellular pyrophosphate metabolism in the
context of hyperglycemia, aiming to identify novel risk
factors and therapeutic targets to address this widespread
disease.

Methods

Animals

Male Sprague-Dawley rats (8—9 weeks old) were obtained
from Charles River Laboratories (France). To induce dia-
betes, a single intraperitoneal injection of streptozotocin
(55 mg/kg body weight, Sigma-Aldrich) was adminis-
tered in a 0.9% NaCl solution. The control rats received
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an equivalent volume of isotonic saline solution. The
protocol was approved by the ethics committee (PROEX
427/15) and conformed to directive 2010/63EU and rec-
ommendation 2007/526/EC on the protection of animals
used for experimental and other scientific purposes,
enforced in Spanish law under RD1201/2005.

ASMC isolation and culture

Rat aortic smooth muscle cells (ASMCs) were isolated
using a double digestion protocol with collagenase
[32]. The ASMCs were cultured in Minimum Essen-
tial Medium Eagle (MEM) supplemented with 2 mM
L-glutamine, 100 IU/ml penicillin, 100 pg/ml streptomy-
cin, and 10% fetal bovine serum at 37 °C in a humidified
atmosphere containing 5% CO,. All cell culture reagents
were obtained from Invitrogen (Paisley, UK). The control
group was maintained in MEM with a glucose concen-
tration of 1 g/L (control medium). To prepare glucose-
enriched medium, MEM supplemented with glucose
(Sigma-Aldrich) was filtered through a 0.22 um filter
(PES033S0221, Scharlab, Barcelona, Spain), resulting in
a final concentration of 4.5 g/L. After initial trypsiniza-
tion (passage 1), the cells were incubated in either 1 g/L
or 4.5 g/L glucose MEM and passaged to passage 12.
The cells were maintained at a 1:3 split ratio during each
trypsinization step. The medium was changed every 2-3
days.

Human diabetic and non-diabetic aortic smooth mus-
cle cells (Lonza, Walkersville, USA) were cultured in
SmGM-2 medium (Lonza) according to the manufac-
turer’s instructions. The cells were incubated at 37 °C in
a humidified atmosphere containing 5% CO,. A 1:3 split
ratio was used during each trypsinization step to main-
tain the cultures.

Cell proliferation

Cell counting was performed regularly over a 6-week
period to assess the division rate of rat aortic smooth
muscle cells cultured under both experimental condi-
tions. A Neubauer counting chamber (717805, Brand™,
Arnedo, Spain), also known as a hemocytometer, was
used for accurate cell counting. Cell passages were car-
ried out upon reaching 50% confluence, using trypsin
(Thermo Fisher).

Cell proliferation was evaluated by measuring the
incorporation of 5-bromodeoxyuridine (BrdU) via the
BrdU Cell Proliferation ELISA Kit (Abcam, ab126556)
following the manufacturer’s protocol. The absorbance
was read at dual wavelengths of 450/550 nm using a
Varioskan™ LUX multimode microplate reader, and the
results are expressed as the optical density (OD) per cell.
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Cell viability

The viability of aortic smooth muscle cells was evalu-
ated via the PrestoBlue™ Cell Viability Reagent (A13261;
Invitrogen) according to the manufacturer’s protocol.
This assay utilizes resazurin as a redox indicator to mea-
sure cellular viability. Upon incubation with viable cells,
resazurin, a cell-permeable, nonfluorescent blue dye, is
reduced by mitochondrial oxidoreductase enzymes in
metabolically active cells to resorufin, a pink, fluorescent
compound.

Briefly, subconfluent aortic smooth muscle cells were
dissociated using trypsin (200 U/ml, Thermo Fisher) and
counted. Five serial dilutions of the cells were prepared
in the appropriate culture medium for each experimental
group. Following the manufacturer’s instructions, 90 pL
of the cell suspensions and 10 pL of PrestoBlue reagent
were added to each well of a 96-well plate, resulting in a
final volume of 100 uL per well. The plate was incubated
in the dark at 37 °C, and the absorbance was measured at
570 nm (to detect resorufin) and 600 nm (background) at
30-minute intervals over a 2-hour period using a Varios-
kan™ LUX multimode microplate reader.

ATP and pyrophosphate quantification

The intracellular and extracellular ATP levels were mea-
sured using a coupled luciferin/luciferase reaction with
an ATP Determination Kit (Invitrogen) following the
manufacturer’s instructions and previous studies [14,
27]. For intracellular ATP quantification, aortic smooth
muscle cells were lysed in lysis buffer containing 50 mM
Tris—HCI, 150 mM NacCl, and 0.1% Triton X-100 (pH
7.4). Intracellular ATP measurements were performed
on cell lysates alongside ATP standards for calibration.
Extracellular pyrophosphate was measured with an
enzyme-linked bioluminescence assay as described previ-
ously [14]. ATP and pyrophosphate levels were normal-
ized to the cellular protein content, which was quantified
using the Pierce™ BCA Protein Assay Kit according to the
manufacturer’s instructions.

Mitochondrial ATP synthesis in digitonin-perme-
abilized aortic smooth muscle cells (2x10° cells) was
evaluated via a kinetic luminescence assay based on the
previous studies [14, 27].

Extracellular pyrophosphate metabolism

Aortic smooth muscle cells (ASMCs) or aortic rings
were incubated in vitro or ex vivo, respectively, in Hank’s
balanced salt solution (HBSS, BE10-527 F, Lonza) con-
taining specified concentrations of pyrophosphate
(Sigma-Aldrich) and pyrophosphate-32 (Perkin-Elmer)
or ATP (Sigma-Aldrich) and [y->*P]ATP (Perkin-Elmer).
After the designated incubation periods, ATP and pyro-
phosphate were separated from orthophosphate as
described in previous protocols [24, 27].
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Briefly, 20 pL of the sample was mixed with 400 pL of
ammonium molybdate (Sigma-Aldrich) to bind ortho-
phosphate, followed by the addition of 0.75 mol/L sulfu-
ric acid (Sigma-Aldrich). The solution was then extracted
with 800 pL of an isobutanol/petroleum ether mixture
(4:1; Sigma-Aldrich) to separate phosphomolybdate from
pyrophosphate and ATP. A 400 pL aliquot of the organic
phase containing phosphomolybdate was collected, and
its radioactivity was measured.

