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ABSTRACT
Metastatic calcification of cardiac valves is a common complication in

patients affected by chronic renal failure. In this study, primary bovine aortic
valve interstitial cells (AVICs) were subjected to pro-calcific treatments consist-
ing in cell stimulation with (i) elevated inorganic phosphate (Pi ¼ 3 mM), to
simulate hyperphosphatemic conditions; (ii) bacterial endotoxin lipopolysaccha-
ride (LPS), simulating direct effects by microbial agents; and (iii) conditioned
media (CM) derived from cultures of either LPS-stimulated heterogenic macro-
phages (commercial murine RAW264.7 cells) or LPS-stimulated fresh allogenic
monocytes/macrophages (bCM), simulating consequent inflammatory
responses, alone or combined. Compared to control cultures, spectrophotometric
assays revealed shared treatment-dependent higher values of both calcium
amounts and alkaline phosphatase activity for cultures involving the presence
of elevated Pi. Ultrastructurally, shared peculiar pro-calcific degeneration pat-
terns were exhibited by AVICs from these latter cultures irrespectively of the
additional treatments. Disappearance of all cytomembranes and concurrent for-
mation of material showing positivity to Cuprolinic Blue and co-localizing with
silver precipitation were followed by the outcropping of such a material, which
transformed in layers outlining the dead cells. Subsequent budding of these
layers resulted in the formation of bubbling bodies and concentrically laminated
calcospherulae mirroring those in actual soft tissue calcification. In conclusion,
the in vitro models employed appear to be reliable tools for simulating meta-
static calcification and indicate that hyperphosphatemic-like conditions could
trigger valve calcification per se, with LPS and allogenic macrophage-derived
secretory products acting as possible calcific enhancers via inflammatory
responses. Anat Rec, 295:1117–1127, 2012.VC 2012Wiley Periodicals, Inc.
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INTRODUCTION

Cardiovascular mortality still represents the leading
cause of death in patients affected by end-stage renal
disease. Derangement of divalent ion metabolism with
consequent hyperphosphatemia, high calcium load, and
increased calcium-phosphorus (Ca x P) product is sug-
gested largely to contribute to the pathogenesis of valve
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calcification in uraemic patients (Ribeiro et al., 1998;
Block, 2000; Tarrass et al., 2006). There is also increas-
ing evidence suggesting that the mineralization of heart
valves in dialysis patients shares multiple pathogenetic
and clinical aspects with atherosclerosis including
inflammation, lipid and lipoprotein deposition, and pres-
ence/regulation of bone-related proteins (Torun et al.,
2005; Wang, 2009; Montasser et al., 2011).

In the attempt to clarify the mechanisms underlying car-
diovascular tissue mineralization, in the last decade several
in vitromodels have been developed, providing a simulation
of: (i) metastatic calcification, subjecting cells to high levels
(�2 mmol/L) of either organic phosphate (Mathieu et al.,
2005) or inorganic phosphate (Pi; Jono et al., 2000; Steitz
et al., 2001; Giachelli et al., 2005); (ii) inflammation, treat-
ing cells with conditioned medium from cultures of
heterogenic macrophages stimulated with bacterial endo-
toxin lipopolysaccharide (LPS; Tintut et al., 2002; Babu
et al., 2008), which was supposed to contain pro-inflamma-
tory cytokines, as recently confirmed (Xu et al., 2007; Wu
et al., 2009); and (iii) co-existence of metastatic calcification
and inflammation, stimulating cells cultured under miner-
alizing conditions with tumor necrosis factor alpha (TNF-a;
Kaden et al., 2005) or LPS (Rattazzi et al., 2008).

Using these models, major results were that minerali-
zation of cardiovascular tissues is associated with
alkaline phosphatase (ALP) activity increasing as well
as the expression of bone-related mediators in vascular
smooth muscle cells or in aortic valve interstitial cells
(AVICs), in contrast with other findings showing calcifi-
cation of aortic valves to depend on various types of cell
death processes (Kim, 1995; Jian et al., 2003; Somers
et al., 2006; Rattazzi et al., 2008).

