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Background:High serum phosphate (Pi) levels strongly associate with cardiovascular morbidity andmortality in
chronic kidney disease (CKD) patients with vascular calcification playing a major role in the pathogenesis of
related cardiovascular disease. High-Pi challenged vascular smooth muscle cells (VSMCs) undergo simil-
osteoblastic transformation and actively deposit calcium-phosphate crystals. Iron-based Pi-binders are used to
treat hyperphosphatemia in CKD patients.
Methods: In this study, we investigated the direct effect of iron citrate on extracellularmatrix (ECM)modification
induced by high-Pi, following either prophylactic or therapeutic approach.
Results: Iron prophylactically prevents and therapeutically blocks high-Pi induced calcification. Masson’s
staining highlights the changes of muscular ECM that after high-Pi stimulation becomes fibrotic and
which modifications are prevented or partially reverted by iron. Interestingly, iron preserves glycogen
granules and either prevents or partially reverts the formation of non-glycogen granules induced by
high-Pi. In parallel, iron addition is able to either prevent or block the high-Pi induced acid mucin
deposition. Iron inhibited calcification also by preventing exosome osteo-chondrogenic shift by reducing
phosphate load (0,61 ± 0.04vs0,45 ± 0.05, PivsPi + Fe, p b 0,05, nmol Pi/mg protein) and inducing
miRNA 30c (0.62 ± 0.05vs3.07 ± 0.62; PivsPi + Fe, p b 0.01, relative expression). Studying aortic
rings, we found that iron significantly either prevents or reverts the high-Pi induced collagen deposition
and the elastin decrease, preserving elastin structure (0.7 ± 0.1 vs 1.2 ± 0.1; Pi vs Pi + Fe, p b 0.05, elastin
mRNA relative expression).
Conclusions: Iron directly either prevents or partially reverts the high-Pi induced osteo-chondrocytic
shift of ECM. The protection of muscular nature of VSMC ECM may be one of the mechanisms elucidating
the anti-calcific effect of iron.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Vascular calcification (VC) is recognized as one of themain causes
of cardiovascular disease and arterial stiffness in end stage renal
disease patients [1]. The pathogenesis of arterial calcification is
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multifactorial, implicating factors such as plasma constituents
maintaining minerals in solution or inducing tissue mineral
deposition. Calcium (Ca) and inorganic phosphate (Pi) act
synergistically to induce VC. The major mechanism whereby
elevated extracellular Ca and Pi drives VSMC calcification is via
release of matrix vesicles [2].

A process of mechanical homeostasis between extracellular
matrix (ECM) and VSMCs is a fundamental concept in VC and
arterial stiffness [3]. The role of ECM proteins, mainly the elastic
fiber network and mechanical models of cardiovascular
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Fig. 1. Effect of prophylactic and therapeutic addition of iron citrate on high-Pi induced calcification, fibrosis and granule osteo-chondrogenic shift. Rat VSMCs were cultured with 5
mMPi in the calcificationmedium up to 14 days.A, B: Calcium depositionwasmeasured by destaining and normalized by cellular protein content. C, D: Ca depositionwas visualized
by Von Kossa staining (black). E, F: Masson’s stainings, VSMCs appear in red whereas collagen fibers are in blue. G and M, I and O, K and Q: Granule characterization at light
microscopy by PAS, PAS diastase (PASD) and Alcian stainings. G, I, M, O: arrows indicate granules; E, Q: light blue indicates acid mucins. H, J, L, N, P, R: Semi-quantitative
analysis of staining data. A: Pretreatment with 50 μM Fe is able to prevent high-Pi calcium deposition at day 14. B: The addition of 50 μM Fe on already calcified VSMCs from day
7 to day 14 is able to block completely the additional high-Pi calcium deposition. C, D: Pretreatment or treatment of already calcified VSMCs with 50 μM Fe modifies calcium
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development, growth, and remodelling of vessels have been
investigated [4]. Elevated extracellular Pi affects multiple
signalling pathways leading to vascular smooth muscle cell
(VSMC) trans-differentiation [5] that induces VSMCs to synthesize
and deposit ECM elements typical of bone thus modifying muscular
ECM characteristics and arterial stiffness. The myogenic tone
depends on VSMC contractility that is influenced by cell-ECM
interaction. Calcification-induced arterial stiffness causes
significant mechanical changes in the arterial wall with a resulting
altered extensibility with increased pulse wave velocity and
pressure [6].

