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Calciprotein Particles Induce Endothelial
Dysfunction by Impairing Endothelial Nitric Oxide
Metabolism
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BACKGROUND: Calciprotein particles (CPPs) are associated with the development of vascular calcifications in chronic kidney
disease. The role of endothelial cells (ECs) in this process is unknown. Here, we investigated the interaction of CPPs and
ECs, thereby focusing on endothelial nitric oxide metabolism and oxidative stress.

METHODS: CPPs were generated in calcium- and phosphate-enriched medium. Human umbilical vein endothelial cells were
exposed to different concentrations of CPPs (0—100 pg/mL) for 24 or 72 hours. Ex vivo porcine coronary artery rings were
used to measure endothelial cell-dependent vascular smooth muscle cell relaxation after CPP exposure. Serum samples
from an early chronic kidney disease cohort (n=245) were analyzed for calcification propensity (measure for CPP formation)
and nitrate and nitrite levels (NO,).

RESULTS: CPP exposure for 24 hours reduced eNOS (endothelial nitric oxide synthase) mRNA expression and decreased
nitrite production, indicating reduced nitric oxide bioavailability. Also, 24-hour CPP exposure caused increased mitochondria-
derived superoxide generation, together with nitrotyrosine protein residue formation. Long-term (72 hours) exposure of
human umbilical vein endothelial cells to CPPs induced eNOS uncoupling and decreased eNOS protein expression, indicating
further impairment of the nitric oxide pathway. The ex vivo porcine coronary artery model showed a significant reduction in
endothelial-dependent vascular smooth muscle cell relaxation after CPP exposure. A negative association was observed
between NO, levels and calcification propensity (r=—0.136; A=0.049) in sera of (early) chronic kidney disease patients.

CONCLUSIONS: CPPs cause endothelial cell dysfunction by impairing nitric oxide metabolism and generating oxidative stress.
Our findings provide new evidence for direct effects of CPPs on ECs and pathways involved.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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(CPPs) as defense mechanism against hyperphosphate-

tality and morbidity in patients with chronic kidney

disease (CKD). Currently, the worldwide prevalence
of CKD has been estimated around 13.4%, and between
47% and 92% of the CKD patients develop VC."* VCs in
CKD are often the result of a decreased kidney function,
which leads to disturbed mineral balances in the circula-
tion.*® Over the recent years, there has been an increasing
interest in the formation of primary calciprotein particles

Vascular calcifications (VCs) are a major cause of mor-

mia and hypercalcemia. Under physiological conditions,
increasing phosphate and calcium levels are usually
counteracted by the formation of primary CPPs, via the
scavenging of free circulating calcium and phosphate by
serum proteins such as Fetuin-A and albumin.®® These
initially formed primary CPPs are rapidly cleared from the
blood via the liver and spleen.® However, in CKD, cal-
cium and phosphate supersaturation, combined with the
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Nonstandard Abbreviations and Acronyms

Highlights

CKD chronic kidney disease

CPP calciprotein particle

EC endothelial cell

eGFR estimated glomerular filtration rate

eNOS endothelial nitric oxide synthase
GC guanylyl cyclase

NO nitric oxide

RCA right coronary artery

RUNX2  runt-related transcription factor 2
VSMC vascular smooth muscle cell

shortage of serum proteins and the reduced clearance
of primary CPPs, results in the ripening of primary CPPs
into the more harmful secondary CPPs.5® Recently,
accelerated formation of secondary CPPs (ie, increased
serum calcification propensity) has been associated with
the development of accelerated VC in CKD.810™

A high calcification propensity, indicated by a shorter
transition time (T, ) from primary to secondary CPPs, is
associated with atherosclerotic vascular diseases and
mortality in CKD patients (stage 2—4).'? In addition, serum
analysis of 200 CKD patients (stage 3—4) revealed that
serum secondary CPP levels reflect a procalcific envi-
ronment and can be linked to aortic stiffness.’® When
addressing the development of CPP-induced VC mecha-
nistically, an important role for vascular smooth muscle
cells (VSMCs) can be identified. Aghagolzadeh et al'
demonstrated that secondary CPPs induce VSMC cal-
cification in vitro via the activation of the TNF-a/TNFR1
pathway and the upregulation of oxidative stress. Addi-
tionally, CPPs isolated from CKD patients cause exces-
sive mineral deposition and promote osteochondrogenic
dedifferentiation of VSMCs in vitro.'® Although the role of
VSMCs in CPP-induced VC has been well established,
the contribution of endothelial cells (ECs) to this patho-
physiological process remains elusive. ECs form the
inner layer of the blood vessels and are the first cell type
interacting with circulating secondary CPPs.'® This raises
the question of whether secondary CPPs also affect EC-
behavior and function.

ECs play an important role in the regulation of the
vascular tone.'® Various substances produced by ECs
(including nitric oxide [NOJ), endothelial-hyperpolarizing
factors (eg, H,0,, CO, H,S, and prostaglandins [PGI,])
tightly balance and regulate vasodilation and vasocon-
striction mediated by VSMCs.'” NO is a gaseous com-
pound that can be synthesized by nitric oxide synthases.
Nitric oxide synthases are a family of 3 NO-generating
enzymes (isoforms NOS 1-3), which all contribute to NO
production. In ECs, eNOS (endothelial nitric oxide syn-
thase/NOS3) is the predominant form and responsible
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* In this study, we examine the effects of calciprotein
particles (CPPs) on endothelial cell-functioning with
the focus on the nitric oxide (NO) metabolism and
oxidative stress.

* CPPs impair the endothelial cell-dependent relax-
ation of coronary artery rings ex vivo.

+ CPPs decrease the NO bioavailability of endothe-
lial cells (in vitro) via a reduction in endothelial nitric
oxide synthase (eNOS) expression and function
(eNOS uncoupling).

* Increased levels of superoxide radicals (O;) are
present in endothelial cells after CPP exposure.
 Clinical samples indicate a negative associa-
tion between circulating nitrate/nitrite (NO)) lev-
els and calcification propensity (measure for CPP

generation).

for the largest part of NO production.’®'® eNOS can be
activated via the phosphorylation of the amino-acid resi-
due Ser1177/Ser63b, or via an increase in intracellular
calcium.'®20 Activation of eNOS leads to the conversion
of O, and L-arginine to NO and L-citrulline. After synthe-
sis, NO can diffuse from ECs to VSMCs, where it acts
on the GC (guanylyl cyclase) pathway.'®2° GC in VSMCs
induces the formation of cyclic GMP, which decreases
the intracellular calcium (Ca®") concentration via protein
kinase G activation. The decrease of intracellular calcium
reduces the actin-myosin cross bridge formation and
results in VSMC relaxation.®