In previous studies on in vivo experimentally induced
aortic valve mineralization, the calcific event was shown
to depend on a peculiar AVIC degenerative process cul-
minating with a lipid-release-dependent formation of
peripheral phthalocyanin-positive layers (PPLs), acting
as major hydroxyapatite (HA) nucleation sites at the
level of cells and cell-derived vesicular bodies (Ortolani
et al., 2002a,b, 2003, 2007). Similar calcific degenerative
patterns were also found to take place in cultured AVICs
using a novel in vitro model simulating dystrophic calci-
fication (Ortolani et al., 2010).

In the present study, different in vitro conditions were
accomplished to elucidate the possible contributes of pu-
tative agents in influencing metastatic calcification.
Combined spectrophotometric estimations and ultra-
structural analysis revealed how AVICs are responsive
to the treatments, with elevated Pi alone a sufficient
trigger of mineralization and possible enhancement
exerted by LPS and species-specific pro-inflammatory
mediators. In addition, calcification was found to corre-
late with a shared AVIC degeneration pattern as those
described previously, which included the generation of
final calcifying cell-derived structures superimposable to
those existing in actual in vivo ectopic calcification.

MATERIALS AND METHODS

Isolation and Culture of Aortic Valve Intersti-
tial Cells

Primary cultures of AVICs were obtained by enzymatic
digestion of aortic valve leaflets isolated from hearts of

slaughtered healthy bovines (age ¼ 15 months), as previ-
ously described (Rattazzi et al., 2008). Namely, excised
aortic roots were placed in Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma) plus 1% penicillin/streptomycin
and 1 lg/mL amphotericin B kept cool in ice. Then, aortic
valve leaflets were isolated, depleted of endothelial cells
by gentle surface scraping, and minced into �2–3 mm3

pieces, which were digested with type-I collagenase (125
U/mL; Sigma), elastase (8 U/mL; Sigma), and soybean
trypsin inhibitor (0.375 mg/mL; Sigma) for 30 min at
37�C. After digestion, the pieces were transferred into tis-
sue culture Petri dishes (Greiner) and cultured in DMEM
plus 20% Fetal Bovine Serum (FBS; Gibco), 1% L-gluta-
mine, and 1% penicillin/streptomycin for 7–10 days. Once
drawn from the digested pieces, AVICs were cultured in
complete DMEM as above until pre-confluent state and
expanded up to 10 folds. Cells from passages 4 to 6 were
used. Light microscopy monitoring was made using an
Olympus IX70 inverted microscope.

Conditioned Medium from Murine RAW264.7
Macrophages

Murine RAW264.7 macrophages were plated on tissue
culture flasks (Falcon) and cultured in DMEM supple-
mented with 10% FBS, 1% L-glutamine, and 1% penicillin/
streptomycin. At pre-confluence, RAW cells (passage 4)
were stimulated with LPS (100 ng/mL; Sigma) for 1 hr at
37�C, rinsed twice with DMEM plus 10% FBS, and addi-
tionally cultured in complete DMEM for 12 hr achieving
macrophage degranulation. After culture medium
collection and centrifugation, supernatant was 0.22-lm-
filtered, added with 1% polymyxin B (BioChemika) to
neutralize residual LPS, and stored at�20�C until use.

Conditioned Medium from Bovine Fresh
Macrophages

Fresh lympho/monocytes were collected by FicollV
R

(1:2;
Sigma) density gradient centrifugation of peripheral
blood from healthy bovines (age ¼ 18 months) before
slaughtering and then plated on tissue culture flasks and
maintained in complete DMEM, prepared as for RAW
cells, overnight. After lymphocyte removing by rinsing
with DMEM plus 10% FBS, monocytes were cultured in
complete DMEM for 3 days to promote cell differentiation.
These monocytes/macrophages were then treated like mu-
rine RAW264.7 macrophages.