Recently, we demonstrated the effect of iron citrate in preventing VC
progression in an in vitro model of high-Pi induced VC. In fact, iron
reduces Ca deposition through prevention of apoptosis and potentiation
of autophagy [7]. In the present study, we investigated the direct effect
of iron citrate in the modulation of ECMmodification induced by high-
Pi, following either a prophylactic or a therapeutic protocol.

2. Methods

2.1. Induction of calcification

Rat VSMCs were obtained as previously described [8], at 80%
confluence cells were switched to calcification medium (CM) and
challenged with 5 mM Na3PO4 (Pi). For miRNA quantification, VSMCs
were cultured with medium supplemented with exosome-depleted
FBS by 18 h centrifugation at 120,000×g. We performed two different
protocols of iron citrate (Fe) administration: prophylactic Fe
administration 1 h before Pi challenge at day 0, and therapeutic Fe
addition from day 7–14 of calcification.

For rat aortic rings we harvested aorta, cleaned it and cut into
sections, after 24 h stabilization in growth medium (GM) they were
switched to CM (3 mM Pi). All rats were kept in accordance with
guidelines from Directive 2010/63/EU of the European Parliament on
the protection of animals used for scientific purposes and the Italian
Ministry of Health and the local University of Milan ethics committee
approved the protocol (NCT03169400).

Extracellular calcium deposits were stained with Alizarin Red S
solution for 30 min and destained for 24 h with 5% perchloric acid,
and Ca++ content was determined colorimetrically at 450 nm
wavelength [8].

2.2. Exosome isolation and measurement of phosphate levels

Exosome isolation was performed from CM (1ml). RNase A (6.7 μg/
ml) was added for 15′ RT. CM was centrifuged at 16,000×g 10′ 4 °C.
Exosomes were isolated with the Exosome Precipitation Solution
(Macherey-Nagel) and then re-suspended in 100 μl 0.6M HCl and left at
RT for 48 h. . Exosome characterization was performed by EM (S1 Fig.A).

2.3. RNA extraction and RT-PCR

Total VSMC RNA [8] and miRNA were extracted using PureLink RNA
Mini Kit. Exosome miRNA was extracted with NucleoSpin miRNA
Plasma kit. The relative expression of target genes was performed by
ΔΔ cycle threshold method.
deposition. E, F: Pretreatement or treatment from day 7 to day 14with 50 μMFe shows, at day
induced increase in granules (PAS staining); I, J: High-Pi treatment induces non-glycogen g
acidic mucins is prevented by 50 μM Fe (Alcian staining). M, N: Therapeutic treatment w
compared to day 7 of calcification (PAS staining); O, P: Therapeutic treatment with 50 μM
of calcification (PASD staining); Q, R: Therapeutic treatment with 50 μM Fe addition reduc
show that VSMCs stop the synthesis and secretion of mucins in granules, with a reversio
mean ± SE of 3 experiments in triplicate. (*p b 0.01). Magnification as scale bar.
2.4. Histochemistry

VSMCs or aortic rings were formalin-fixed and paraffin-
embedded. Histochemical stainings were performed as described in
the AFIP manual [9]. Elastic fibers yellowish fluorescence stained in
H&E was used to evaluate elastin [10]. Specifically, a) elastin
fragmentation and b) the percentage of vascular wall integrity were
scored: a) 1: heavy elastin fragmentation; 2: median degree of
fragmentation; 3: focal discontinuity; 4 complete integrity; b) 1:
b25%; 2: 25–50%; 3: 51–75%; 4: N75%. Calcium and iron deposits
were visualized by Von Kossa and Perls staining as black and Prussian
blue granules; glycogenic (PAS+) and non glycogenic (PASD
resistant) material was appreciated as magenta granules and light
blue for acid mucopolysaccharides by Alcian blue pH 1. Deposit
quantification was scored: 0: no deposits; 1: few faint granules; 2:
average quantity of faint granules; 3: average quantity of large
granules; 4: abundant large granules. Sirius Red and Fast Green [11]
stained collagen fibers evaluated as thickening and orientation,
scored: a) 1: tiny and ordered fibers; 2: slight thickened, ordered
fibers; 3: thickened and initially disordered fibers; 4: heavy thickened
disordered fibers.

