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Abstract 

Calcification in necrosis has long been known. Of 
the tissue components, the cells are most vulnerable. 
Nevertheless, little attention has been paid to the role of 
cell death in calcification. This review attempts to up
date the mechanism of calcification with an emphasis on 
the role of apoptosis in calcification. A brief review on 
the basic sciences relevant to calcification is followed by 
a discussion of abnormal Ca2+ and Pi homeostasis in 
cell injury and apoptosis. · Concomitant increases in 
ca2+ and Pi in blebs (and matrix vesicles) formed by 
apoptotic and/or necrotic cells are apparently the pri
mary mechanism of calcification. In addition, membra
nous cellular degradation products (CDP) resulting from 
cell disintegration in toto frequently serve as the nidus of 
calcification. Published data on physiological calcifica
tion are compared with findings in various dystrophic 
calcinoses. This led to the conclusion that apoptosis 
most likely underlies the mechanism of both physiologi
cal and pathological calcifications. It is concluded that 
calcification is an important function of apoptosis. The 
mechanism of calcification by CDP and morphology of 
the resultant calcific deposits are complex. 

Key Words: Cell death, Cellular degradation products, 
blebbing, matrix vesicles, calcium phosphate crystals, 
phospholipids, Ca2+ and Pi metabolism, cell aging, vas
cular calcinosis, neoplastic calcinosis, nephrocalcinosis, 
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Introduction 

A variety of functions from development, growth, 
tissue remodeling, differentiation, clonal selection in the 
immune system, cell aging to oncogenesis has been as
cribed to apoptosis. This review appends an additional 
function to apoptosis, i.e., calcification. 

It has long been known that calcification follows 
tissue necrosis (Virchow, 1855). Of the tissue compo
nents, the most vulnerable are the cells. Nevertheless, 
little attention has been paid to the role of cell death in 
calcification. Recent advances on the mechanism of cell 
death indicate that the loss of ion regulation in cell death 
may play the primary role in calcification. Widespread 
occurrence of apoptosis may account for the common 
incidence of calcification in various tissues. 

Cell death is currently classified under apoptosis and 
necrosis. Programmed cell death in developing verte
brates has been known for several decades. On the 
basis of morphological characteristics, Kerr et al. (1972) 
introduced the concept of apoptosis as naturally occur
ring cell death that plays an opposite role to mitosis in 
regulation of the cell population. Apoptotic cells are 
said to display cell shrinkage, nuclear chromatin conden
sation and blebbing of the plasma membrane, whereas 
necrotic cells show cell swelling (Arends and Wyllie, 
1991). However, detailed observations revealed a con
siderable overlap in morphological changes between the 
two (Clarke, 1990). 

Programmed cell death has been best characterized 
in a nematode, Caenorhabditis elegans, mediated prima
rily by ced-9 and other gene products. It subsequently 
became apparent that suppression of apoptosis in mam
mals is mediated by bcl-2, their equivalent of ced-9. 
These observations ignited an explosion of data in the 
field. In addition to the opposing effects of bcl-2 and 
p53, proto-oncogenes, especially c-myc, and cytokines, 
e.g., transforming growth factor beta (TGF-tl), have 
been shown to be essential for apoptosis in certain types 
of cells (see, Stewart, 1994). Of the changes described 
in apoptosis, DNA fragmentation, that gives the ladder
ing pattern on agar gel and peripheral chromatin conden
sation, are generally construed as the hallmark for apop-
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tosis (Arends et al., 1990; Arends and Wyllie, 1991). 
However, the reliance on these criteria resulted in a con
fusion as to what constitutes apoptosis (Farber, 1994). 
For instance, cell death due to a variety of cell injuries, 
i.e., radiation and chemotherapy to malignant neo
plasms, are commonly included in apoptosis. Apoptosis 
does not occur through a uniform pathway (Evans, 
1993). Furthermore, changes characteristic of apoptosis 
can occur without DNA fragmentation (Cohen et al., 
1992; Ucker et al., 1992), in interphase nuclei incubated 
in a mitotic extract (Nakagawa et al. , 1989), anoxic in
jury to myocardiocytes (Tanaka et al., 1994), okadaic 
acid treated hepatocytes (Boe et al., 1991), normal kid
neys (Enright et al., 1994), and exposure of the cells to 
a low temperature (Liepins and Younghusband, 1985). 
The extent of these changes occurring in non-apoptotic 
conditions remains to be determined. The process of 
cell death is complex and likely to affect practically 
every aspect of cell functions. Although the distinction 
between apoptosis and programmed cell death has been 
proposed (Schwartz et al., 1992), they are usually con
sidered synonymous (Stewart, 1994). It will be quite 
some time before a clear concept of apoptosis is out
lined. This review is not intended for an in depth dis
cussion of apoptosis but for an establishment of the link
age between cell death, both apoptosis and necrosis, and 
calcification. Naturally occurring cell death without not
able cause, as seen in the epiphyseal cartilage, aging 
vascular connective tissue and microscopic "tumor ne
croses" , are considered apoptotic in this review. 