The same aortic rings were used for both the ATP
and pyrophosphate hydrolysis assays. Following the
ATP hydrolysis assays, the rings were washed five times
with HBSS before the pyrophosphate hydrolysis assays
were conducted. Finally, the aortic rings were dried and
weighed.

To analyze the products released during ATP hydroly-
sis, ASMCs or aortic rings were incubated in HBSS con-
taining ATP and [y->’P]ATP at final concentrations of 1
umol/L and 10 pCi/mL, respectively. After the designated
incubation periods, the production of phosphate-32
(®Pi) and pyrophosphate-32 (*?PPi) was determined by
chromatography using PEI-cellulose plates (50488-25EA-
F, Sigma-Aldrich). The plates were developed with 650
mmol/L K,HPO, (Sigma-Aldrich) at pH 3.0, following
previous studies. The resulting spots were excised and
analyzed via liquid scintillation counting via UltraGold
(6013329, Perkin-Elmer).

Recombinant enzymes and inhibitors

The recombinant enzymes eNPP1 (catalog number
6136-EN) and eNTPD1 (catalog number 4397-EN) were
obtained from R&D Systems (Minneapolis, MN, USA).
The eNTPDI1 inhibitor PSB609 [33, 34] was obtained
from Tocris Bioscience (Minneapolis, MN, USA; catalog
number 2573). The TNAP inhibitor SBI425 [35, 36] was
sourced from Sigma-Aldrich (catalog number SML2935).

Real-time polymerase chain reaction

Total RNA was isolated using TRIzol reagent (Invitro-
gen), and cDNA synthesis was performed with the Super-
script III cDNA Synthesis System (Invitrogen) following
the manufacturer’s instructions. Relative quantification
of the expression of the rat genes BMP2, SM22a, TNAP,
eNTPD1, and eNPP1 was conducted via real-time PCR
with SYBR Green according to the manufacturer’s proto-
col. The sequences of primers used for amplification were
as follows [25]: BMP2: 5'-GTTCTGTCCCTACTGATGA
G-3’ (forward) and 5'-ATTCGGTGCTGGAAACTAC-3’
(reverse); SM22a: 5-CAGACTGTTGACCTCTTTGA
AG-3’ (forward) and 5-TCTTATGCTCCTGGGCTTT
C-3' (reverse); TNAP: 5'-TGAATCGGAACAACCTGA
CTG-3’ (forward) and 5-GCCTCCTTCCACTAGCAA
GAA-3’ (reverse); eNTPDI1: 5'-CAGGTTTCAAGTGGT
GGGATT-3' (forward) and 5'-GAAGGCACACTGGGA
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GTAAGG-3' (reverse); eNPP1: 5'-AAGGTATGCCCAA
GAAAGGAA-3' (forward) and 5-TTCTTGACTGCGG
ATGACTCT-3’ (reverse).

The comparative AACT method was used for quanti-
fication, with acidic ribosomal phosphoprotein (ARP)
RNA serving as the endogenous reference. The primers
used for rat ARP amplification were 5'-CACCTTCCCAC
TGGCTGAA-3’ (forward) and 5'-CACCTTCCCACTG
GCTGAA-3’ (reverse).

ASMC calcification assay

Rat aortic smooth muscle cells (ASMCs) were cultured to
confluence and subjected to a quiescence step by incuba-
tion overnight in culture medium containing 0.1% fetal
bovine serum. Calcification assays were then performed
by incubating the cells for 7 days in minimum essential
medium (MEM) supplemented with 2 mM L-glutamine,
100 IU/ml penicillin, 100 pg/ml streptomycin, 0.1% fetal
bovine serum, and 2 mmol/L phosphate (phosphate-
calcifying medium), as previously described [32, 37]. The
phosphate-calcifying medium and control medium were
replaced daily. To quantify the calcium content in rat
ASMCs, the wells were treated with 0.6 M HCI overnight
at 4 °C, and the calcium levels were analyzed via a Quan-
tiChrom Calcium Assay Kit (BioAssay Systems, Hayward,
CA) via a colorimetric method. Cell fixation was carried
out according to previous studies [37, 38].

Human aortic smooth muscle cells (ASMCs) were cul-
tured to confluence in SmMGM-2 medium and subjected
to a quiescence step by incubating overnight in MEM
containing 0.1% fetal bovine serum. Calcification assays
were performed by incubating the cells for 4 days in min-
imum essential medium (MEM) supplemented with 2
mM L-glutamine, 100 IU/ml penicillin, 100 pg/ml strep-
tomycin, 0.1% fetal bovine serum, and 10 pCi/mL cal-
cium-45 as a radiotracer.

To quantify the calcium content in ASMCs, the wells
were washed five times with 9 g/L NaCl, treated with
200 pL of 0.6 M HCI and incubated overnight at 4 °C to
release calcium. Following incubation, 50 pL of the cal-
cium-containing HCI solution was transferred to a liquid
scintillation fluid (UltimaGold™, 6013329; Perkin Elmer),
and radioactivity was measured via a Tri-Carb 2810TR
liquid scintillation analyzer (Perkin Elmer).

Aorta isolation and calcification assay

The rats were euthanized via carbon dioxide inhalation,
and the thoracic aorta tissue was perfused with saline
and removed following previously published protocols
[25, 32]. For calcification assays, aortic rings were cul-
tured ex vivo at 37 °C with 5% CO, in minimum essential
medium (MEM) supplemented with calcium-45 (*°Ca)
as a radiotracer (Perkin Elmer, Boston), 2 mmol/L L-glu-
tamine, 100 IU/mL penicillin, 100 pg/mL streptomycin,
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and 0.1% fetal bovine serum. Aortic rings were further
cultured in MEM supplemented with 2 mmol/L phos-
phate (KH,PO,/K,HPO,, pH 7.4) for calcification assays,
whereas the control groups received 1 mmol/L phos-
phate. After 7 days of incubation, the aortic rings were
dried, and the radioactivity was measured using liquid
scintillation counting (Perkin Elmer Tri-Carb 2810TR).

Aortic staining

Rat aortas were embedded in optimal cutting tempera-
ture compound (Sakura, Alphen aan den Rijn, The Neth-
erlands), and 5-um cross-sections were prepared using
a cryostat (Leica CM1940). The calcification of the aor-
tic tissue was assessed through Alizarin Red and Von
Kossa staining, while the cell content and tissue archi-
tecture were visualized via hematoxylin and eosin (H&E)
staining.