2.5. Sirius Red/Fast Green destaining

After fixing VSMCswith Kahle fixative 10min RT, cells were stained
with Fast Green 0.1% and Sirius Red 0.04% in picric acid 1:1, 30min RT.
Sirius Red and Fast Green were eluted with 0.1 N NaOH 5 min RT and
analyzed at 540 nm and 605 nm, respectively. After spillover
evaluation, collagen (Sirius Red) and non-collagenous proteins (Fast
Green) were calculated and data presented as Sirius Red/Fast Green
values.

2.6. Sirius Red polarization microscopy automated analysis

In Sirius-red sections positivity to collagen was quantified in 3 non-
overlapping 40× areas on tunica media by ImageJ [12]. Aorta was
outlined to define the region of interest (ROI), threshold set to omit
background and fibrosis was calculated as the percentage of unmasked
pixels above threshold, relative to total pixels within the ROI. Data are
presented as % of fibrotic area.

2.7. Electron microscopy

VSMCswerefixed in 2.5% glutaraldehyde in 0.13Mphosphate buffer
pH 7.2–7.4 for 2 h, post-fixed in 1% osmium tetroxide, dehydrated
through graded ethanol and propylene oxide and embedded in epoxy
resin. Ultrathin sections (50–60 nm) were counterstained with Pt-blue
solution and lead citrate.

2.8. Statistical analysis

Results are expressed as mean ± SEM. Experiment were
performed at least three times at least in triplicate. Differences were
analyzed by one-way ANOVA followed by Bonferroni post-hoc test
and considered significant when p b 0.05. Score statistical analysis
were evaluated by Kruskal-Wallis test corrected for ties.
14,modified collagen synthesis.G, H: Pretreatment with 50 μMFe prevents the high-Pi
ranules prevented by 50 μM Fe (PASD staining); K, L: The high-Pi induced increase in
ith 50 μM Fe reduces the total granule content induced by high-Pi to a lower level
Fe addition reduces the non-glycogen granules to a lower level as compared to day 7
es Alcian positive extracellular granule content to levels similar to that of day 7; insets
n of the morphology that becomes similar to control VSMCs. Data are presented as
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3. Results

3.1. Iron citrate prevents and blocks calcium deposition and granule osteo-
chondrogenic modification induced by high-Pi in VSMCs

Analysis of Ca deposits induced byhigh-Pi (5mM) in VSMCs showed
94% inhibition by iron (50 μMFe) added prophylactically and 53% added
therapeutically, with no Ca deposition progression (Fig. 1A and B).
High-Pi stimulation of VSMCs induced Ca-crystal deposition both at
intra- and extra-cellular level prevented and blocked by addition iron
(Fig. 1C and D). Analysis of Von Kossa staining confirmed the
observations: prophylactic: ctr 0, Pi 3.9 ± 0.1, Pi + Fe 0.1 ± 0.1
(p b 0.01, PivsPi + Fe, a.s., Fig. 1C); therapeutic: ctr 0, Pi day 7 2.3 ±
0.3, Pi day 14 3.8 ± 0.2, Pi + Fe days 7–14 1.7 ± 0.2 (p b 0.01, Pi day
14vsPi + Fe days 7–14, a.s., Fig. 1D). In the therapeutic protocol, black
deposits in Pi + Fe days 7–14 condition were similar to those of Pi
day 7 samples. Iron citrate effect was independent from iron and citrate
Pi-binding capacity and by sodium citrate per se (S1 Fig.B, a and b,
respectively).

ECM shift from muscular to fibrotic was studied by Masson’s
staining that showed an evident increase of blue positivity
(collagen) in high-Pi treated cells. Both iron prophylactic and
therapeutic addition considerably blocked high-Pi induced collagen
deposition (Fig. 1E and F). In iron-pretreated VSMCs there was a
light blue cell membrane staining similar to controls in opposition
with the heavy light blue deposition at intracytoplasmic and
membrane level, and in the extracellular space in high-Pi VSMCs.
Iron addition to 7 day high-Pi treated cells highlighted an arrest in
collagen deposition, preventing the heavy collagen synthesis at 14
days (Fig. 1F).