In conditions of cellular stress, the endothelial NO
metabolism and NO bioavailability can be disturbed.?!?
Various stressors like hyperglycemia and oxidized LDL
particles can trigger the production of superoxides (O,
via activation of NADPH-oxidases or mitochondrial O,~
generation in ECs.#72% Additionally, superoxides can be
generated via the uncoupling of eNOS.%-28 |n physiologi-
cal conditions, eNOS functions in a dimer protein confor-
mation. However, depletion of the L-arginine substrate
or lack of cofactors like tetrahydrobiopterin (BHA) can
result in eNOS uncoupling, causing eNOS to function
almost exclusively as monomer.'’® Although the primary
effect of eNOS uncoupling is the reduced NO genera-
tion and bioavailability, an additional consequence is the
production of superoxides via eNOS.'92628 |ncreased
superoxide generation in ECs can lead to the forma-
tion of peroxynitrite radicals (ONOQO") via the reaction of
O, and freely available NO. Peroxynitrite radicals inter-
act with lipids, DNA, enzymes and proteins and eventu-
ally affect multiple cellular processes and pathways.?°3°
Both the lack of NO bioavailability and a reduced eNOS
functionality are considered as major contributors to EC
dysfunction and the development of vascular diseases in
CKD?LSQ
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In the present study, we investigate whether second-
ary CPPs affect the bioavailability of NO, and the NO
metabolism of ECs, which may hamper EC function.
To this end, we studied the impact of EC exposure to
secondary CPPs in in vitro and ex vivo cell and tissue
models, respectively and examined to what extent our
preclinical findings could be translated to an early CKD
patient cohort.

MATERIALS AND METHODS

Data supporting the findings in this study will be available
upon reasonable request to the corresponding authors. The
Supplemental Methods and the Major Resources Table can be
found in the Supplemental Material.

Calciprotein Particle Generation

Ex Vivo Experiments

Calciprotein particles (CPPs) for ex vivo experiments were syn-
thesized by the addition of 3.6 mmol/L phosphate (stock gen-
erated with 39% NaH,PO, and 61% Na,HPO,) and 1 mmol/L
calcium (CaCl,) to Dulbecco's Modified Eagle Medium (DMEM
4.59/L glucose and HEPES). The medium was supplemented
with 10% non-heat inactivated FBS and 1% P/S and incubated
for 14 days at 37°C in the presence of 5% CO,, (v/v). To collect
the secondary CPPs after 14 days, the mixture was centrifuged
once 30 minutes at 4000 rpm at RT and subsequently 30 min-
utes at 20000xg at 4 °C with a table-top centrifuge.

In Vitro Experiments

CPPs for the in vitro experiments were synthesized by the addi-
tion of 356 mmol/L phosphate (NaH,PO, exclusively) and 1
mmol/L calcium (CaCl,) to Dulbecco’s Modified Eagle Medium
(DMEM 4.5g/L glucose and HEPES). The medium was sup-
plemented with 10% non-heat inactivated FBS and 1% P/S
and incubated for 14 days at 37 °C in the presence of 5% CO,
(v/v). To collect the secondary CPPs after 14 days, the mixture
was centrifuged twice for 2 hours at 24000xg at 4°C in an
ultracentrifuge.

In between centrifugation steps, CPPs were washed with
1x TBS, after which the particles were reconstituted in 1x TBS.
To measure CPP concentration, CPPs were solubilized for 3
hours in 0.6M HCI, and the concentration was evaluated by cal-
cium content (ug/mL) measured with a Calcium Colorimetric
Assay Kit (#MAK022, Sigma-Aldrich). Differences in CPP
generation did not affect biological activity of the particles (eg,
EC activation; data not shown). Maturity and crystallinity of
the CPPs is validated with transmission electron microscopy
and energy dispersive X-ray (EDX) analysis (Supplemental
Methods and Figure S1).

Ex Vivo Tissue Samples

Porcine hearts were obtained from Kroon Vlees (Groningen,
the Netherlands) within 30 minutes after sacrifice. To obtain
the hearts, female pigs (=75 kg) in the age of ~7 months were
sacrificed according to national procedures. Hearts were trans-
ported on ice in a buffered Krebs bicarbonate solution (NaCl,
120.4 mmol/L; KCI, 59 mmol/L; CaCl,, 2.5 mmol/L; MgCl,,
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1.2 mmol/L; NaH,PO,, 1.2 mmol/L; glucose, 11.5 mmol/L;
NaHCO,, 25.0 mmol/L). To perform the ex vivo organ bath
studies, the right coronary artery (RCA) was dissected in Krebs
Buffer, cleaned of adhering fat tissue, and divided into individ-
ual rings (2-3 mm thickness).

Ex Vivo Organ Bath Studies

To assess the ex vivo endothelial cell function, RCA rings
were incubated in Krebs-buffered CPP solutions (O=control
condition, TBS in Krebs bicarbonate solution), 100, 200, and
400 pg/mL (CPPs) for 2 hours (37°C) or overnight (%20
hours, 4°C). Rings were isolated from 3 individual porcine
hearts and evenly distributed within groups (3—4 rings per
heart per group; total 2 hours N=7-9 rings per group, over-
night N=8-11 rings per group). After incubation, rings were
placed into the organ baths for measurement of isotonic
displacements as described previously.3®2® In brief, organ
baths were filled with Krebs buffer (15 mL) and continu-
ously aerated with 95% O, and 5% CO,, at 37 °C. Rings were
allowed to equilibrate for 60 minutes before the start of the
experiments. After the equilibrium was reached, rings were
stimulated twice with 60 mmol/L KClI, for reasons of prim-
ing and viability assessment. Rings not responding to KClI
treatment were excluded from the experiment. Then, rings
were pre-contracted with the thromboxane agonist U46619
(107" mol/L) in the presence of the COX inhibitor indometh-
acin (10~° mol/L). Because COX-derived prostaglandins can
cause interspecies variation and thereby influence vasoactive
responses, a single dose of indomethacin was administered
to inhibit the prostaglandin activity and rule out COX-derived
variation between pigs.*® Subsequently, increasing concen-
trations of bradykinin (107°=107% mol/L) were added in a
cumulative manner to measure endothelial-dependent relax-
ation of the rings. In this study, we used bradykinin as vaso-
dilating compound, and not acetylcholine or H,0, which are
known to have vasoconstricting properties in various condi-
tions.?"%° To circumvent these vasoconstrictive effects, we
chose to use bradykinin. Finally, a single dose of sodium
nitroprusside (SNP; EC-independent NO donor; 107 mol/L)
was added to assess maximal endothelium-independent
VSMC relaxation. Both endothelial-dependent and endothe-
lial-independent relaxation were calculated as percentage of
the precontraction to U46619. Responses (in micrometer)
were measured with LabView (National instruments, 2010).
IC,, was calculated with GraphPad Prism 9.