AVIC Treatments

At pre-confluence, AVICs seeded on 35 mm culture
plates (Greiner) were cultured in DMEM plus 10% FBS,
1% L-glutamine, and 1% penicillin/streptomycin (i) alone
(control-cultures) or supplemented with: (ii) murine
RAW264.7 macrophage conditioned medium equal to 1/5
of total supernatant volume (mCM-cultures); (iii) bovine
macrophage conditioned medium equal to 1/5 of total su-
pernatant volume (bCM-cultures); (iv) 100 ng/mL LPS
(LPS-cultures); (v) 2.6 mM Pi (Pi-cultures); (vi) 2.6 mM
Pi and 100 ng/mL LPS (Pi-LPS-cultures); (vii) 2.6 mM
Pi, plus 100 ng/mL LPS, plus murine RAW264.7 macro-
phage conditioned medium equal to 1/5 of total
supernatant volume (Pi-LPS-mCM-cultures); (viii) 2.6
mM Pi, plus 100 ng/mL LPS, plus bovine macrophage
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conditioned medium equal to 1/5 of total supernatant
volume (Pi-LPS-bCM-cultures). In each cell culture sup-
plemented with 2.6 mM Pi, the final concentration of Pi
was 3 mM. The treatments were performed for 3, 6, and
9 days, renewing the culture medium every 3 days.

Calcium Quantification

After culture medium recovering, cells were scraped
from each culture plate, centrifuged, and treated with
an aqueous lysis buffer containing 50 mM TRIS-HCl,
150 mM NaCl, 5 mM EDTA, and 1% Triton X-100, pH
7.4, for 1 hr at 4�C. After micro-centrifugation at 2000
rpm for 5 min, part of supernatant (500 lL) was recov-
ered for ALP activity/protein assay and remaining lysed
samples were rejoined to their original culture media
and transferred into distinct Teflon vessels. Samples
were added with 1 mL of 65% supra-pure grade nitric
acid (Merck) and 500 lL of 30% supra-pure hydrogen
peroxide (Merck), irradiated using the High Performance
Microwave Digestion Unit mls 1200 mega (Milestone; 2
min at 250 W, 2 min at 0 W, 5 min at 300 W, 5 min at
450 W, and 6 min at 650 W), and diluted with ultra-pure
water until obtaining 100 mL of total solution. Calcium
quantification was assessed using the o-cresolphtalein
complexone method (Chema Diagnostica) and absorb-
ance was read at 575 nm with a Cary 50 Bio
spectrophotometer (Varian). Each estimation came from
10 readings of five distinct experiments.

ALP Activity/Protein Assay

Supernatants (500 lL) obtained from micro-centrifuga-
tion of lysed samples were used to determine ALP activity
and protein content. ALP activity was assessed using a ki-
netic method based on measurement of 4-nitrophenol
production (Chema Diagnostica) reading the absorbance
at 405 nm at 37�C within 5 min of enzymatic activity
using the Cary 50 Bio spectrophotometer. Values corre-
sponding to the trend line gradients coming from reading
of five distinct experiments were normalized on the basis
of protein content, estimated using a Coomassie Plus Pro-
tein Assay Reagent (Pierce) with absorbance reading at
595 nm using the spectrophotometer as above.

Ultrastructural Evidentiation of Polyanions
with Pre-Embedding Reactions with
Phthalocyanin Cuprolinic Blue

After culture medium removal, AVICs adhering to cul-
ture plates were washed twice with 0.1 M phosphate
buffer and subjected to pre-embedding reaction with
0.05% phthalocyanin Cuprolinic Blue (CB; Electron Mi-
croscopy Sciences) dissolved in 25 mM sodium acetate
buffer, containing 0.05 M magnesium chloride and 2.5%
glutaraldehyde, pH 4.8, overnight, at room temperature
and under continuous agitation. After further washing,
AVICs were post-fixed with phosphate-buffered 2% os-
mium tetraoxide (Agar Scientific) for 1 hr at 4�C, washed
again, dehydrated in graded ethanols, and embedded in
Epon 812 resin. Thin sections were collected on formvar-
coated 2 � 1-mm-slot copper grids and contrasted with
uranyl acetate and lead citrate. Observations and photo-
graphic recordings were made using a Philips CM12/
STEM electron microscope.