Granule glycogenic nature was tested in VSMCs by PAS and PAS
diastase (PASD) staining. High-Pi challenge induced a significant
increase of PAS positive granules, with iron prevention (ctr 2.3 ± 0.2;
Pi 4.0 ± 0.2; Pi + Fe 2.3 ± 0.2, actrvsPi, bPivsPi + Fe, a,bp b 0.01, a.s.,
Fig. 1G andH). PASD staining, that digests glycogen, showednogranules
in controls. Instead, high-Pi treated VSMCs showed no differences
between PASD and PAS positive granules, suggesting their non-
glycogenic nature (Fig. 1H–J). Interestingly, iron prevented the high-Pi
induced production of non-glycogenic granules (ctr 0.1 ± 0.1; Pi
4.0 ± 0.1; Pi + Fe 0.4 ± 0.2, actrvsPi, bPivsPi + Fe, a,bp b 0.01, a.s.,
Fig. 1I and J). Alcian Blue staining showed a faint blue on control
cytoplasmatic membrane, whereas evident intra- and extra-cellular
light blue granularity was present in high-Pi treated cells. In iron pre-
treated VSMCs Alcian Blue stained granules were not appreciable (ctr
0.6 ± 0.3; Pi 3.8 ± 0.1; Pi + Fe 0.8 ± 0.2, actrvsPi, bPivsPi + Fe, a,bp b

0.01, a.s., Fig. 1K and L).
In the therapeutic protocol PAS staining showed that iron not only

prevented the increase from day 7–14 induced by high-Pi, but
significantly reduced granule content compared to day 7 (2.0 ±
0.3vs2.7 ± 0.2; Pi + Fe days 7–14vsPi day 7; p b 0.01; a.s., Fig. 1M
and N), with a content similar to controls. PASD staining highlighted
that iron, in established calcification, from day 7–14 decreased
granule content to an extent even lower compared to day 7 (1.2 ±
0.2vs2.3 ± 0.3; Pi + Fe days 7–14vsPi day 7; p b 0.01; a.s., Fig. 1O
and P). Finally, Alcian blue staining showed that starting iron
Fig. 2. Effect of iron citrate on high-Pi induced ECM modification and exosome composition.
Ultrastructural characteristics were visualized by EM on ultrathin sections; E: Exosome phos
PCR. E-I day 10. Int: intracytoplasmic compartment; Ext: extracytoplasmic compartment. A:
nm; B: High-Pi induces the formation of intracytoplasmatic vesicle (arrow) containing electro
intracytoplasmic vesicle (arrow). Scale bar 200 nm; D: High-Pi treatment induces MVs (arrow
culture medium-isolated exosomes 50 μMFe prevents high-Pi induced increase in phosphate c
isolated exosomes and VSMCs. H, I: In VSMCs 50 μM Fe prevents high-Pi induced increase in B
(#p b 0,05; *p b 0.01).
treatment from day 7 induced no additional deposition of acidic
mucins (Fig. 1Q and R), with a content significantly lower compared
to day 14 (1.7 ± 0.2vs3.4 ± 0.2; Pi + Fe days 7–14vsPi day 14; p b

0.01; a.s., Fig. 1Q and R). High-Pi treated VSCMs showed a cytoplasmic
Alcian blue staining, on the contrary, in Pi + Fe VSMCs, treated from
day 7–14, the sub-cellular localization of light blue deposits was on
cellular membrane, with a reddish cytoplasm, suggesting a reverted
VSMC phenotype similar to controls (Fig. 1Q, insets).