Analytical parameters

For the analytical parameters shown in Fig. 1, blood sam-
ples were collected from euthanized rats into serum or
heparinized tubes and centrifuged to separate the serum
or plasma, respectively. Liver glycogen, as well as plasma
glucose, insulin, AGEs, GSP, and TNF«, were quantified
using the following kits according to the manufacturer’s
protocols: a glycogen assay kit (Abcam, ab65620), a glu-
cose assay kit (Abcam, ab65333), a rat insulin ELISA
kit (Thermo Fisher Scientific), a rat advanced glycation
end products (AGEs) ELISA kit (RTEB0188), a glycated
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serum protein ELISA kit (ABIN771898), and a rat TNF«
ELISA kit (Thermo Fisher Scientific).

Immunoblotting and ELISA

Immunoblot assays were conducted via a chemilumi-
nescent detection method with a Millipore kit, as previ-
ously described [14]. Primary antibodies against TNAP
(LS-C171640), eNPP1 (LS-C780091), and eNTPD1 (LS-
C387669) were obtained from LSBio (Shirley, MA, USA)
and used following the manufacturer’s protocols. For
the sandwich ELISAs, commercial kits for eNPP1 (LS-
F33284), eNTPD1 (LS-F20306), TNAP (LS-F4993), MGP
(LS-F6344), OPN (LS-F2199), BMP2 (LS-F2407), SM22a
(LS-F7231), and Cbfal/Runx2 (LS-F53973) were also
purchased from LSBio and used according to the manu-
facturer’s instructions.

Statistical analysis

The Kolmogorov-Smirnov test was used to assess
the normality of the data. Student’s ¢ test or one-way
ANOVA and Tukey’s multiple comparison post hoc test
were used for statistical analyses (according to the fig-
ure legends). Statistical significance was determined via
GraphPad Prism 5 software.

Results

Elevated glucose levels reduce the viability of aortic
smooth muscle cells

Given that cell viability and proliferation are closely
linked to the cellular energy profile, they may significantly
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impact ATP synthesis and, consequently, play a critical
role in maintaining extracellular pyrophosphate homeo-
stasis. Therefore, we initially conducted a comparative
assessment of the proliferative capacity of primary aortic
smooth muscle cells (ASMCs) subjected to varying glu-
cose concentrations. These cells were exposed to glucose
concentrations of either 1 g/L or 4.5 g/L over the course
of several weeks (Fig. 2).

Daily monitoring of cell growth under an optical
microscope was essential because of the varying intervals
between cell passages across the experimental groups,
with 50% confluence not consistently achieved within
the same timeframe. After 15 days, differences in growth
between the two groups were clearly observable under
the microscope.

Microscopic examination revealed strikingly similar
cellular morphologies across both experimental groups
(Fig. 2A). However, compared with control ASMCs
(1 g/L), ASMCs cultured in high-glucose medium
(4.5 g/L) exhibited significantly reduced proliferation.
Notably, their daily division rate was- 54% lower than that
of the control cells, with a rate of 0.15+0.03 divisions per
day compared with 0.33+£0.02 divisions per day in the
controls (Fig. 2B and C).

To assess DNA replication status, we evaluated the
incorporation of 5-bromodeoxyuridine (BrdU) in ASMCs
(Fig. 2D). Compared with control cells, cells exposed to
high-glucose medium showed a 66% slower rate of DNA
synthesis (1+0.07 vs. 0.3510.01). Additionally, cellular
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viability, as measured by mitochondrial dehydroge-
nase activity, was significantly reduced to 55.36+5.3%
in ASMCs cultured in high-glucose medium compared
to controls (Fig. 2E). Moreover, mitochondrial ATP syn-
thesis was significantly lower (59.44+2.78%) in ASMCs
exposed to high glucose than in control ASMCs (Fig. 2F).
Finally, compared with those in control cells, both the
intracellular and the extracellular ATP concentrations in
ASMCs exposed to high-glucose medium decreased sig-
nificantly to 28.21+3.93% and 31.09+1.29%, respectively
(Fig. 2G and H).

High glucose levels impair pyrophosphate synthesis in
aortic smooth muscle cells

Aortic smooth muscle cells exposed to elevated glucose
concentrations exhibited a significant reduction in extra-
cellular pyrophosphate levels, decreasing to 15.0+1.71%
compared to cells maintained under control glucose con-
ditions (Fig. 3A). Unexpectedly, high-glucose conditions
also resulted in a pronounced decrease in the extracel-
lular pyrophosphate-to-ATP (PPi/ATP) ratio, which
decreased to 47.64+5.96% after one month (Fig. 3B), sug-
gesting marked impairment of extracellular pyrophos-
phate metabolism.

To assess extracellular pyrophosphate metabolism,
three analytical approaches were utilized. First, mRNA
expression analysis of key enzymes involved in extracel-
lular pyrophosphate metabolism revealed substantial
upregulation of eNTPD1 (catalyzing ATP to phosphate)
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and TNAP (catalyzing pyrophosphate to phosphate),
with mRNA levels increasing by 4.7-fold and 3.3-fold,
respectively, in ASMCs exposed to 4.5 g/L glucose
compared with the 1 g/L glucose control (Fig. 3C). In
contrast, eNPP1 (catalyzing ATP to pyrophosphate
conversion) mRNA expression was significantly down-
regulated, showing a 6.1-fold decrease in high-glucose
conditions relative to the control. Figure 3D shows the
mRNA expression profiles of additional genes, includ-
ing the osteogenic markers BMP2 and SM22a, which
were significantly overexpressed under the 4.5 g/L glu-
cose condition compared with the control conditions.
Both the Runx2 and matrix Gla proteins, which are well-
established inhibitors of vascular calcification, exhibited
notable reductions in mRNA expression under high-
glucose conditions relative to the control. Addition-
ally, ecto-5’-nucleotidase (5NT, which catalyzes AMP to
phosphate and adenosine) and P2Y purinoceptor 6 were
significantly downregulated and upregulated, respec-
tively, under 4.5 g/L glucose conditions compared with
the control.