Cell Culture

Human umbilical vein endothelial cells (HUVECs, Lonza) were
cultured in endothelial cell medium (ECM; RPMI-1640 basal
medium containing 20% FBS, 1% L-Glutamine, 1% P/S, 50
mg/L ECGF [homemade isolate according to Burgess et al*?
and 5 U/mL heparin). Cells were expanded in T-75 flasks and
sub cultured in T-25 culture flasks, 6 or 12-well plates, or Nunc
Lab-Tek chamber slides (BD Biosciences), depending on the
experimental purpose. All culture plastics were coated with 1%
gelatin (porcine skin) solution in PBS (#G1890-100G, Sigma-
Aldrich). Cells were kept at 37°C (5% CO, (v/v)) and used
between passage 4 and 6. For all in vitro experiments, HUVECs
were stimulated with O (control condition, TBS in ECM), 50 and
100 pg/mL secondary CPPs for 24 or 72 hours.
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Nitrite Assay

Nitrite is a stable breakdown product of bioactive NO and is
often used as a marker for NO bioavailability and eNOS-NO
output.*’ We approximated the NO levels using the Measure-
iT™ High-sensitivity Nitrite Assay Kit (#M36051, Thermo
Fisher Scientific). Hereto, Measure-iT™ quantitation reagent
was combined with 10 pL of the quantitation standard solution
or undiluted culture supernatant. After 10 minutes of incuba-
tion, Measure-iT ™ nitrite quantitation developer was added,
and the absorbance was then measured in a plate reader using
365/450 nm excitation and emission wavelength. Nitrite levels
were calculated with the standard curve after subtracting the
background fluorescence. Data were expressed as the relative
nitrite production normalized to the experimental control.

Gene Expression Analysis

RNA isolation was performed using TRIzol Reagent accord-
ing to manufacturer's protocol. Purity and quantity of the
extracted RNA were measured with the Nanodrop 1000 spec-
trophotometer (Thermo Fisher Scientific) and the ratios of
absorbance at 260 and 280 nm (A, ..,) were consistently
> 1.8. To synthesize cDNA, the cDNA reverse transcriptase kit
(#4368813, Thermo Fisher Scientific) was used. Subsequently,
RT-gPCR was performed using 5 ng of cDNA, SYBR Green
PCR reaction mixture (Roche, Switzerland) and the following
primer pairs: eNOS forward: AATCCTGTATGGCTCCGAGA
and reverse: GGGACACCACGTCATACTCA, p2M  for-
ward: TTCTGGCCTGGAGGCTATC and reverse:
TCAGGAAATTTGACTTTCCATTC. Analysis was performed in a
384-well plate on the LightCycler 480 system and software
(Roche, Switzerland). Relative gene expression was calculated
using the AC, method. Data were presented as relative expres-
sion normalized to the experimental control.

Immunoblotting

Total protein was extracted from cells using RIPA buffer sup-
plemented with a protease inhibitor (Sigma-Aldrich) and phos-
phatase inhibitor cocktail (Thermo Fisher Scientific). Protein
concentrations were measured with a Protein Colorimetric
Assay kit (#5000111, Bio-Rad). For gel electrophoresis, sam-
ples (20 pg) were loaded on 4% to 15% Mini-PROTEAN TGX
Precast Protein Gels (#4561084, Bio-Rad). Immediately after
running, samples were transferred on nitrocellulose membranes
using the Trans-Blot Turbo RTA Mini Nitrocellulose Transfer kit
(#1704270, Bio-Rad). Membranes were blocked in blocking
buffer (6 g Elk Milk powder (Campina, the Netherlands) in TBS-
1% Tween-20) for 1 hour at RT. After blocking, membranes were
incubated overnight in TBS-1% Tween-20 with the primary
antibodies specific for the phosphorylated eNOS (#612393,
1:500, BD Biosciences), total eNOS (#610296, 1:1000,
BD Biosciences), GAPDH (#5174S, 1:1000, Cell Signaling
Technology) and f-actin (#4967L, 1:1000, Cell Signaling
Technology). Primary antibodies were detected using alkaline
phosphatase (AP)-conjugated goat anti-mouse and goat anti-
rabbit antibodies (#D0486 and #D0487 DAKO) or horserad-
ish peroxidase (HRP)-conjugated rabbit anti-mouse and goat
anti-rabbit antibodies (#P0260 and #P0448, DAKO). Blots
were scanned with the HP-Scanjet 300 (HP, the Netherlands)
or the ChemiDoc imaging system (Bio-Rad). Scans were
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analyzed with ImageJ Software*? (National Institutes of Health)
or ImageLab (Bio-Rad). Data were corrected for GAPDH or
B-actin expression and presented as relative expression nor-
malized to the experimental control. Relative phosphorylated
eNOS expression was calculated by dividing the phosphory-
lated eNOS expression by the total eNOS expression.

eNOS Uncoupling

To determine the dimer/monomer protein ratio of eNOS, total
protein was harvested from the cells using a Harvest Buffer (50
mmol/L Tris-HCL, 150 mmol/L NaCl and 0.5% Triton X-100).43
Protein concentrations were measured with a protein colorimet-
ric assay kit (#5000111, Bio-Rad). For the gel electrophoresis,
samples were either boiled/denatured for 5 minutes at 95°C
followed by 10 minutes centrifugation at 14000xg (to detect
exclusively eNOS monomers) or maintained on ice (to detect
intact eNOS dimers and monomers). Samples were loaded
on 75% SDS gels for low-temperature SDS-PAGE. After gel
electrophoresis, samples were transferred on nitrocellulose
membranes using the Trans-Blot Turbo RTA Mini Nitrocellulose
Transfer kit (#1704270, Bio-Rad). Membranes were scanned
with the Gel Doc EZ imager (Bio-Radtotal protein input, and
were then blocked in 3% BSA-PBS solution containing 1%
Tween-20 for 2 hours at RT. To detect the eNOS protein, the
blots were incubated overnight at 4°C with the primary anti-
body for total eNOS (#610296, 1:1000, BD Biosciences).
The secondary HRP-conjugated rabbit anti-mouse antibody
(#P0260, DAKO) was used for the primary antibody detection.
Finally, blots were scanned with the ChemiDoc imaging system
(Bio-Rad) and have been analyzed with Imagelab (Bio-Rad).
The uncoupling ratio of eNOS is determined by dividing the
dimer by the monomer eNOS protein expression of the non-
denatured sample. Total monomer expression in the boiled/
denatured sample represents total eNOS expression. Data
were corrected for the total protein input and presented as
relative expression normalized to the experimental control.

Flow Cytometric Analysis

Flow cytometric analysis was used to measure superoxide (0,)
production in ECs. First, HUVECs were stimulated for 24 hours
with CPPs, followed by 30 minutes incubation with 2.5 pmol/L
MitoSOX Red Reagent (#M36008, Thermo Fisher Scientific).
Next, cells were washed with serum-free ECM, detached with
Trypsin-EDTA and centrifuged for 5 minutes at 300xg at RT.
Thereafter, cells were resuspended in serum-free ECM (con-
taining 180 nmol/L DAPI) and kept on ice until flow cytometry.
The mean fluorescence intensity of DAPI-negative (viable) cells
was quantified with the NovoCyte Quanteon-2 flow cytometer
(Agilent Technologies). Graphs showed the geometric mean of
the fluorescence intensity corrected for background fluores-
cence. Data were presented as relative expression normalized
to the experimental control.