3.2. Iron citrate prevents osteogenic granules shift induced by high-Pi

Control and 7-day iron pre-treated VSMCs have granules with a
diameter around 100 nm (Fig. 2A–C), whereas in high-Pi treated
cells they have 500 nm diameter, dimensions typical of glycogen
and of osteoblast and chondrocyte granules, respectively (Fig. 2B).
High-Pi granules are loaded with electrondense material and were
present both at intra end extra-cellular level (Fig. 2D). Exosomes
phosphate levels increased in high-Pi samples and decreased after
iron pre-treatment (ctr 0,38 ± 0.05; Pi 0,61 ± 0.04; Pi + Fe
0,45 ± 0.05, actrvsPi, bPivsPi + Fe, a,p b 0.01 bp b 0,05, nmol Pi/mg
protein, Fig. 2E). MiRNA characterize exosomes and we studied
miRNA 30c since it negatively regulates RUNX2 mRNA expression,
the master-gene of osteoblastic differentiation. miRNA 30c
decreased in high-Pi samples both in secreted exosomes and in
VSMCs (0.95 ± 0.08vs0.62 ± 0.05; exosomes; p b 0.05, 1.01 ±
0.08vs0.74 ± 0.03; VSMCs; ctrvsPi; relative expression, p b 0.01;
Fig. 2F and G). Interestingly, iron pretreatment was able to induce
a significant increase of miRNA 30c over the control in secreted
exosomes (0.95 ± 0.08vs3.07 ± 0.62; ctrvsPi + Fe, p b 0.01, relative
expression, Fig. 2F). Studying the miRNA 30c regulator (BMP2) and
target gene (RUNX2) in VSMCs, we found that iron prevented both
high-Pi induced BMP2 and RUNX2 increase (157.0 ± 31.5vs3.7 ±
0.2 and 2.2 ± 0.2vs1.4 ± 0.1; PivsPi + Fe; BMP2 and RUNX2;
relative expression, p b 0.01; Fig. 2H and I).

3.3. Iron citrate both prevents and blocks or partially reverts
calcium deposition, fibrosis and elastinolysis induced by high-Pi in
aortic rings

First, we evaluated calcium deposition ex vivo finding a prevention
or block by iron (100 μM) (Fig. 3A). In fact, Von Kossa staining
showed: prophylactic: ctr 0, Pi 4.0 ± 0.2, Pi + Fe 1.5 ± 0.5 (p b 0.05,
PivsPi + Fe, a.s., day 14, Fig. 3B) and no black calcium deposits in
Pi + Fe VSMCs were detectable. In the therapeutic protocol, there
was an iron-induced arrest in calcium deposition: ctr 0, Pi day 7
2.0 ± 0.2, Pi day 14 4.0 ± 0.2, Pi + Fe days 7–14 3 ± 0.1 (p b 0.05,
Pi day 14 vs Pi + Fe days 7–14, a.s., Fig. 3C). Iron treatment induced
iron deposition in aortic tissue (Fig. 3D and E).

Seven day high-Pi treated VSMCs showed fibrosis with fibrils
thickened and disorganized with a dense connective tissue structure
with iron-pretreatment preserving collagen fibrils structure similar to
controls (Fig. 3G and H). Fig. 3I and J shows that ECM is rich of collagen
fibrils that serve as scaffold for calcium crystal nucleation.

Aortic rings were stained with Sirius Red/Fast Green (Fig. 3K and N).
Control rings showed radial organized tight and tidy collagen fibrils that
Rat VSMCs were cultured with 5 mM Pi in the calcification medium up to 14 days. A–D:
phate content; F, G: miRNA quantification by RT-PCR; H, I: mRNA quantification by RT-
Intracytoplasmatic vesicle (arrow) containing glycogen in control VSMCs. Scale bar 100
dense material, - Scale bar 200 nm; C: Pretreatement with 50 μM Fe preserves glycogen
) formation and their secretion in the extracellular compartment. Scale bar 500 nm; E: In
ontent. F, G: 50 μMFe prevents high-Pi induced decrease inmiRNA 30c in culture-medium
MP2 and RUNX2 mRNA. Data are presented as mean± SE of 3 experiments in triplicate.
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after high-Pi become disorganized with presence of thick fibrils,
haphazard mass of collagen and elastin fragmentation (4.0 ±
0.1vs1.0 ± 0.2 day 14; structure; ctrvsPi, a.s., p b 0.05; Fig. 3L).
Iron prophylactic treatment preserved collagen organization and
structure similar to controls (1.0 ± 0.2vs4.0 ± 0.1 day 14;
structure; Pi vs Pi + Fe, a.s., p b 0.05; Fig. 3L). Moreover, iron

Image of Fig. 3
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prevented high-Pi induced fibrosis (53.9 ± 3.2vs18.1 ± 2.2;
PivsPi + Fe, fibrosis %, p b 0.01; Fig. 3M). Sirius Red/Fast Green
destaining on VSMCs confirmed a high-Pi induced collagen
synthesis prevented by iron (ctr 0.033 ± 0.004; Pi 0.060 ± 0.008;
Pi + Fe 0.034 ± 0.003, actrvsPi, bPivsPi + Fe, abpb0.05, collagen/
non-collagenous proteins, Fig. 3N) Considering the Pi/ctr ratio
there is a high-Pi induced increase over the control of 1.80,
prevented by iron (1.03 Pi + Fe/ctr ratio).