Second, protein expression was analyzed. Figure 3E
shows immunoblots of the three main enzymes involved
in extracellular pyrophosphate metabolism, while Fig. 3F
shows quantified protein levels via ELISA. In both anal-
yses, there was a significant increase in eNTPD1 and
TNAP protein levels under high-glucose conditions

compared with those in the control. In contrast, eNPP1
protein levels were significantly lower under high-glucose
conditions than under the control conditions. Addition-
ally, the protein levels of the osteogenic marker SM22«a
significantly increased in high-glucose medium (Fig. 3G),
whereas the protein levels of matrix Gla and Runx2 sig-
nificantly decreased in high-glucose medium compared
with those in the control.

Third, we aimed to evaluate the activity of the three
primary enzymes involved in extracellular pyrophosphate
metabolism by analyzing the products released during
ATP hydrolysis. For this purpose, we employed thin-
layer chromatography as outlined in previous studies
(Fig. 4A) [24, 25, 27]. As shown in Fig. 4B, ATP hydroly-
sis was complete after one hour of incubation in ASMCs,
according to our previous studies [25]. The addition of a
specific TNAP inhibitor (SBI425) had no effect on pyro-
phosphate production from ATP hydrolysis, suggesting
that the liberated pyrophosphate was not hydrolyzed
by TNAP during the assay. In contrast, the addition of
inorganic pyrophosphatase completely abolished pyro-
phosphate production (Fig. 4C). Notably, the pyrophos-
phate-to-phosphate ratio (Fig. 4D) resulting from ATP
hydrolysis was significantly lower (6.1-fold) in ASMCs
incubated with a high glucose concentration (0.1240.01)
than in those incubated with a control glucose concentra-
tion (0.75%0.07).
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analysis. Asterisks indicate a statistically significant difference compared with the control group: *P <0.05; ***P<0.001. ### Indicates a value of P<0.001

compared with the control group (1 g/L)

Interestingly, the addition of an inhibitor of eNTPD
activity (ATP-to-phosphate conversion) increased the
pyrophosphate/phosphate ratio from ATP hydrolysis in
ASMC s under both study conditions (1 g/L and 4.5 g/L
glucose). However, this increase was significantly lower
in the presence of 4.5 g/L glucose than in the presence
of 1 g/L glucose (Fig. 4D). Furthermore, the addition of
recombinant eNPP1 significantly elevated the pyrophos-
phate/phosphate ratio under both experimental condi-
tions. In contrast, the addition of recombinant eNTPD1
significantly reduced the pyrophosphate/phosphate ratio
in ASMCs incubated under control conditions (1 g/L
glucose) but did not significantly differ under 4.5 g/L
glucose. Together, these findings support our results indi-
cating an increase in eNTPD activity and a reduction in
eNPP activity in ASMCs incubated with 4.5 g/L glucose.

Moreover, the synthesis of pyrophosphate from ATP
hydrolysis significantly decreased to 30.83%2.33% in
ASMCs incubated in media supplemented with 4.5 g/L
glucose over one month compared with the control
group maintained in media supplemented with 1 g/L
glucose (Fig. 4E). Additionally, pyrophosphate hydrolysis

was markedly greater (to 226.11+25.76%) in cells exposed
to glucose-enriched medium (4.5 g/L) than in control
cells (Fig. 4F).

High glucose levels enhance phosphate-induced aortic
smooth muscle cell calcification

Previous studies have demonstrated that calcification
can occur independently of cellular activity, as observed
in both cultured devitalized aortas [25] and fixed smooth
muscle cells [38]. To investigate the impact of high glu-
cose exposure on aortic smooth muscle cell (ASMC)
calcification, ASMCs were incubated in phosphate-calci-
fying medium (2 mmol/L phosphate) under two glucose
conditions: 1 g/L and 4.5 g/L. The calcification induced
by phosphate was then evaluated in both live and fixed
cells over a 7-day period (Fig. 5A).

Aortic smooth muscle cells incubated in a high-phos-
phate environment (Fig. 5B) presented a 5.5-fold increase
in calcium deposition in live cells (25.42+1.46 pg/cm?)
and an 18.4-fold increase in fixed cells (89.93+6.59 ug/
cm?) after 7 days compared with cells incubated in non-
procalcifying medium (1 mmol/L phosphate). However,
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Fig. 5 High glucose levels accelerated phosphate-induced aortic smooth muscle cell calcification. A Schematic representation of the experimental
setup. Rat ASMCs were incubated in MEM containing either 1 g/L or 4.5 g/L glucose for one month. Following this period, the cells were incubated
overnight in MEM containing 0.1% FBS. Some cells were then fixed as detailed in the Methods section. The cells were subsequently incubated in MEM
(containing 0.1% FBS) with either 1 mmol/L or 2 mmol/L phosphate in the absence or presence of 100 umol/L pyrophosphate (+PPi). After 7 days of in-
cubation, with daily media replacement, the calcium content was measured as described in the Materials and Methods section. A Schematic overview of
the experimental design for calcification assays. B Quantitative measurements of calcium deposition across the four experimental groups. C Calcification
inhibitory capacity was calculated as the difference in calcium deposition between living and fixed cells (ACa**). D and E Quantitative PCR analysis of the
mRNA levels of BMP2 and SM22a in ASMCs subjected to phosphate-induced calcification and incubated with 1 g/L glucose (D) or 4.5 g/L glucose (E). F
Representative microscopy images (10x magnification; scale bar: 100 um) showing calcification in ASMCs incubated with 1 g/L glucose (top) or 4.5 g/L
glucose (bottom). The data are shown as the mean + SEM from four independent experiments, each with three plates per experiment. Statistical analysis
was performed via one-way ANOVA with Tukey's post hoc test (D, E) and Student’s t test (B, C). Asterisks indicate a significant difference with **P<0.01;

**p<0.001

ASMCs incubated with a normal glucose concentra-
tion (1 g/L) presented a significant 10.7-fold increase in
calcium deposition (53.38+3.52 pg/cm®). Despite this,
the calcium content in fixed cells under normal glucose
conditions was comparable to that observed under high-
glucose conditions, showing an 18.6-fold increase. The
addition of pyrophosphate to the phosphate-calcifying
medium completely prevented calcium accumulation in
both fixed and living cells under both glucose conditions.

The ability to inhibit calcification (ACa®, inhibitory
capacity) was determined by calculating the difference in
calcium deposition between fixed and living cells (Ca** in
fixed cells minus Ca® in living cells). The ACa** in high-
glucose-treated cells was significantly lower (56.38%)
than that in control ASMCs (Fig. 5C).