Fluorescent Imaging of Superoxide

To image superoxide (OQ*) production, HUVECs exposed to
secondary CPPs (24 hours) were incubated with 2.5 umol/L
MitoSOX Red Reagent (#M36008, Thermo Fisher Scientific),
for 30 minutes at 37 °C. After incubation, cells were washed
with serum-free ECM and fixed with 2% paraformaldehyde
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(PFA) for 30 minutes. Prior to the imaging, samples were incu-
bated with DAPI (180 nmol/L) solution for 10 minutes in the
dark. Fluorescent images were taken with the EVOS cell imag-
ing system (Thermo Fisher Scientific).

Nitrotyrosine Immunohistochemistry

To analyze peroxynitrite protein damage in ECs, indicated by the
formation and presence of protein nitrotyrosine residues (3NT),
an immunohistochemical nitrotyrosine staining was performed
on HUVECs and paraffin-embedded RCA rings. With regard to
the in vitro staining, HUVECs were cultured in Nunc Lab-Tek
chamber slides (BD Biosciences) and exposed to secondary
CPPs for 24 hours. After the stimulation, cells were fixed in 2%
PFA and permeabilized with 0.5% Triton-X-100. Next, cells were
blocked in 5% BSA-PBS and 0.1% H,0, for 30 minutes at
RT, followed by incubation with the primary anti-3NT antibody
(#39B6, 1:50, Santa Cruz Biotechnologies) in 1% BSA-PBS
at 4°C overnight. Cells were blocked with both avidin and bio-
tin for 15 minutes at RT (#SP-2001, Avidin-biotin kit, Vector
Laboratories). For detection of the primary antibody, an isotype-
specific IgG,, secondary antibody (#1081-08, 1:100, Southern
Biotech, goat anti-mouse Biotin) and streptavidin-HRP con-
jugate diluted in 1% serum-PBS were used (#P039701-2,
DAKO). Thereafter, tissue sections were incubated with 3'-diami-
nobenzidine (DAB) and counterstained with hematoxylin. Finally,
stained HUVECs were mounted with Kaiser's glycerol gelatin.
Stained sections were scanned with the Hamamatsu slide
scanner (Hamamatsu, Japan) and analyzed with the ImageJ
Software.*? Graphs showed the mean pixel intensity expressed
as delta (A) to the experimental control.

For staining the RCA rings, a similar protocol was followed
with a few modifications. Briefly, the tissue sections were depa-
raffinized, followed by overnight antigen retrieval in 10 mmol/L
Tris-HCI (pH=9) at 80°C. Tissue sections were blocked in 5%
BSA-PBS and 0.1% H,0, for 30 minutes at RT and incubated
with the primary anti-3NT antibody (#39B6, 1:50, Santa Cruz
Biotechnologies) in 1% BSA and 5% serum-PBS for 3 hours
at RT. For the detection of the primary antibody, a donkey anti-
mouse Alexa Fluor 647-conjugated secondary antibody (#A-
31571, Invitrogen) was used. Additionally, tissue sections were
incubated with Lycopersicon esculentum Lectin (LEA; #FL-
1171, 1:100, Vector Laboratories) to visualize the endothe-
lial glycocalyx. Nuclei were visualized with DAPI and sections
were mounted with CitiFluor mounting medium. Stained sec-
tions were scanned the Olympus slide viewer VS200 (Olympus
Nederland B.V, the Netherlands) and analyzed with the ImageJ
Software afterward*? For analysis, 5 random LEA positive
areas were selected, in which the mean fluorescent intensity of
the 3NT positive pixels were quantified per sample.

Clinical Studies

Studies were approved by the Institutional Review Board of
the Research Institute for Complex Issues of Cardiovascular
Diseases (Kemerovo, Russia, protocol number #20180502,
date of approval: 02 May 2018). Written informed consent was
provided by all study participants. The investigation was con-
ducted in accordance with the Good Clinical Practice and the
Declaration of Helsinki. The study exclusively enrolled subjects
with an estimated glomerular filtration rate (eGFR) >15 ml/
min/m? mild to moderate CKD stages (1-3;n=245). A criterion
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of exclusion was missing data regardless of the reason. Data
on age, sex and past medical history were collected at the time
of admission. Peripheral blood samples were withdrawn into
the BD Vacutainer polytetrafluoroethylene tubes with clot acti-
vator (#368815, BD) in the early morning the next day after
the patients’ admission. Serum has been obtained as soon as
possible by means of blood centrifugation at 3000xg for 10
minutes and was subsequently transferred on ice to either clini-
cal biochemistry laboratory (for the analysis of total and ionised
calcium (Ca?*), phosphate, total protein, albumin, and fetuin-A)
or clinical pathophysiology laboratory (for the measurements
of nitrates/nitrites, serum calcification propensity, and flow
cytometry quantification of CPPs). Serum concentrations of
total calcium, ionized calcium (Ca®*), phosphate, total protein,
and albumin were measured utilizing an automated biochemical
analyzer (Konelab 60i, Thermo Fisher Scientific) and Fetuin-A
levels were determined by an enzyme-linked immunosorbent
assay (#RD191037100, BioVendor, Germany) according
to the manufacturer's protocol. Levels of serum nitrates and
nitrites (NO ) were measured using a colorimetric Nitric Oxide
Assay kit (#ab65328, Abcam, UK). NO_ is a biomarker of NO
in clinical studies, as it represents the sum of the breakdown
products of NO, nitrate (NO,™) and nitrite (NO,").**

To measure serum calcification propensity (0D, ), equi-
molar (2 mmol/L) concentrations of CaCl, and Na,HPO,
were added to the serum of the subjects in 96-well plates
(100 pL serum per well). Upon 24 hours incubation at 37 °C
in the presence of 5% CO, (v/v), the change in the optical
density at a 660 nm wavelength (OD,,,) was monitored by
comparing the serum with or without calcium/phosphate sup-
plementation. Relative quantification of CPPs in the serum
was performed by the OsteoSense 680EX/PKHGE7 flow
cytometric assay as described before.*® Briefly, thawed serum
was centrifuged at 3500 rpm for 5 minutes (RT) to sediment
the cryoprecipitate. Then, 50 pL serum was added to 200 pL
sterile-filtered Tris-buffered saline (pH 7.4) and centrifuged
at 10000xg for 15 minutes at 4°C to sediment the debris.
The mixture (200 pL) was blended with 250 pL OsteoSense
680EX (#NEV10020EX, PerkinElmer, concentration 0.3
pmol/L) and incubated in the dark for 50 minutes at 4°C.
Subsequently, 25 pL of PKHE7 (#MINIB7, Sigma-Aldrich,
concentration 10 ymol/L) was added and the mixture was
incubated in the dark for an additional 10 minutes at 4°C.
The OsteoSense 680EX signal was detected using a 638 nm
laser and 712/25 nm bandpass filter, while the PKHE7 signal
was measured with a 488 nm laser and 525/40 nm bandpass
filter on the CytoFLEX flow cytometer (Beckman Coulter). For
quantification of the CPP count, OsteoSense 680EX posi-
tive—PKHG67 negative events were quantified, as OsteoSense
680EX binds CPPs and PKHG67 discriminated the CPPs from
similar-sized extracellular vesicles.