Ultrastructural Evidentiation of Calcium-Bind-
ing Sites with Post-Embedding Von Kossa Sil-
ver Staining

Semithin sections of CB-reacted and Epon-embedded
AVICs were mounted on glass slides, covered with a
drop of an aqueous solution of 1% silver nitrate, and
placed on an 80�C warm plate under direct sunlight
for 15 min. After washing with distilled water and dry-
ing, semithin sections were covered with a drop of an
aqueous solution of 5% sodium thiosulfate at 80�C for
5 min for silver reduction. After further washing and
drying, these semithin sections were re-embedded.
Briefly, conic Beem capsules (Agar Scientific), previ-
ously cut at their top, were placed onto the slides
encircling each reacted semithin section, glued at their
base, and filled with Epon-Araldite fluid. After resin
polymerization, the re-embedded sections underwent
standard processing.

Statistical Analysis

The values of calcium amounts were reported as mean
6 SD. Statistical differences among control and the dif-
ferent AVIC treatments were assessed using the ANOVA
test, with Bonferroni correction for multiple compari-
sons. Values with P < 0.0001 were considered to be
statistically significant.

RESULTS

To assess whether and how much elevated Pi and/or
pro-inflammatory agents promote AVIC-mediated miner-
alization, spectrophotometric estimations of calcium
amounts and ALP activity were carried out on treated pri-
mary cultures of cells derived from bovine aortic valve
leaflets. ALP activity was tested because it is one of the
most representative enzymes implicated in calcification.

In Fig. 1, the values are reported on the amounts of
calcium contained in digested samples from AVIC cul-
tures after 9-day-long treatments. The mean values
resulted for samples from control-cultures, LPS-cultures,
mCM-cultures, and bCM-cultures were similar to one
another and collectively lower with respect to those in
samples from the cultures supplemented with elevated
Pi. Also, these higher mean values were similar to one
another, except for the Pi-LPS-bCM-cultures, which con-
tained even more mineral.

The values of ALP activity in the 9-day-long AVIC cul-
tures are reported in Fig. 2. Compared to control-
cultures, no change resulted for mCM-cultures and bCM-
cultures, a weak increase for LPS-cultures, and a further
weak increase for Pi-cultures. A marked increase
resulted for the remaining cultures, being the highest
value measured for Pi-LPS-cultures, with linearly lower
values for Pi-LPS-mCM-cultures and Pi-LPS-bCM-cul-
tures, respectively.

Since the values of calcium content were markedly
increased for all four cultures containing elevated Pi,
whereas higher ALP activity only resulted for the cul-
tures containing elevated Pi combined with other
treatments but not Pi alone, supplementary estimations
of this parameter were supplied for all these cultures
verifying the time course spanning 3–9 days (Fig. 3). In
detail, enzymatic activity reached a maximum at 6-day-
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long incubation for Pi-cultures, with a subsequent drop
at 9 days. Conversely, enzymatic activity underwent a
roughly linear increase up to day 9 for Pi-LPS-, Pi-LPS-
mCM-, and Pi-LPS-bCM-cultures.

Morphologically, the mineralization rates induced by
the applied treatments were readily recognizable under
the inverted microscope on the basis of size and number

of formed calcific nodules. The presence of calcific nod-
ules only in Pi-containing cultures was apparent as well
as the most marked calcification occurring in Pi-LPS-
bCM cultures (Fig. 4).

Severity of cell alterations was assessed at the ultra-
structural level on samples subjected to pre-embedding
histochemical reactions based on the use of acidic

Fig. 1. Spectrophotometric estimation of calcium amounts for 9-
day-long-cultured bovine AVICs with no treatment (Ctrl) or after differ-
ent stimuli alone or combined, that is, lipopolysaccharide (LPS), mu-
rine conditioned medium (mCM), bovine conditioned medium (bCM),
and elevated (2.6 mM) inorganic phosphate (Pi), with the vertical

hatched line distinguishing Pi-lacking treatments from Pi-containing
ones. The values are reported as mean 6 SD. The values concerning
the treated cultures are significantly different (*) from those of control-
cultures, and those concerning Pi-LPS-bCM-cultures are significantly
different (**) from all others; P < 0.0001.