Finally, the expression of two well-known calcification
markers was analyzed in cells cultured under phosphate-
induced calcification. Figure 5D and E show increased
expression of bone morphogenic protein 2 (BMP2)
and decreased expression of smooth muscle protein
22-a (SM22a) in calcified cells (2 mmol/L phosphate)

compared with noncalcified cells (control, 1 mmol/L
phosphate) under both 4.5 g/L glucose (Fig. 5D) and
1 g/L glucose (Fig. 5E) conditions.

STZ-treated rats exhibit impaired pyrophosphate synthesis
in the aortic wall

The streptozotocin (STZ) rat model is widely used to
induce type 1 diabetes by selectively destroying insulin-
producing beta cells in the pancreas, thereby mimicking
the pathological characteristics of the disease.

The STZ-induced rat model demonstrated signifi-
cant weight loss (Fig. 1A), elevated blood glucose lev-
els (Fig. 1B), decreased blood insulin levels (Fig. 1C),
and an increase in advanced glycation end products
(AGEs, Fig. 1D) one month after a single-dose injec-
tion. Moreover, liver glycogen levels (Fig. 1E) are sig-
nificantly reduced in STZ-treated rats, whereas glycated
serum protein (GSP, Fig. 1F) and tumor necrosis factor
alpha (TNFa; Fig. 1G) levels are significantly elevated in
the blood of these rats. These results support previous
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studies and demonstrate the effectiveness of the STZ-
induced diabetes model in rats [39-41].

To investigate extracellular pyrophosphate metabo-
lism in the aortic wall, ATP hydrolysis products were
also separated via thin layer chromatography. As shown
in Fig. 6A, the hydrolysis of 1 pmol/L ATP was complete
after 30 min of incubation in rat aortic rings, which is
consistent with previous findings [24, 25]. The produc-
tion of pyrophosphate from ATP hydrolysis was not
affected by the addition of a specific TNAP inhibitor
(SBI425), suggesting that the liberated pyrophosphate
was not hydrolyzed by TNAP during the assay. However,
the addition of inorganic phosphatase completely abol-
ished pyrophosphate production (Fig. 6B). Notably, the
pyrophosphate-to-phosphate ratio (Fig. 6C) resulting
from ATP hydrolysis was significantly lower (2.2-fold) in
the aortic rings of the SZT-treated rats (0.13+£0.01) than
in those of the control rats (0.05+0.0005).

Furthermore, the synthesis of pyrophosphate from ATP
hydrolysis was significantly lower in aortic rings from
STZ-treated rats (0.83+0.06 pmol*mg™"*min~"') than in
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Fig. 6D). Additionally, pyrophosphate hydrolysis was
markedly greater in aortic rings from SZT-treated rats
(0.49%0.05 pmol*mg "*min~!) than in those from con-
trol rats (0.13+0.02 pmol*mg™"*min~'; Fig. 6E).To com-
plement the results obtained for pyrophosphate synthesis
and hydrolysis in aortic tissue, we next analyzed the pro-
tein levels and mRNA expression of the three main
enzymes involved in pyrophosphate metabolism. Fig-
ure 6F shows a significant reduction in eNPP1 levels in
the aortas of STZ-treated rats. In contrast, both TNAP
and eNTPD1 protein levels were significantly elevated in
aortas from treated rats compared with those from con-
trol rats.

Moreover, analysis of the mRNA expression of the
three key enzymes involved in extracellular pyro-
phosphate metabolism revealed significant upregu-
lation of eNTPD1 (ATP—phosphate) and TNAP
(pyrophosphate—phosphate) in STZ-treated rat aor-
tas compared with control aortas (Fig. 6G). Specifi-
cally, the mRNA levels of eNTPD1 and TNAP were
increased by 5.8-fold and 6.8-fold, respectively. In con-
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was significantly reduced, with a 7-fold decrease in SZT-
treated rat aortas compared with control aortas. Finally,
the mRNA expression of two key anti-calcification pro-
teins was analyzed. The results revealed a significant
decrease in matrix Gla protein (MGP) mRNA levels in
the aortas of the STZ-treated rats compared with those
of the control rats (Fig. 6H). In contrast, osteopontin
(OPN) mRNA expression was not significantly different
between the two experimental groups.

STZ-treated rats have reduced ATP and pyrophosphate
levels in the plasma

Both the plasma ATP (Fig. 7A) and pyrophosphate
(Fig. 7B) levels were significantly lower in the STZ-
treated rats than in the control rats. Additionally, com-
pared with control rats, STZ-treated rats presented a
significant decrease in the pyrophosphate/ATP ratio after
one month of incubation (Fig. 7C).

Furthermore, pyrophosphate hydrolysis was signifi-
cantly increased in the blood of the STZ-treated rats,
reaching 233.5+7.71% that of the control rats (Fig. 7D).
In addition, the synthesis of pyrophosphate from ATP
hydrolysis was markedly lower (42.35+0.87%) in the
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blood of STZ-treated rats than in that of control rats
(Fig. 7E).

STZ-treated rats exhibit a propensity for aortic calcification
Von Kossa or Alizarin Red staining of aortic sec-
tions from STZ-treated rats did not reveal a signifi-
cant increase in calcium after one month of treatment
(Fig. 8A). Additionally, calcium quantification in the aor-
tic rings revealed no significant differences between the
two experimental groups (Fig. 8B). In contrast, compared
with control aortic rings, aortic rings incubated ex vivo
significantly increased the accumulation of calcium-45 in
STZ-treated aortas, both under phosphate-induced calci-
fication and in control medium (Fig. 8C).