Statistical Analysis

Experimental data were analyzed with GraphPad Prism 9
(GraphPad software, CA) and presented as meantSEM.
Repeated measurements of the RCA ex vivo vascular function
were analyzed using a 2-way repeated measurements ANOVA
and Dunnett post-hoc test for multiple comparisons. Group dif-
ferences were tested with 1-way ANOVA followed by a Dunnett
or Tukey post-hoc test for multiple comparisons. Clinical data
were presented as meantSD, median with interquartile range
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(IOR) or as proportions n with corresponding percentages (%).
Normality assessment was performed by visual inspection of
histograms and normal probability (Q-Q) plots. Subjects were
divided into tertiles of calcification propensity (OD65O), followed
by a comparison of population characteristics. Differences across
tertiles were tested using 1-way ANOVA, Kruskal-Wallis tests or
¥ tests, with a Bonferroni post-hoc test for multiple comparison.
Univariable linear regression analyses were performed to study
the associations between OD,,; and NO, levels and renal func-
tion (eGFR). From linear regression analyses, unstandardized
beta-coefficients were reported with 95% Cls and correspond-
ing P. Multivariable linear regression analyses (method: forced
entry) were performed to allow adjustment for relevant covari-
ates. Prior to analysis, OD,,, and NO, values were standardized
using Z-scores (to facilitate comparison of predictor estimates)
and eGFR as dependent variable was square-transformed in
order to avoid violation of the normality and homoscedasticity
assumptions. All model estimates were presented after back-
transformation, meaning that unstandardized beta-coefficients
represented the difference in eGFR per 1-SD increment or dec-
rement in OD,,, or NO,. Assumptions of normality of residual
variance and homoscedasticity for linear regression analysis
were fulfilled. Clinical data were analyzed using SPSS Statistics
software (v.25.0, SPSS Inc, Chicago, IL) and visualized using
the pandas (v.1.2.3), seaborn (v.0.11.1.) and matplotlib (v.3.4.1)
packages of the Python programming language (v.3.9.0,, Python
Software Foundation, https://www.python.org). For all statistical
tests, 2-tailed P<<0.05 were considered as statistically significant.

RESULTS

Overnight Exposure to Secondary CPPs Dose-
Dependently Impairs Endothelial-Dependent
Vasorelaxation

We first assessed whether secondary CPPs affect the
endothelial-dependent vasorelaxation, using an ex vivo
porcine coronary artery ring (RCA-ring) model. Whereas
short-term (acute) exposure (2 hours) of secondary CPPs
to the RCA-rings did not affect the endothelial-dependent

Calciprotein Particles and Endothelial Dysfunction

vasorelaxation (Figure 1A), long-term (overnight) expo-
sure showed a dose-dependent reduction in bradykinin-
induced relaxation (Figure 1B). This decrease in dilation
response was most abundant in the RCA-rings stimulated
with 200 and 400 pg/mL of secondary CPPs (at brady-
kinin concentrations of 1078=10-° M) compared with the
control condition. The half-maximal inhibitor concentra-
tion (IC, ) did not significantly differ between the groups
(Table S1). Presence of ECs in the RCA-rings after CPP
exposure was validated with a CD31 staining (Supple-
mental Methods and Figure S2). Exposure of porcine
arteries to various concentrations of CPPs did not result
in massive denudation and loss of ECs, since the CD31
staining was preserved. However, staining intensity of
CD31 appeared to be reduced at higher CPP concentra-
tions, which might reflect EC-dysfunction.*® Additionally,
no direct effects of CPPs on VSMC function were found
(responses to SNP, KCl and U46619; Figure S3).

Secondary CPPs Decrease the NO
Bioavailability in Endothelial Cells

As the endothelial-dependent relaxation of the VSMCs
was impaired in the RCA-rings after CPP exposure, we
next determined whether the NO metabolism of the ECs
is affected by CPPs as well. HUVECs stimulated with
secondary CPPs (50 and 100 pg/mL) for 24 hours
showed a reduced nitrite production (Figure 2A). Con-
sidering the nitrite production as an approximate of the
eNOS NO-output, these results indicate a reduced NO
bioavailability in ECs after CPP exposure. Additionally,
eNOS mRNA expression tend to decrease after 24-hour
exposure with secondary CPPs to HUVECs (Figure 2B).
However, this decrease was only significant in HUVECs
exposed to 100 pug/mL secondary CPPs. While eNOS
total protein expression and phosphorylation (activa-
tion site Ser1177) remained unaltered after 24 hours of
CPP exposure (Figure 2C through 2E), increasing the
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Figure 1. Reduced endothelial-dependent vasorelaxation in right coronary artery (RCA)-rings after secondary calciprotein

particle (CPP) exposure.

A, Acute exposure (2 hours) of RCA-rings to secondary CPPs (control=0, 100, 200, and 400 pg/mL) did not affect the dilation response.

B, Long-term exposure (overnight) of RCA-rings to secondary CPPs (CPP 200 pg/mL and 400 pg/mL) showed a significant reduction in
endothelial-dependent vasorelaxation. Rings were isolated from 3 individual porcine hearts and evenly distributed within groups (3—4 rings per
heart per group; total 2h N=7-9 rings per group, overnight N=8-11 rings per group). Data are shown as relaxation in % of precontraction to
U46619. Graphs show meanstSEM. Significant differences are indicated for P <0.05.
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Figure 2. Exposure of secondary calciprotein particles (CPPs) to human umbilical vein endothelial cells (HUVECs) for 24 hours
reduces NO bioavailability and eNOS (endothelial nitric oxide synthase) mRNA expression.

A, Nitrite production decreased significantly in HUVECs exposed to both 50 and 100 ug/mL secondary CPPs. B, eNOS mRNA expression
was only significantly reduced after 24 hours of exposure to 100 pg/mL secondary CPPs. C, Representative protein blots showing phospho-
eNOS (Ser1177), total eNOS and GAPDH (of both the P-eNOS and total eNOS blots). Molecular weight standards are indicated on the left
side of the immunobilots in kilodaltons (kDa) based on the marker shown in Figure S7A and S7B. D and E, eNOS total protein expression and
eNOS protein phosphorylation (Ser1177-activation site) were not affected in HUVECs after 24 hours of secondary CPP exposure. F, Low-
temperature SDS-PAGE blots showing non-boiled/intact (indicated by symbol N) dimer/monomer eNOS expression, and boiled/denatured
(indicated by symbol B) eNOS total monomer expression. Molecular weight standards of the marker (m) are indicated on the left side of the
immunoblots in kilodaltons (kDa). G and H, eNOS uncoupling ratios (dimer/monomer ratio) and total eNOS monomer expression were not
affected after 24-hour secondary CPP exposure to HUVECs. Data are presented as means+SEM with individual data points and normalized to
the experimental control. Significant differences are indicated for P <0.05.

exposure time to 72 hours significantly decreased the
eNOS total protein expression in ECs and increased the
eNOS phosphorylation as compared with the 24-hour
timepoint (Figure S4A through S4C).