Fig. 2. Spectrophotometric estimation of ALP activity for 9-day-long-cultured bovine AVICs with no
treatment or after the different stimulations as in Fig. 1.
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mixtures of glutaraldehyde and copper phthalocyanin
Cuprolinic Blue (CB; see Materials and Methods ses-
sion). Since this mixture allows sample decalcification
with simultaneous retention of acidic-lipid-containing
material resulting from the degradation of cytoplasmic
organules and membranes, this method previously
showed the peculiarity of the AVIC degeneration occur-
ring in in vivo experimental models of accelerated
calcification (Ortolani et al., 2002a,b, 2003, 2007) as well
as in an in vitro model simulating dystrophic calcification
(Ortolani et al., 2010). In addition, resin semithin sections
of CB-reacted samples were subjected to post-embedding
reactions based on metallic silver precipitation, namely
the reaction of von Kossa, widely used on histological sec-

tions to detect calcific sites (see Materials and Methods
session).

On thin sections, control AVICs showed well preserved
intracytoplasmic organelles and lamellipodia with associ-
ated anchoring stress fibers (Fig. 5A,B), that is, the flat
protoplasmic protrusions and cytoskeleton filaments
which usually characterize adhering cultured cells.

As in controls, no apparent damage was appreciable for
AVICs from mCM-cultures, bCM-cultures, and LPS-cul-
tures (not shown). In all experiments in which elevated Pi
was present, a distinct cell degenerative process was
observed which included (i) degeneration of cytoplasmic
organules, (ii) release of CB-reactive material, and (iii)
margination of this material and its outward budding. In

Fig. 3. Spectrophotometric estimation of ALP activity time course spanning 3–9 days for bovine AVIC
cultures after all treatments involving the presence of elevated Pi.

Fig. 4. Light microscopy micrographs of unstained AVIC mono-
layers. A–D: Absence of calcium precipitation in control cultures (Ctrl)
and cultures treated with lipopolysaccharide alone (LPS), murine
derived conditioned medium alone (mCM), and bovine derived condi-

tioned medium alone (bCM). E–H: Presence of calcium precipitation in
monolayer cultures treated with elevated (2.6 mM) inorganic phos-
phate alone (Pi), PiþLPS, PiþLPSþmCM, and PiþLPSþbCM. Original
magnification: 10�.
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Fig. 5. A and B: Thin sections showing normal features in AVICs
from control-cultures. C–F: Altered features in AVICs from cultures
added with 2.6 mM Pi: autophagocytic vacuole (double arrowhead in
D); myelin figure (double white arrow in D); CB-reactive layers (frame-
PPL in E); calcospherulae (black arrows in D and F); phagocyted cal-

cospherula (arrowhead in C); hydroxyapatite crystals (HA in D). G: CB-
reactive lipid droplets (LD) in an AVIC cultured with PiþLPS. H: Vesic-
ulation and CB-reactive material (PPM) in an AVIC cultured with
PiþLPSþmCM. Magnifications: 3,000� (A); 12,000� (B); 9,000� (C
and D); 20,000� (E); 7,000� (F); 25,000� (G); 11,000� (H).
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more detail, initial AVIC alteration consisted in the
abnormous dilation of rough endoplasmic reticulum, swel-
ling of mitochondria with progressive dissolution of
christae, cytoplasm vesiculation, mounting disruption/
loss of all membrane-bound organelles and nuclear enve-
lope, with the appearance of a lot of phthalocyanin-
reactive lipid droplets, autophagocytic vacuoles/lyso-
somes, and myelin figures (Figs. 5D,G,H and 6A,C,D).
Cytoplasm vacuolization also depended on depletion of
swollen mitochondria and was complicated by their join-
ing/fusion into greater vacuoles. During these processes,
previously accumulated lipid-like amorphous material
was poured into the major vacuoles, transforming them
into lipid inclusions subsequent to fragmentation and dis-
solution of lining membranes (Figs. 5H and 6C). The
resulting lipid inclusions underwent a progressive
increase in reactivity to pre-embedding reaction with CB
(Figs. 5G and 6A) and were selective sites for metallic sil-
ver particle deposition, after additional post-embedding
von Kossa silver staining (Fig. 6B). An incipient increase
in cytoplasm electrondensity seemed to result from the
melting of these reactive lipid droplets with associated
overgrowing of amorphous phthalocyanin-positive mate-
rial (PPM), which entrapped organule-derived remnants
and clusters of degrading ribosomes (Figs. 5H and 6D).