Iron addition, when calcification was already established,
protected the aortic wall from progression of high-Pi induced
fibrosis (1.0 ± 0.2vs3.0 ± 0.2; structure; Pi day 14vsPi + Fe days
7–14; a.s., p b 0.05; Fig. 3O and P) and promoted an apparent fibril
rearrangement and block of high-Pi induced thickening of collagen
fibrils (1.5 ± 0.3vs3.0 ± 0.2; structure; Pi day 7vsPi + Fe days
7–14; a.s., p b 0.05; Fig. 3P). Moreover, not only there was less
fibrosis in iron-treated rings from day 7–14 compared with 14 days
of high-Pi, but there was also a regression compared to day 7 (53.9
± 3.2vs28.4 ± 2.2 and 47.5 ± 7.3vs28.4 ± 2.2; Pi day 14vsPi + Fe
days 7–14 and Pi day 7vsPi + Fe days 7–14; fibrosis %, p b 0.05;
Fig. 3Q).

We next evaluated iron effect on high-Pi induced elastin
damage that is characterized by elastin discontinuity and
fragmentation (4.0 ± 0.1vs1.5 ± 0.5; distribution; 4.0 ± 0.1vs1,5
± 0.5; structure; ctrvsPi, a.s., p b 0.05; Fig. 4A and B). Interestingly,
the damage was prevented by iron (1.5 ± 0.5vs4.0 ± 0.3;
distribution; 1.5 ± 0.5vs3.0 ± 0.2; structure; PivsPi + Fe; a.s.,
p b 0.05; Fig. 4B and C). Evaluation of elastin mRNA levels in
VSMCs demonstrated a decrease of elastin synthesis after high-Pi
treatment prevented by iron (ctr 1.0 ± 0.1; Pi 0.7 ± 0.1*; Pi + Fe
1.2 ± 0.1#, *ctrvsPi, #PivsPi + Fe, p b 0.05, relative expression,
p b 0.05; Fig. 4D).

Iron addition on established calcification protected aortic wall from
high-Pi induced progression of elastinolysis (1.5 ± 0.5vs3.5 ± 0.4;
distribution; 1.5 ± 0.5vs4.0 ± 0.2; structure; Pi day 14vsPi + Fe days
7–14; a.s., p b 0.05; Fig. 4F and G) and reverted the high-Pi induced
damages ameliorating the elastic structure of the vessel wall compared
to day 7 (3.0 ± 0.2vs4.0 ± 0.2; structure; Pi day 7vsPi+ Fe days 7–14; a.
s., p b 0.05; Fig. 4C–G).

4. Discussion

CKD patients frequently develop VC, defined as an inappropriate
pathological deposition of calcium crystals in the vasculature. VSMCs
actively participate in hydroxyapatite deposition in the extracellular
matrix (ECM), caused by their simil-osteoblastic trans-differentiation
induced by high-Pi [1]. One of the main consequences of VSMC
phenotypic switch is the modification of ECM characteristics that lead
to arterial stiffness.