Further, we examined eNOS uncoupling in ECs
exposed to CPPs. By performing a low-temperature
SDS-PAGE, both the monomer and dimer fraction of
eNOS were determined. Data on HUVECs indicated
a trend towards eNOS uncoupling (decreased dimer/
monomer ratio) after 24-hour exposure of HUVECs to
secondary CPPs (Figure 2F and 2G). Results were inde-
pendent of an altered eNOS monomer expression (Fig-
ure 2H), which is in accordance with Figure 2D. When
the exposure time was increased to 72 hours, the dimer/
monomer ratio of eNOS reduced, indicating further
eNOS uncoupling (Figure S4D and S4E). eNOS mono-
mer expression was reduced as well (Figure S4D and
S4F), confirming the observations indicated in Figure 4B.

Oxidative Stress and Peroxynitrite Radical
Formation in Endothelial Cells

To evaluate whether secondary CPPs induce super-
oxide (OQ*) formation in ECs, HUVECs exposed to

Arterioscler Thromb Vasc Biol. 2023;43:443—-455. DOI: 10.1161/ATVBAHA.122.318420

secondary CPPs were measured for superoxide levels
using the MitoSOX Red reagent. Flow cytometric anal-
yses showed an increase in fluorescence intensity for
HUVECs exposed to 100 ug/mL of secondary CPPs,
compared with the human umbilical vein endothelial
cell control (Figure 3A and 3B). Similar observations
were made when visualizing MitoSOX Red with fluores-
cent microscopy (Figure 3C). These data indicate that
secondary CPPs induce oxidative stress in ECs. Speci-
ficity of the dihydroethidium (DHE)-based probe for
measurement of superoxide production was validated
using ROS inhibitor YCG063 (Supplemental Methods
and Figure Sb). Next, we quantified peroxynitrite radi-
cal (ONOO") formation by staining HUVECs exposed
to secondary CPPs for 24 hours for nitrotyrosine pro-
tein residues (BNT). A significant increase in 3NT-res-
idues could be observed in ECs after CPP exposure
(Figure 3D and 3E). This increase in protein damage
was found in HUVECs stimulated with 50 and 100 pg/
mL secondary CPPs for 24 hours. When staining the
RCA rings (exposed to CPPs 0-400 pg/mL) for per-
oxynitrite radical formation, no clear differences could
be observed in mean fluorescent 3NT pixel intensity
(data not shown).
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Figure 3. Secondary calciprotein particles (CPPs) induce superoxide formation and peroxynitrite radicals in endothelial cells.
A, Flow cytometric analysis of superoxide generation (using the MitoSOX Red reagent) in endothelial cells exposed to secondary CPPs for
24 hours. B, Flow cytometric analysis showing a significant increase in superoxide formation in endothelial cells exposed to secondary CPPs
(100 pg/mL) for 24 hours (DAPI positive cells excluded). C, Immunofluorescent MitoSOX Red staining showing increased superoxide levels
in HUVECs exposed to secondary CPPs (50 and 100 pg/mL) for 24 hours. D, Inmunohistochemical nitrotyrosine (3NT) protein staining of
human umbilical vein endothelial cells (HUVECs) exposed to secondary CPPs (50 and 100 pg/mL) for 24 hours. E, Quantification of the 3NT
protein staining showed that exposure of HUVECs to secondary CPPs for 24 hours induces a significant up regulation of nitrotyrosine protein
residues. Data are normalized or show differences (A) to the experimental control. Graphs present meanst=SEM and individual data points.
Significant differences are indicated for P <0.05. Scale bars represent 50 pm.

Calcification Propensity (OD,, ) Associates With ~ NO bioavailability; r=0.455, A<0.001) were significantly
Renal Function and NO Levels associateq with the estimated Iglo.merulgr filtration rgte

S o . (eGFR; Figure 4A and 4B). Multivariable linear regression
To translate our preclinical ﬂnc.im.gs to a clinical setﬁng, analyses, adjusting for demographics, smocking, body
we collected serum samples within an early CKD patient habitus, co-morbidity and mediation use, revealed that
cohort (n=245). Patients were divided based on calcifi- both OD._.. (final model A=0.040) and NO. (final model
cation propensity (tertiles; low (n=81), medium (~=82) or F<O.OO1%5?Nere robustly associated with eGIéR (Table S2).
high (n=82) 0Dy, increment), and baseline characteristics Moreover, a significant association was found between
were mea;ured (Table 1). Whereas total phosphate .and calcification propensity and NO_ (r=0.136; P=0.049;
Fetuin-A did not differ between the groups, total calcium, Figure 4C), indicating that an increase in secondary CPP

total protein and albumin levels were significantly lowerin ¢t ~von ould negatively influence NO bioavailability.
patients with a higher calcification propensity (all A<0.01).