More advanced degenerative features were (i) shorten-
ing/disappearance of lamellipodia, with cells acquiring
smoothed profiles and irregularly roundish shapes, (ii)
complete colliquation of organules, and (iii) their replace-
ment by increasing PPM. Centrifugal PPM spreading in
waves followed, resulting in the appearance of multila-
minated, CB-reactive PPLs outlining the body of cell
remnants and being 100–200 nm thick (Figs. 5E and
6E). Initial pseudo-orthogonal precipitation of needle-
like HA crystals appeared mostly to occur at level of
PPLs, revealing their marked pro-calcific role (Fig. 6F).
The same involvement was exhibited by initial PPL-
derived bodies, detaching from cell surface and, to a
lesser extent, intracellular transitional forms of PPM
into PPLs. Co-localization between HA crystal nuclea-
tion and metallic silver precipitation was also evident
after von Kossa reactions (Fig. 6G).

These degenerative phenomena appeared to end with
the dead PPL-lined cells undergoing fragmentation into
heterogeneously sized bubbling bodies (Fig. 7A,B), with
overlapping sporulation-like PPL budding and pinching
off, so generating rounded concentrically laminated cal-
cospherulae mostly characterized by a punctate dense
core, with diameters ranging between 130 nm and 1 lm
(Fig. 7A–E). Also these PPL-derivatives were strongly
reactive to silver von Kossa reactions (Fig. 7F).

It is worth noting that stimulation with elevated Pi
alone was sufficient to give rise to all degenerative pat-
terns including the genesis of calcospherulae (Fig. 5D).
Of interest, calcospherulae phagocytated by still viable
AVICs were encountered (Fig. 5C).

DISCUSSION

The elevated Pi concentration settled in the AVIC cul-
tures was consistent with the hyperphosphatemic
conditions in organisms, thus allowing to test the implica-
tions of this inorganic element, as well as bacterial
endotoxin LPS and macrophage-derived inflammatory
mediators, in a context reproducing metastatic calcification.

Aside from the additional stimulations, prominent cal-
cific events occurred in all cultures containing elevated
Pi. Since Pi concentration (3 mM) was consistent with
conditions of severe hyperphosphatemia, such a condi-
tion seems to be capable of inducing ectopic calcification
per se, consistently with the concept that elevated Ca x
P product represents the most predictive parameter for
cardiac valve calcification in hemodialysis patients
(Ribeiro et al., 1998; Block, 2000; Tarrass et al., 2006).

Compared to Pi-cultures, additional increase in cal-
cium amount resulted for Pi-LPS-bCM cultures
exclusively. The absence of increase in calcium amounts
after superstimulation of 9-day-cultured AVICs with en-
dotoxin LPS is not consistent with a previous report of
marked mineralization occurring in Pi-LPS treated AVIC
cultures (Rattazzi et al., 2008). However, those results
concerned longer incubation times. On the other hand,
the highest ALP activity resulted for Pi-LPS treatment
in the present investigation. Of note, direct pro-calcific
effects by LPS, including ALP activity enhancement,
were shown to occur for cultured AVICs with the
involvement of specific LPS Toll-like receptors (TLRs;
Babu et al., 2008; Meng et al., 2008; Yang et al., 2009).
Thus, it seems likely that this bacterial endotoxin can
exert some pro-calcific effect on AVICs, superimposing to
that exerted by elevated Pi.

Additional stimulations with conditioned media
derived from cultures of monocytes/macrophages, in
their turn stimulated with LPS, were accomplished with
the rationale of simulating inflammatory conditions due
to a bacterial infection in the organism. A stimulation
with conditioned medium from LPS-stimulated mono-
cytes/macrophages was already used on a subset of
bovine aorta-wall-derived smooth muscle cells (Tintut
et al., 2002), named calcific vascular cells (CVCs; Watson
et al., 1994), eliciting TNF-a secretion associated with
increased ALP activity. Moreover, specific interaction of
LPS with TLR-4 was reported to prime the activation of
murine RAW264.7 macrophages, suggesting their contri-
bution in mineralizing processes (Hume et al., 2001; Wu
et al., 2009).