We studied some characteristics of the main components of
tunica media namely collagen and elastic fibers, VSMCs and
proteoglycans during VC [13]. Recently, we demonstrated an anti-
Fig. 3. Effect of prophylactic and therapeutic addition of iron citrate on high-Pi induced calc
with 3 mM Pi in the calcification medium up to 14 days. A: Calcium deposits were visualize
staining; F–J: Ultrastructural characteristics were visualized by EM on ultrathin sections; K,
Green staining (L lumen, A tunica adventitia); M, Q: Fibrosis percentage by automated analy
staining data. A, B, C: The addition of 100 μM Fe either prophylactically or therapeutically ei
addition both in the prophylactic and the therapeutic protocol induced iron deposition. F
Densely packed bundles of collagen fibers (boxed areas) in high-Pi treated VSMCs; H: Pre
loose network in ECM; I, J: High-Pi treatement induces microcalcification in the ECM associa
of collagen fibrils is prevented by 50 μM Fe;M: Pretreatment with 100 μM Fe protects the ar
100 μM Fe prevents high-Pi induced increase in collagen deposition. O, P: Therapeutic add
collagen fibrils. Q: Iron citrate therapeutically reverts the fibrosis of the artery wall induce
triplicate. (*p b 0.01; #p b 0.05). Magnification ×40. F-J scale bar 500 nm.
calcific effect of iron citrate in an in vitro model of high-Pi induced
calcification [7]. The interest in iron salts is legitimate by the recent
clinical use of iron citrate and sucroferric oxyhydroxide to manage
hyperphosphatemia in CKD [14]. In particular, iron citrate as
phosphate binder demonstrated efficacy and safety in dialysis
patients, ameliorating anaemia and reducing intravenous iron
and erythropoietin-stimulating agent use [15].

In this study we utilize iron citrate 50 or 100 μM corresponding
to a range between 2.7 and 5.4 mg Fe/L, concentrations at least one
order of magnitude lower compared to plasmatic iron
concentration obtained by an intravenous administration of iron
[16]. Iron citrate prevents and blocks calcium deposition not only
in VSMCs [7], but also in rat aortic ring and this effect is
independent by its phosphate binding capacity since Pi
concentration in the medium is not affected by iron citrate
addition. In bone, hydroxyapatite nucleation is mediated by matrix
vesicles (MVs) [17], whereas trans-differentiated VSMCs probably
deposit calcium crystals through apoptotic bodies (AB) [18].
VSMCs are rich in glycogen granules [19]. Stimulation with high-
Pi induced a change in granule content and profile, granules
resemble MVs for their bigger size [20]. This change in dimension
is prevented by iron addition with granules similar to control
granules in Pi + Fe samples. Iron is also able to modulate
phosphate exosome content, preventing the increase in phosphate
load induced by high-Pi. Moreover, when calcification is already
established, iron reverses the process of granule transformation
with less MVs, smaller size, typical of glycogen granules. An
explanation of this effect can be found considering that iron
inhibits apoptosis in VSMCs [7] and likely inhibits ABs secretion
in the extracellular compartment and in turn inhibits calcium
phosphate release and ECM calcification. In fact, diastase resistance
and Alcian-blue staining of high-Pi treated VSMCs support an
osteo-chondrogenic shift, which is prevented by iron.
Interestingly, we also demonstrate an effect of iron on established
calcification in reverting the nature of granules and proteoglycans
and in decreasing MV production, suggesting that it may be
possible to block and partially revert ECM osteo-chondrogenic
shift. To better characterize osteo-chondrogenic granule shift we
studied miRNAs [21] content in exosomes. It has been
demonstrated that BMP2 downregulates miRNA 30c to increase
RUNX2 expression in a model of VC [22]. Proving the exosome
shift towards an osteogenic type, miRNA 30c decreases in
exosomes from high-Pi treated VSMC with a corresponding
increase in RUNX2 mRNA levels probably due to BMP2 increase.
Surprisingly, iron pretreated exosomes show an increase in
miRNA 30c and a RUNX2 decrease. Thus, one of iron mechanism
of VC prevention might be the active modulation of exosome
miRNA content to inhibit VSMC osteoblastic transformation. By
Masson’s staining we found an increase in fibrosis in high-Pi
stimulated VSMC with more intense blue staining, both in the
cytoplasm and ECM, characteristics modified by iron. In fact, in
ification, fibrosis and iron accumulation in aortic rings. Rat aortic rings were incubated
d in black by Von Kossa staining; E: Iron deposits were visualized in light blue by Perls
O: Collagen was visualized by polarization contrast microscopy after Sirius Red and Fast
sis. N: Sirius Red/Fast Green destaining data. B, C, D, L, P: Semi-quantitative analysis of
ther prevent or delay the additional high-Pi calcium deposition after 14 days. D, E: Iron
: Collagen fibers (boxed areas) in control VSMC ECM disposed in a loose network; G:
treatement with 100 μM Fe preserves collagen fibers (boxed areas) organization in a
ted to collagen fibers (arrows). K, L: the high-Pi induced disorganization and thickening
tery wall from the high-Pi induced increase in fibrosis. N: VSMC 14 days treatment with
ition of 100 μM Fe partially reverts high-Pi induced disorganization and thickening of
d by high-Pi treatment. Data are presented as mean ± SE of at least 2 experiments in