eGFR values were significantly lower in the medium and

high OD,,, increment tertiles, compared with the lowest

OD,,, increment tertile (Figure S6). CPP count did not DISCUSSION

differ between the tertiles (data not shown). Both OD,,,  Accelerated formation and ripening of secondary CPPs is
increment (r=—0.217, A<0.001), and NO_(ie, estimate for  associated with the development of VCs and progression
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Table 1. Baseline Demographic and Clinical Characteristics of an Early CKD Cohort
Low OD,,, increment (n=81) Medium OD,; increment (n=82) High OD,, increment (n=82) P Value
Sex 0.773
Male 51 (63.0%) 56 (68.3%) 54 (65.9%)
Female 30 (37.0%) 26 (31.7%) 28 (34.1%)
Age, y* 62.4 (7.6) 63.2 (8.4) 64.9 (8.7) 0.128
eGFR, ml/min/1.73m?t 91.00 (80.50-99.00)% 81.00 (66.00-95.00) 74.50 (64.75-90.00) <0.001
Smoking 29 (27.2%) 30 (36.6%) 16 (19.5%)§ 0.050
BMI, kg/m?t 28.70 (25.30-32.40) 27.85 (24.25-32.40) 27.45 (24.80-32.10) 0.525
OD,,, incrementt 0.003 (-0.005-0.007) 0.016 (0.013-0.020) 0.041 (0.029-0.056) <0.001]|
NO,, ymol/Lt 4.63 (3.71-5.03) 3.90 (3.65-4.53)1 4.04 (3.73-4.62) 0.003
Total calcium, mmol/Lt 2.20 (2.05-2.30)% 2.05 (1.92-2.24) 2.05 (1.89-2.27) 0.002
lonised calcium, mmol/Lt 0.90 (0.83-0.95) 0.96 (0.90-1.02)# 0.91 (0.86-0.98) 0.004
Total phosphate, mmol/Lt 1.08 (0.95-1.20) 1.10 (0.96-1.24) 1.06 (0.94-1.21) 0.760
Total protein, g/L* 66.7 (8.4)% 61.4 (8.5) 60.6 (8.4) <0.001
Albumin, g/L* 39.4 (4.9)% 37.1 (4.4) 36.0 (4.8) <0.001
Fetuin-A, g/Lt 0.30 (0.25-0.35) 0.31 (0.25-0.36) 0.30 (0.21-0.38) 0.880
Comorbidities
Diabetes type 2 14 (17.3%) 14 (17.1%) 16 (19.5%) 0.903
COPD or Asthma 5 (6.2%) 11 (13.4%) 9 (11.0%) 0.299
Hypertension 53 (65.4%) 60 (73.2%) 62 (75.6%) 0.324
Chronic Heart Failure 31 (38.3%) 45 (54.9%) 53 (64.6%)1 0.003
Medication
Antiplatelets 2 (39.5%) 46 (56.1%) 1 (50.6%) 0.098
Beta-blockers 24 (29.6%) 35 (42.7%) 34 (42.0%) 0.156
ACE-inhibitors 21 (25.9%) 1 (25.6%) 16 (19.8%) 0.582
Statins 3 (28.4%)% 49 (60.5%) 1 (50.6%) <0.001
Nitrates 2 (2.5%) 21 (25.6%)# 8 (9.9%) <0.001
Angiotensin blockers 18 (22.2%) 24 (29.3%) 18 (22.2%) 0.482
Aldosterone antagonist 4 (4.9%) 19 (23.2%)# 7 (8.8%) 0.001
Calcium-channel blockers 19 (23.5%) 25 (30.5%) 16 (19.8%) 0.270
Diuretics 6 (7.4%) 12 (14.6%) 8 (9.9%) 0.315
Anticoagulants 2 (2.5%) 7 (8.5%) 6 (7.4%) 0.231

Data are presented as numbers (n) with corresponding percentages (%; categorical variables) or as mean+SD (normal distribution) or median (interquartile range,
25-75; non-normal distribution; continuous variables). ACE indicates angiotensin-converting enzyme; BMI, body mass index; COPD, chronic obstructive pulmonary dis-

order; eGFR, estimated glomerular filtration rate; NO , sum of nitrate and nitrite; and OD,,, optical density increment at 650 nm wavelength.
“Normal distributed data are indicated with symbol.
tNot normal distributed data with symbol.
#Significant difference with the second and third tertile.
§Significant difference with the first and second tertiles.
|ISignificant across all pairwise comparisons.
1Significant difference with the first tertile.
#Significant difference with the first and third tertile.
+,§, |, 1, #Significant differences after post-hoc testing with Bonferroni-adjustment for multiple comparisons.

of vascular diseases in patients with CKD."" Although the
interaction between VSMCs and secondary CPPs dur-
ing the development of VC has been extensively studied,
the role of ECs in this process remains largely elusive.
Here, we show for the first time that secondary CPPs
hamper EC function by affecting the NO bioavailability
and the NO metabolism. Generation of superoxides (O,")
is suggested to be a key factor in this process. Our clini-
cal data support these findings by revealing a significant

Arterioscler Thromb Vasc Biol. 2023;43:443—-455. DOI: 10.1161/ATVBAHA.122.318420

association between calcification propensity (OD,, ) and
NO_ levels. Taken together, our findings provide new evi-
dence for direct effects of CPPs on ECs and pathways
involved.

Primarily, we found that CPPs affect the EC-depen-
dent relaxation of VSMCs by reducing the response
to bradykinin, in a coronary artery ex vivo model. Bra-
dykinin is a vasodilating substance, which can bind to
the bradykinin B2 receptor on the cell surface of ECs.
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Figure 4. Scatterplots showing associations between calcification propensity (OD

rate (eGFR).

Associations were found between OD

.s0)» NO,, and estimated glomerular filtration

increment and eGFR (A, r=—0.217; P<0.001), NO,, and eGFR (B, r=0.455, £<0.001) and NO, and

OD,_  increment (C, =—0.136; P=0.049). eGFR was square-transformed to achieve normally distributed distributions and homoscedasticity

650
of residuals. Standardized (Z-transformed) OD,,

regression line and 95% CI (color-shaded areas).

Receptor binding of bradykinin to ECs causes a rapid
rise in calcium concentration and activates calmodulin
and eNOS, leading to release of NO and relaxation of the
VSMCs."®*" The reduced bradykinin-induced relaxation
of ECs, observed in the ex vivo model, implies that CPPs
alter the NO metabolism of ECs which deteriorates the
VSMC relaxation. To unravel the underlying mechanisms,
we performed several in vitro experiments in which ECs
were exposed to different concentrations of CPPs and
showed that CPPs decrease the NO bioavailability in
ECs as demonstrated by decreased nitrite production, a
frequently used biomarker for NO levels. Moreover, ECs
showed a reduced eNOS expression and an increased
eNOS protein uncoupling, expressed as a rise in mono-
mer dissociation. Here, CPP-induced eNOS dysfunction,
together with the reduced NO bioavailability, seem to be
important triggers for the deteriorated EC-relaxation and
EC dysfunction.

EC dysfunction is frequently associated with a reduced
eNOS function in CKD.?" For example, as a consequence
of a decreased renal function in CKD, the uremic toxin
asymmetric dimethylarginine can accumulate. Asymmet-
ric dimethylarginine is an endogenous inhibitor of eNOS,
which provokes eNOS uncoupling and subsequent
endothelial cell and coronary dysfunction.®'%248 | ikewise,
advanced glycation end products (AGEs), including gly-
cated proteins, lipids and nuclear acids, can accumulate
in CKD and degrade eNOS mRNA, which is associated
with the downregulation of the NO-synthase activity,
and in the course of time leads to progression of arterial
stiffness and atherosclerosis.*®%° Shang et al®' showed
that when ECs in vitro are exposed to sera from CKD
patients, miRNA-92a in the ECs becomes upregulated,
which plays an important role in the inhibition of eNOS-
mediated NO bioavailability. Additionally, we found that