In this investigation, conditioned media from cultures
of LPS-activated RAW264.7 macrophages did not cause
increase in mineralization, whereas a clear calcific out-
growth occurred by using conditioned media from
cultures of allogenic primary macrophages. Taking into
account that macrophage activation by bacterial wall
components correlates with secretion of species-specific
chemo/cytokines (Nagao et al., 1992) and that equal
pathogen doses can trigger different inflammatory cell
responses (Munford, 2010; Warren et al., 2010), it is fea-
sible that species-specific macrophage-derived cytokines
are needed to enhance calcific responses by AVICs.

Together, the above results are in line with the con-
cept that products derived from GRAM-negative bacteria
may contribute in triggering cardiac valve calcification
via inflammatory reactions, as suggested by the detec-
tion of Chlamydia pneumoniae in both stenotic and
sclerotic semilunar valves (Juvonen et al., 1997;
Nystr€om-Rosander et al., 1997), as well as the experi-
mental demonstration that animal aortic valves undergo
mineralizing effects after inoculation with oral bacteria
(Cohen et al., 2004).

Concerning ALP activity in 9-day-long cultures, prom-
inent increases were restricted to the three cultures
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subjected to superstimulation with LPS and LPS plus
conditioned media. Since prominent increase in calcium
amount was a response shared by Pi-cultures and all
superstimulated cultures, analogous sharing was
expected to exist for ALP activity. This was not the case
because of lower enzyme activity for Pi-cultures. On
extending the estimation of ALP activity to 3-day and 6-
day long cultures, a similar increase was shared by all
four culture types up to 6 incubation days, whereas
there was a marked drop in Pi-cultures between the
sixth and the ninth day, in contrast with a further
increase occurring for the other three treatments. This
was consistent with the reported finding of lower activ-
ity for AVIC Pi-cultures versus Pi-LPS cultures (Rattazzi

et al., 2008). Thus, it is reasonable that ALP activity
may be involved in mineralization but without acting as
an exclusive driving factor.

Of interest, pro-inflammatory cytokines such as TNF-a
were reported to induce over-expression of type III so-
dium-dependent Pi cotransporter PiT-1 (Li and Giachelli,
2007), with a possible increase in Pi uptake by cultured
mineralizing vascular smooth muscle cells (Lau et al.,
2010). Putatively, a differential cytokine-induced over-
expression of PiT-1 by AVICs and consequent massive Pi
uptake might enhance calcium phosphate formation,
thereby eliciting greater HA precipitation at the edges of
AVICs and AVIC-derived products in Pi-LPS-bCM cul-
tures, independently from the rate of ALP activity.

Fig. 6. A–G: Thin sections showing altered features in AVICs from
cultures added with 2.6 mM-PiþLPSþbCM: CB-reactive lipid droplets
(LD in A); selective precipitation of metallic silver (Ag with arrows in B
and G); vesiculation (in C and D) with inter-vesicule lipid material pour-

ing (asterisks in C); CB-reactive material (PPM in D); CB-reactive
multi-laminated layer (frame-PPL in E); hydroxyapatite crystals (HA in
F and G). Magnifications: 14,000� (A); 20,000� (B); 11,000� (C);
13,000� (D); 17,000� (E and F); 25,000� (G).
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It is worth to note that increases in ALP activity were
never associated with signs suggesting some AVIC
trans-differentiation into osteoblast-like cells, being the
progression of calcific processes exclusively accompanied
by advancing of the described pro-calcific degenerative
patterns showed by the dying/died cultured AVICs.

Although apoptosis was reported to occur for cultured
ovine calcifying AVICs stimulated with transforming
growth factor beta (TGF-b; Jian et al., 2003) as well as a
specific clone of bovine AVICs after stimulation with
LPS (Rattazzi et al., 2008), neither ultrastructural hall-
marks nor positivity to TUNEL tests (not presented)
were found in the present investigation. Rather, the ob-

servation of frequent macroautophagocytosis figures at
the early treatment stages might suggest that autopha-
gic cell death might be primed, as reported for calcified
aortic valve stenosis (Somers et al., 2006), with the
occurrence of unusually extensive lipolytic processes,
possibly resulting in a prominent release of phospholi-
pids and free fatty acids, consistently with the observed
reactivity to cationic dye CB. Work is in progress to as-
certain whether the observed degeneration patterns
depend on a sudden unregulated cell breakdown or are
the final steps of an aborted orthodox type of cell death,
if not of a wholly undescribed type of regulated cell
death.