Fig. 4. Effect of prophylactic and therapeutic addition of iron citrate on high-Pi induced elastinolysis. Rat aortic rings were incubatedwith 3 mMPi in the calcificationmedium for 14 days.
A, E: Elastinwas visualized in green fluorescence byHematoxylin and Eosin staining;D: ElastinmRNA quantification by RT-PCR;B, C, F, G: Semi-quantitative analysis of staining data.A, B,
C: High-Pi elastin fragmentation and discontinuity within the aortic wall is prevented by 100 μM Fe. D: VSMC treatment for 8 days with 100 μM Fe is able to prevent high-Pi induced
decrease in elastin mRNA. E: Therapeutic addition of 100 μM Fe is able to revert high-Pi induced fragmentation and discontinuity within the aortic wall. F, G: Addition of 100 μM Fe to
already calcified aortic rings is able to protect the vessel from the high-Pi induced elastin fragmentation in aortic rings. Data are presented as mean± SE of 2 experiments in triplicate.
(#p b 0.05). Magnification as scale bar.
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iron prophylactic treatment the staining features are maintained
similar to controls, and in therapeutic samples, iron addition, to
already calcified VSMCs, stopped the blue staining to the
intermediate cellular characteristics of day 7, when initial
modification towards fibrotic changes can be appreciated. We
then studied collagen as a constitutive element of vascular ECM
since collagen scaffold architecture is crucial to the proper
mechanical functioning of arteries.

In aortic rings, high-Pi treatment induced a disorganization and
thickening of collagen fibrils with an increase of haphazard mass of
collagen and elastin fragmentation. Iron pretreatment preserved
the fibril collagen organization preventing fibrosis in aortic rings
(−66%). Iron on already calcified aortic rings was able to promote
a reorganization of collagen fibrils with a setting similar to control
vessels resulting in the regression of fibrosis (−40%). Since
collagen fibrils function as scaffold for calcium crystal nucleation,
the effect of iron on collagen is relevant in its anti-calcific action.
In fact, there has been identification of signalling pathways of
collagen cross-linking and bone mineralization as potential new
targets for VC in CKD patients with atherosclerosis [23]. Moreover,
Jover et al. demonstrated the importance of enzymes involved in
collagen cross-linking to ECM to play a key role during high-Pi
induced VSMC calcification [24].

Elastin is secreted by VSMCs and constitute elastic lamellae that are
fundamental for the extensive tensile strength of vessels and elastin
degradation is important as trigger for VC progression [25,26]. In aortic
rings, iron pre-treatment has protective effect onhigh-Pi induced elastic
lamellae degradation preventing elastin synthesis decrease. Iron
treatment of established calcified aortic rings induces the restoration
of the elastic lamellae structure. Iron effect in protecting elastic lamellae
participate in its anti-calcific action since elastinolysis increases elastin
calcium affinity [27]. The relevance of elastinolysis in CKD is
demonstrated by the evidence that in uremic patients disruption of
internal elastic lamina occurs in elastic arteries [28] and that there is
thinning and fragmentation of medial elastic fibers [29]. Thus, the iron
action on elastinolysis contribute in contrasting high-Pi induced
calcification, even though elastinolysis is an early event necessary but
not sufficient to induce VC [30].

In conclusion, we found that iron citrate prevents and modulates
high-Pi induced ECM osteo-chondrogenic shift, acting on different
factors that influence matrix properties such as granule nature,
proteoglycans, collagen, and elastin. In addition to preventing the
osteo-chondrogenic modification of ECM, added when calcification is
already established and VSMCs are already trans-differentiated, iron
citrate is able to redirect ECM characteristics towards muscular ECM
and to block calcium crystal deposition. Being increase in fibrosis and
in arterial stiffness relevant for cardiovascular complication, morbidity,
and mortality in CKD patients, the iron effect in preventing osteo-
chondrogenic ECM modification should deserve attention and further
investigation.
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