Aortic smooth muscle cells from individuals with type |
diabetes exhibit impaired extracellular pyrophosphate
metabolism in vitro

Compared with those in non-diabetic hASMCs, extracel-
lular ATP levels in diabetic human ASMCs (hASMCs)
significantly decreased to 61.06+2.79% (Fig. 9A). Simi-
larly, compared with those in non-diabetic hASMCs,
extracellular pyrophosphate levels (Fig. 9B) in diabetic
hASMCs were also significantly lower (41.50+8.05%).
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Fig. 8 Increased propensity for calcification in aortas from STZ-treated rats. A Representative images (original magnification x20; scale bar: 100 um) of
H&E, Von Kossa, and Alizarin Red staining images of histological sections of aortic rings from the indicated groups of rats. B Calcium content in the aortic
rings, expressed as pg of calcium per milligram of dry aorta. “Control” refers to aortas from nontreated rats. C Accumulation of calcium-45 (**Calcium) in
aortic rings incubated ex vivo for 5 days with 1 mmol/L phosphate and 10 uCi/mL calcium-45 radiotracer. D Accumulation of calcium-45 (“*Calcium) in
aortic rings incubated ex vivo for 5 days with 2 mmol/L phosphate and 10 pCi/mL calcium-45 radiotracer. In both panels (C and D), “Control” refers to
aortas from nontreated rats incubated with T mmol/L phosphate. The data are shown as the mean+SEM (12 aortic rings per group). Statistical analyses
were performed via Student’s t test, with asterisks indicating significant differences at *P<0.001

A 130+ B 120+ C 14+ D 110
o 120 - 1104 1.0 |°—'
1104 o 100 4
E =100 O~ o :.9_, :':_ < = * 2
"g:: Egsu- on7 Egm.
=5 S 5™ Kk S
38™ *k 2 8 o o °% T 8
=Y D “— 50l Jedesk :_ 051 S w501
8 5 = © 9] = 041 c°
M 3R 04 g .| 0o 03 Q 2 30
5 5 = 2 3 o<
%7 20] x 204 o o ]
w 104 w 104 0.4 s 10
0~ 0- 0.0
E 0381 F 110+ G 250+ **I**
100
0.7 (2}
2 2 901 ‘B 2004
w® g 3 o ns >3
=t = —_ o = Non-diabetic hASMC
_ 05 SE™® *kk O = s O
a ., C O 6o *k% T O . Diabetic hASMC
o > O > O
= Kk S £ 5 1001
o — 401 -
0 o2 g'_ 2\1 Ll o §
S o 204 Nn- 50
0.1 © 10 ©®
*kk *%%
00 o o
SBl425 - + - + SBl425 - + - +

Fig. 9 Diabetic human aortic smooth muscle cells exhibit impaired extracellular pyrophosphate metabolism. A Extracellular ATP concentration and
B extracellular pyrophosphate concentration in human aortic smooth muscle cells from both diabetic and non-diabetic (Control) individuals. C Pyro-
phosphate-to-ATP ratio. D Mitochondrial ATP synthesis. E 32-Pyrophosphate-to-32-phosphate ratio released by hydrolysis of ATP containing 10 uCi/mL
[y*’PiJATP as a radiotracer. F 32-Pyrophosphate (3?PPi) synthesis was evaluated through the hydrolysis of 1 umol/L ATP, containing 10 pCi/mL [y*’Pi]ATP
as a radiotracer, in the absence or presence of a specific TNAP inhibitor (SBI 425). G Pyrophosphate hydrolysis was assessed by measuring the release
of 32-phosphate (3Pi) following the hydrolysis of 5 pmol/L pyrophosphate, with 10 pCi/mL 3*PPi used as a radiotracer. The results are shown as the
mean + SEM (n=16; 4 independent experiments with 4 culture plates per experiment). Statistical analyses were conducted via Student’s t test (A-E) or
one-way ANOVA with Tukey's post hoc test (F, G). Asterisks indicate a significant difference with *P<0.05; **P<0.01; ***P <0.001

Notably, the extracellular pyrophosphate/ATP ratio (79.91%+2.25%) in diabetic hASMCs than in non-diabetic
was significantly reduced to 52.27+0.06% in diabetic = hASMCs (Fig. 9D).

hASMCs (Fig. 9C), suggesting impaired extracellu- To investigate the synthesis and hydrolysis of pyro-
lar pyrophosphate metabolism. Moreover, mitochon- phosphate in human smooth muscle cells, both diabetic
drial synthesis of ATP was also significantly lower ~hASMCs and non-diabetic hASMCs were incubated
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with [yPi*’JATP to assess pyrophosphate synthesis and
with 3?PPi to evaluate pyrophosphate hydrolysis. Fig-
ure 9E and F show a significant reduction in both the
pyrophosphate/phosphate ratio and the synthesis of
pyrophosphate via ATP hydrolysis in diabetic hASMCs.
In contrast, pyrophosphate hydrolysis was significantly
increased 2.2-fold in diabetic hASMCs compared with
non-diabetic hASMCs (Fig. 9G).

Aortic smooth muscle cells from individuals with type |
diabetes exhibit an increased propensity for calcification
To investigate the impact of the diabetic environment
on vascular calcification, both diabetic and non-dia-
betic hASMCs were incubated in phosphate-calcifying
medium (2 mmol/L phosphate) containing calcium-45
(**Ca) as a radiotracer. The calcification induced by phos-
phate was then evaluated in both live and fixed cells over
a 5-day period (Fig. 10). The ability to inhibit calcifica-
tion (ACa?", inhibitory capacity to prevent calcification)
was determined by calculating the difference in calcium
deposition between fixed and living cells (Ca** in fixed
cells minus Ca** in living cells), according to previous
methods. In accordance with our previous results, cal-
cium accumulation was significantly greater in diabetic
hASMCs than in non-diabetic hASMCs. Finally, the
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ACa* in diabetic hASMCs was significantly lower (to
75%) than that in non-diabetic hRASMCs.