Fig. 7. A–F: Thin sections showing cell-derived products subse-
quent to fragmentation of AVICs from cultures added with 2.6 mM-
PiþLPSþbCM: concentrically laminated calcospherulae (CS with
arrows in A–C); bubbling bodies (single arrows in B); and minor frag-

ments showing CB-reactive layers (frame-PPL in A, D, and E); selec-
tive precipitation of metallic silver (Ag with arrows in F).
Magnifications: 4,000� (A and B); 21,000� (C); 25,000� (D); 23,000�
(E and F).
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Size and number of calcific nodules observed with light
inverted microscope for Pi-containing cultures were mor-
phological parameters fitting with the treatment-
dependent increases in calcium amount spectrophotomet-
rically estimated. Consistently, ultrastructural analysis
clearly indicated that all treated AVICs underwent dra-
matic breakdown including intracellular release/
accumulation of CB-reactive and silver-reactive material
as well as its outcropping with formation of the pericellu-
lar dark layers named PPLs. A similar cell degradation
process was already described for experimental in vivo
calcification consisting in xenogenic subdermal implanta-
tion of glutaraldehyde-treated aortic valve cusps, with
PPLs resulting to be largely formed by lipidic moieties
including phospholipids and to contain calcium-binding
sites (Ortolani et al., 2002a,b, 2003, 2007), as well as ex-
perimental in vitro models of ectopic calcification
(Ortolani et al., 2010). Additionally, ultrastructural fea-
tures reminiscent of PPLs were described for calcific
aortic valves and other soft tissues affected by ectopic cal-
cification as alcianophylic envelopes outlining so called
"thick walled cell derived products" (CDPs; Kim and
Huang, 1971; Kim, 1976; Boskey et al., 1988; Kim, 1995).

Since PPM production paralleled a progressive disap-
pearance of all cytomembrane-bounded organelles,
derived membranous residues and nuclear chromatin, it
ensues that such a substance results from a complete col-
liquation of all these components. This was also confirmed
by the observation of a lot of transitional patterns showing
disrupting organelles or their ghosts to merge with PPM
or to be embedded within such a material.

The role of these cell-derived products as major HA
nucleators was supported by co-localization of calcium-
binding sites, as revealed by the selective precipitation
of metallic silver after von Kossa staining, as well as
effective superimposition of HA crystals.

A further significant outcome in the present study was
the identification of multilayered PPLs and concentrically
laminated calcospherulae, these latter being closely remi-
niscent of the typical "porous particles in concentric
layering" described for calcific aortic valves and other tis-
sues affected by ectopic calcification (Kim, 1995) as well
as failed calcific valve bioprostheses (Valente et al., 1985).

Because of affinity to von Kossa silver staining and
superimposition by HA crystals, the calcospherulae seem
to act as mineralization enhancers in the most advanced
calcific stages, providing a widespread dissemination of
supernumerary nucleation sites. This role is analogous to
that played by matrix vesicles and/or apoptotic bodies in
both physiological calcification and pathological one
(Anderson, 1983; Kirsch, 2006), although being quite dif-
ferent cell-derived structures. In fact, calcospherulae
appeared to result from a passive budding of PPLs and
lack in cytoplasm, showing a roughly shared para-crystal-
line structure because of the presumable rearrangement
of the pre-existent array of the lipid moiety at the level of
the PPL-forming layers. Conversely, matrix vesicles and
apoptotic bodies are described to result from distinct
regulated mechanisms, contain organized cytoplasm, and
are outlined by membranes with specific molecular archi-
tectures, including either inner location of phospholipids
(Wu et al., 1997) or outer location (Bratton et al., 1997),
respectively.

In conclusion, the used in vitromodels represent reliable
tools for simulating metastatic heart valve calcification,

being calcospherulae actual structures characterizing ec-
topic mineralization, and the obtained results suggest that
metastatic calcification in systemic conditions results from
a peculiar AVIC degeneration and subsequent death which
is triggered by hyperphosphatemia per se, with possible
enhancing effects exerted by bacterial products and pro-
inflammatory mediators.
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