452 March 2023

and NO, values are shown on the y-axes. Graphs show individual data points with a fitted

an increased calcification propensity (OD,) is associ-
ated with reduced NO, values in our early CKD cohort,
indicating that an increment in secondary CPP forma-
tion could contribute to a decreased NO bioavailability.
Although all these studies indicate circulating serum
compounds as key triggers for eNOS dysfunction, and
consequently a decreased NO bioavailability in CKD, an
unanswered question remains, especially for the circulat-
ing secondary CPPs, how these particles initiate eNOS
dysfunction and how this leads to EC impairment.
Previously, we have demonstrated that ECs internalize
CPPs when visualizing the cells with transmission elec-
tron microscopy.®? Internalization of the CPPs is accom-
panied by an influx of calcium ions in both lysosomes
and cytosol®® These data suggest that active uptake of
the particles from the circulating blood could lead to an
intracellular calcium increase. Additionally, an intracel-
lular calcium overload is associated with mitochondrial
calcium buffering, and if not compensated, mitochondrial
calcium buffering can lead to ROS formation.®* We found
a significant upregulation in superoxide (O,”) produc-
tion in the ECs after CPP exposure, indicating oxida-
tive stress. It is tempting to speculate that CPP uptake
by ECs causes a mitochondrial calcium overload, which
leads to superoxide generation, however, certainly more
research is needed to confirm this hypothesis. On the
other hand, cellular stress can also lead to O, gen-
eration via, for example, NADPH oxidases.?® Increased
superoxide levels are detrimental for ECs because they
can oxidize cofactors, like BH,, which are required for
normal eNOS functioning. In the absence of functional
co-factors, eNOS becomes uncoupled and starts to
produce superoxides as well, instead of NO." Here,
the negative feedback loop of O, generation begins.
We now extend these data and show that CPPs induce
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eNOS uncoupling which may contribute to the ROS for-
mation. Notably, a recent study of Chen et al®® indicated
that during eNOS uncoupling, phosphorylation of eNOS
residue Ser1177 further promotes O,~ production. In line
with this, we also observed increased eNOS phosphory-
lation of residue Ser1177 in HUVECs after CPP expo-
sure. Due to the increased superoxide levels in HUVECs,
peroxynitrite radical (ONOO-) formation was confirmed,
marked by a rise in nitrotyrosine (3NT) protein residue
formation. 3NT protein residue formation blunts protein
activity (eg, eNOS) and it is not unlikely that peroxyni-
trite radical formation contributes to CPP-induced EC
dysfunction.

Having discussed how CPPs could induce eNOS dys-
function, NO deficits and EC dysfunction, a final point
to speculate about is how CPP-induced EC dysfunc-
tion could possibly enhance vascular calcification in
CKD. A study by Oe et al recently showed that eNOS
deficiency seems to play an important role in the pro-
gression of vascular calcification. eNOS deficient mice
(eNOS™") fed with an adenine high phosphate diet suf-
fered a higher calcium deposition in the aorta, together
with increased RUNX2 (runt-related transcription factor
2) expression and increased markers of oxidative stress
compared with the wild-type mice.?® NOS-derived NO is
known as important anti-oxidant compound, which scav-
enges multiple forms of radicals.®®” As oxidative stress
is an important contributor to the development of vas-
cular calcification, this raises the question whether NO
supplementation might by an important therapeutic tar-
get in the development of CPP-induced vascular calcifi-
cation. In a study from De Meyer et al,*® it was shown that
NO supplementation, via NO-donor Molsidomine, signifi-
cantly reduced superoxide production of atherosclerotic
aortas and increased features of stabilized plaques,
during cholesterol lowering in rabbits. Furthermore, a
study from Guzik et al showed that incubation of human
internal mammary arteries with NO-donor SNP signifi-
cantly decreased superoxide production by the differ-
ent artery segments, hinting anti-oxidant effects of NO.
Nevertheless, the same study also demonstrated that the
supplementation of SNP led to significantly increased
peroxynitrite formation by the artery wall®® These data
illustrate that although supplementation of NO can be
beneficial as scavenger of oxidative stress, caution is
warranted when considering NO-enhancing therapeu-
tics, to prevent over-supplementation and promote the
production of reactive nitrogen species like ONOO-,
which can have detrimental consequences.®®%° Addition-
ally, it is crucial to mention that research on CPP-induced
vascular calcification is still in its infancy, and additional
experiments are required to first of establish a clear link
between CPP-induced endothelial dysfunction and the
development of vascular calcification, and secondly to
validate therapeutic targets for interfering or preventing
this pathology.
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A strength of the current study is the combined use
of both experimental data (eg, in vitro and ex vivo) and
clinical data to analyze, and translate, the effects of sec-
ondary CPPs on EC function. The inclusion of a large,
well-characterized patient cohort revealed associations
between calcification propensity and NO metabolism
which supports our mechanistic in vitro finings. One
should realize that associations as such do not neces-
sarily imply causal relations and other aspects of the
CKD milieu might be involved as well. Additionally, the
inclusion of patients within the mild to moderate stages
of CKD (stage 1-3), allowed us to study early onset of
vascular damage due to an increased serum calcification
propensity. Where most of the literature is focusing on
calcification propensity and CPP formation within end-
stage renal disease or renal transplant recipient,'96'62
insights in the early development of vascular damage
is lacking. Here, our data obtained from the early CKD
patient cohort are of added value.

Furthermore, very little is known about the actual
physiological concentration of CPPs in CKD patients.
As previously mentioned, serum T, values (ie, transition
time from primary to secondary CPPs) are lower in CKD
patients compared with healthy controls.’¢"%2 Never-
theless, how T50 values relate to actual CPP concentra-
tions is largely unknown. In the current study, we used
in vitro and ex vivo CPP concentrations based on pre-
vious studies,'*%36* assuming that exposure time in vivo
is a long-term process and this prompts adjustment of
the CPP concentration to correct for the shorter expo-
sure time in our experimental set-up, resulting in the use
of slightly higher concentrations. Still, we would like to
emphasize the need for future studies determining the
true tissue exposure to CPPs. Studies as such will most
likely increase the accuracy and reliability of CPP-based
in vitro and ex vivo experiments and more closely mimic
the in vivo situation.

With regard to the ex vivo porcine coronary artery
rings, it can be considered whether the use of exclu-
sively female porcine tissue affects the outcome of the
experiments, since sex differences can influence the
development of vascular diseases. Female ECs largely
depend on eNOS functioning for EC-dependent relax-
ation, and alterations in eNOS function might therefore
affect the response of VSMC relaxation.®® In the interest
of the dependence of eNOS function in female porcine
tissue relaxation, we suggest that the use of exclusively
female tissue in this study can be valuable, since it may
show more abundantly the detrimental effects of CPPs
on eNOS function, then when using only a male or mixed
porcine tissue selection, wherein eNOS activity seem to
be less required. For the in vitro experiments, we used a
large human umbilical vein endothelial cell pool compris-
ing both female and male donors to perform underlying
pathway analysis. Likewise, clinical data analysis was
performed in an early CKD cohort with both sexes.
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In conclusion, our findings demonstrate for the first
time that secondary CPPs cause EC dysfunction by
impairing the NO metabolism. These insights provide
further understanding of the interaction between CPPs
and ECs, but more importantly propose ECs as a novel
target for intervention.
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