Discussion
Diabetes, particularly type 1 and type 2 diabetes, is
closely associated with an increased risk of vascular cal-
cification [7, 10, 42], which is the deposition of calcium
phosphate salts in the vascular walls. Vascular calcifica-
tion is a significant predictor of cardiovascular morbid-
ity and mortality, especially in diabetic patients [43]. This
pathological process affects the elasticity and function of
blood vessels, contributing to the development of arte-
riosclerosis, hypertension, and ultimately cardiovascular
disease. In the context of diabetes, several mechanisms
contribute to the increased propensity for vascular calci-
fication, including hyperglycemia, inflammation, oxida-
tive stress, hormonal imbalance and renal dysfunction.
Pyrophosphate is a critical endogenous inhibitor of
vascular calcification [13]. As a key regulatory molecule
in mineralization processes, pyrophosphate protects
against the spontaneous deposition of calcium phos-
phate crystals within vascular walls, thereby maintaining
vascular compliance and functional integrity. By directly
inhibiting the formation of hydroxyapatite, the primary
mineral component of calcified tissues, pyrophosphate
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Fig. 10 Reduced inhibitory capacity of diabetic human smooth muscle cells to prevent phosphate-induced calcification. Human non-diabetic and
diabetic aortic smooth muscle cells (hASMCs) were grown to confluence as described in the Methods section. Some cells were then fixed as detailed
in the same section. The cells were subsequently incubated in MEM containing 10 uCi/mL calcium-45 (**Calcium) as a radiotracer, with either 1 mmol/L
or 2 mmol/L phosphate, in the absence or presence of 100 umol/L pyrophosphate (+ PPi). After 4 days of incubation with daily media replacement, the
calcium-45 (**Calcium) content was measured as described in the Materials and Methods section. A Non-diabetic hASMCs. B Fixed non-diabetic hASMCs.
C Diabetic hASMCs. D Fixed diabetic hASMCs. The cells incubated with 1T mmol/L phosphate served as the control. E Calcification inhibitory capacity was
calculated as the difference in calcium deposition between living and fixed cells (ACa”™). The results are shown as the mean +SEM (four independent
experiments, each with three wells per experiment). Statistical analysis was performed via one-way ANOVA with Tukey's post hoc test (A-D) and Student’s
t test (E). Asterisks indicate significant differences, with *P<0.05 and ***P<0.001
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sustains a precise equilibrium between pro-mineraliza-
tion and anti-mineralization forces within the extracellu-
lar matrix. Lower extracellular pyrophosphate levels are
associated with accelerated vascular calcification, par-
ticularly in metabolic conditions such as chronic kidney
disease [21, 44], and accelerated aging [14, 27]. This rela-
tionship underscores the potential of pyrophosphate as a
crucial factor in mitigating vascular calcification within
systemic metabolic disorders, highlighting its importance
in vascular health and disease prevention. Although the
link between diabetes and vascular calcification is well
established, to our knowledge, no studies have specifi-
cally investigated the role of extracellular pyrophosphate
metabolism in the context of diabetes. Analysis of pyro-
phosphate levels in diabetic patients could provide valu-
able insights into the potential role of pyrophosphate in
vascular calcification within this population.

Our study highlights a significant disruption in the
metabolism of extracellular pyrophosphate in various
models of type I diabetes, including glucose-induced dia-
betic rat ASMCs, STZ-induced diabetic rats, and diabetic
human ASMCs. This disruption manifests as a marked
reduction in pyrophosphate levels, which compromises
the ability of the vascular system to prevent calcification.

In rat ASMCs, the normal synthesis of pyrophosphate
is altered under high-glucose conditions, leading to insuf-
ficient levels of this critical inhibitor. Similarly, in STZ-
induced diabetic rats, we observed a significant decrease
in pyrophosphate synthesis coupled with an increase in
pyrophosphate hydrolysis. This imbalance results in an
environment that favors vascular calcification, further
exacerbating the cardiovascular risks associated with
diabetes. Moreover, diabetic human ASMCs also exhibit
impaired pyrophosphate metabolism. The decreased
synthesis and increased breakdown of pyrophosphate in
these cells underscore the pervasive impact of diabetes
on vascular health. This impairment likely contributes
to the heightened propensity for vascular calcification
observed in diabetic patients, linking metabolic dis-
turbances directly to the progression of cardiovascular
disease.

These results suggest that therapeutic strategies aimed
at restoring pyrophosphate levels [14, 45—48] or inhib-
iting its hydrolysis [49, 50] may potentially mitigate the
increased cardiovascular risk associated with vascular
calcification in diabetic patients. For example, the admin-
istration of exogenous pyrophosphate, either through
intraperitoneal injections [14, 45, 46] or high-dose oral
supplementation [47, 51], has been shown to reduce
ectopic calcification in various experimental models. Fur-
thermore, the pharmacological inhibition of tissue-non-
specific alkaline phosphatase (TNAP) has demonstrated
efficacy in preventing calcification in multiple model sys-
tems [27, 50]. In addition, targeting eNTPD1 inhibition
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has also proven effective in reducing calcification, espe-
cially within a progeria model [27]. Further investigation
into these therapeutic strategies is warranted to rigor-
ously evaluate their efficacy in attenuating vascular cal-
cification and preventing cardiovascular complications in
individuals with diabetes.

Previous studies have identified two distinct stages
in the process of aortic calcification, particularly in the
context of phosphate-induced calcification [25]: an early
stage (pre-calcification phase) and a late stage (calcifi-
cation phase). In the early stage, there is no significant
calcium accumulation in cells or tissues. In contrast, the
late stage is characterized by visible and measurable cal-
cification. During the late stage, the presence of hydroxy-
apatite exerts a direct effect on aortic smooth muscle cell
biology, leading to alterations in extracellular pyrophos-
phate metabolism and promoting osteochondrogenic dif-
ferentiation, as evidenced by increased BMP2 expression
and reduced SM22a levels [25, 52]. To assess the impact
of high glucose on extracellular pyrophosphate metabo-
lism, the focus has been on studying this process in the
early stages to avoid confounding effects from hydroxy-
apatite accumulation.

In our study, we observed a decrease in the prolifera-
tion and viability of ASMCs under high-glucose condi-
tions. Elevated glucose levels can significantly impact
cellular proliferation through several interconnected
mechanisms. High-glucose conditions increase oxidative
stress and promote the formation of AGEs, which impair
various cellular functions and reduce cell viability [53].
For example, AGEs have been shown to induce oxidative
damage and disrupt normal cellular processes, contrib-
uting to decreased proliferation [54]. Moreover, diabe-
tes increases the production of reactive oxygen species,
which can damage endothelial cells and promote cal-
cification [55, 56]. Oxidative stress disrupts the balance
between pro-calcifying and anti-calcifying factors in the
vascular wall, favoring calcification [57].

Prolonged exposure to high glucose can interfere with
key signaling pathways that regulate cell cycle progres-
sion, effectively slowing or inhibiting cell proliferation.
Research indicates that high-glucose conditions can
lead to cellular stress responses that negatively affect
cell cycle regulators, thereby reducing proliferation rates
[58]. High glucose levels can also impair mitochondrial
function, leading to a reduction in ATP synthesis [59].
This decrease in the cellular energy supply is critical for
proliferation and other vital processes. Consistent with
these findings, we also report a reduction in mitochon-
drial ATP synthesis in rat ASMCs after long-term expo-
sure to high glucose levels, as well as in cells derived from
diabetic patients. Importantly, our study revealed an
increase in P2Y6 expression. Nucleotides released during
inflammatory responses or upon mechanical stimulation
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act through the P2 family of nucleotide receptors. In this
context, the upregulation of P2Y6 could facilitate ATP
release, activating downstream signaling pathways that
support cellular survival and function [60, 61]. These
findings suggest that P2Y6 may act as a regulator in con-
ditions of cellular stress or inflammation, potentially
compensating for impaired mitochondrial ATP synthesis
by promoting extracellular ATP release, thereby contrib-
uting to increased cellular resilience.

Moreover, high glucose levels can also significantly
impact aortic smooth muscle cells by influencing apop-
tosis, osteogenic differentiation, and the expression of
calcification inhibitors. Research indicates that high glu-
cose levels actually inhibit apoptosis in vascular smooth
muscle cells. For example, a study demonstrated that
high-glucose conditions suppress serum withdrawal—
induced apoptosis in ASMCs by increasing the expres-
sion of anti-apoptotic proteins such as Bcl-2 and Bcl-xL,
suggesting that increased expression of these proteins
may play a significant role in the development of macro-
vascular complications in individuals with diabetes [62].
Additionally, another study revealed that high glucose
inhibits ASMC apoptosis through a protein kinase C—
dependent pathway, further supporting the notion that
elevated glucose levels reduce apoptosis in ASMCs [63].
These findings suggest that high-glucose environments
may contribute to vascular dysfunction not by accelerat-
ing apoptosis but rather by inhibiting it, potentially lead-
ing to abnormal VSMC accumulation and associated
vascular complications.

Elevated glucose levels have been linked to increased
osteogenic differentiation of vascular smooth muscle
cells. Studies indicate that high-glucose conditions
upregulate osteogenic markers such as BMP-2 and alka-
line phosphatase in vascular smooth muscle cells, sug-
gesting transdifferentiation toward osteoblast-like cells
[64]. Our results further support these findings, showing
a marked increase in TNAP and BMP-2 expression under
high-glucose conditions, reinforcing the role of hypergly-
cemia in promoting osteogenic transformation and con-
tributing to vascular calcification.

Elevated glucose levels can disrupt the expression of
other calcification inhibitors, such as MGP, in vascu-
lar smooth muscle cells. The MGP plays a crucial role
in preventing abnormal mineral deposition within vas-
cular walls. Studies have shown that high-glucose envi-
ronments decrease MGP expression in ASMCs, leading
to increased calcification and vascular dysfunction [65].
Additionally, research has indicated that hyperglycemia
can downregulate MGP expression, further promoting
vascular calcification [66]. Our findings align with these
observations, as we also identified a significant reduc-
tion in MGP expression under high-glucose conditions.
Therefore, under hyperglycemic conditions, reduced
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levels or activity of MGP, either independently or in con-
junction with impaired pyrophosphate synthesis, can
exacerbate the calcification process, contributing to vas-
cular disease.

Traditionally, pyrophosphate has been recognized as
a potent inhibitor of extracellular calcification; however,
recent evidence highlights an additional significant role
of pyrophosphate as a signaling molecule that modulates
gene expression and cellular behavior in mineralizing
cells. For example, studies in osteoblasts have shown that
pyrophosphate promotes differentiation and upregulates
key extracellular matrix genes, including collagen type 1
(COL1), osteopontin, and alkaline phosphatase, particu-
larly at relatively high concentrations [16]. This upregu-
lation suggests that pyrophosphate actively enhances
osteogenic potential by stimulating matrix production
and maturation. Additional evidence of the signaling role
of pyrophosphate has revealed its effects on osteoclasts
and osteoblasts, where it not only inhibits bone miner-
alization but also directly regulates cellular function
[18]. For example, prolonged pyrophosphate exposure
decreases osteoclast formation and resorptive activity,
whereas in osteoblasts, it promotes matrix deposition
and collagen synthesis. Moreover, pyrophosphate influ-
ences the expression of MGP by regulating pathways
involved in extracellular matrix mineralization [19]. This
dual function of pyrophosphate—as both a direct inhibi-
tor of crystal growth and a modulator of gene expression
related to calcification—offers a new perspective on how
pyrophosphate homeostasis may be crucial for prevent-
ing pathological calcification and maintaining tissue
health.

The authors recognize several limitations in this study,
which should be carefully considered when interpreting
the results. First, there remains a significant gap in the lit-
erature regarding direct evidence of pyrophosphate defi-
ciency in diabetic patients. Although pyrophosphate is
well established as a natural inhibitor of vascular calcifi-
cation, there is no concrete research linking its deficiency
explicitly to diabetes. This absence of data restricts the
ability to assert a definitive connection between diabetes-
induced metabolic dysregulation and reduced pyrophos-
phate levels, thus limiting the extrapolation of the study’s
findings to clinical settings.

Second, creating animal models that replicate the grad-
ual vascular calcification observed in diabetic humans
over the years is challenging. Short-term models often
induce calcification rapidly through aggressive methods
that trigger inflammation, stress, and metabolic overload,
which diverge from the slower, chronic calcification pro-
cess in diabetes. Achieving a long-term model that mir-
rors this progression without excessive external influence
is essential for understanding diabetes-specific impacts
on vascular health. However, the biological and technical
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difficulties in maintaining such models over extended
periods limit the ability to fully capture the complex,
gradual calcification observed in diabetic patients.

Finally, the heterogeneity of human vascular smooth
muscle cell samples introduces an additional level of
variability. This variability arises not only from inherent
genetic and phenotypic diversity among donors but also
from differences in lifestyle, medication use, and other
environmental factors. Such diversity can influence cel-
lular responses to high glucose levels, impacting pyro-
phosphate metabolism and susceptibility to calcification.
While this variability mirrors real-world conditions, it
may also limit the study’s generalizability and reproduc-
ibility across a broader diabetic population.

Conclusions

1. Impaired Pyrophosphate Metabolism: Our study
demonstrated that pyrophosphate metabolism
is significantly impaired in diabetic conditions,
including in rat ASMCs, STZ-induced diabetic rats,
and diabetic human ASMCs.

2. Increased Propensity for Vascular Calcification:
A reduction in extracellular pyrophosphate levels
creates an environment conducive to vascular
calcification. This is particularly evident in diabetic
models where pyrophosphate metabolism is
disrupted, highlighting the direct link between
diabetes and an increased risk of vascular
calcification.

3. Potential therapeutic targets: The findings
suggest that interventions aimed at restoring or
enhancing pyrophosphate levels could serve as
novel therapeutic strategies to combat vascular
calcification in diabetic patients.
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