Basic sciences relevant to calcification and calcium 
and phosphate homeostasis in relation to cell death are 
briefly reviewed. Published data on physiological calci
fication are compared with calcification resulting from 
apoptosis in human. This leads to the conclusion that 
apoptosis underlies the mechanism of both physiological 
and pathological calcifications. 

It is also aimed to update the mechanism of calcifi
cation with an emphasis on the role of membrane related 
phenomena during cell death. For brevity, attempts 
were made to cite recent reviews instead of the original 
articles. For the potential role of extracellular matrix in 
calcification, readers are referred to other reviews, e.g., 
see, Boskey (1992). 

Ion activity products and calcification 

As ion concentrations increase in a solution, the 
incidence of collisions between solubilized ions, e.g. , 
Ca2+ and phosphate (Pi), increases. The ions form 
clusters of critical size, or nuclei. Addition or deletion 
of one more molecule to or from the nucleus will lead 
to crystallization or dissolution of the nucleus. Once the 
nucleus is formed, the subsequent growth of crystal 
occurs very rapidly (Boistelle, 1986; Nancollas, 1976). 
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The nuclear size for each crystal varies with the degree 
of solute concentration; the greater the concentration, the 
smaller the sizes of the nuclei and the higher the nuclea
tion frequency (Boistelle, 1986). 

Nucleation of a crystal solely dependent upon satu
ration of solutes is said to be homogenous. Addition of 
solid particles to the solution catalyzes nucleation, caus
ing heterogenous nucleation. The surface of the solid 
serves as a substrate for heterogeneous nucleation by 
reducing the size of the nucleus and the energetic barrier 
between the nucleus and the solution. Fewer molecules 
are required for a nucleus to reach the critical size on 
the substrate than the number needed in homogeneous 
nucleation. The closer the surface structure of the sub
strate is to structure of the crystal surface, the better 
substrate the solid will be (Boistelle, 1986). Thus, 
apatite is the best substrate for apatite nucleation. In 
view of the abundance of solids in tissues, homogenous 
nucleation is unlikely to take place in vivo. However, 
the ideal substrate for heterogeneous nucleation has yet 
to be identified. 

Mammalian extracellular fluid (ECF) is metastable 
with respect to calcium hydroxyapatite (apatite) . In iso
lated serum, apatite nucleation does not occur but addi
tion of apatite seed to serum results in a rapid prolifera
tion of apatite, reaching a new equilibrium between apa
tite and serum at 1/3 of the original concentrations of 
Ca2+ and Pi (Neuman and Neuman, 1958). This find
ing raises two critical issues; apatite nucleation in vivo 
occurs in a seemingly undersaturated solution and the 
formed apatite is maintained in an oversaturated solu
tion. Through a delicate balance of the degree of super
saturation in ECF, it is evidently possible to induce cal
cification by certain local mechanism(s) and to confine 
the deposits to calcified tissues. As is the case with 
many biological phenomena, there is not yet a clear defi
nition of calcification. With the current lack of knowl
edge, calcification usually refers to nucleation and 
growth of apatite. The maintenance of apatite in calcific 
deposits in disequilibrium with ECF has rarely been 
dealt with. 

In addition to ion concentrations, many factors , i.e., 
temperature, pH, ionic strength, impurities, etc. affect 
crystal formation . A number of promoters or inhibitors 
of apatite nucleation are known to exist in tissue fluids. 
Nucleation, growth and proliferation of crystals are dis
continuous processes and are affected by different sets 
of promoters and inhibitors (Terrnine, 1972). Crystal 
nucleation requires an induction time, which also de
pends on the degree of supersaturation (Nancollas, 
1976). In general, newly formed crystals need to ma
ture in order to yield recognizable X-ray diffraction 
patterns. This is one of the reasons that apatite in its 
early stage of formation is difficult to detect. 
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Table l. Interplanar spacings (dA) of 3 different crystals determined by electron diffraction•. 

hid dA1 dA hid dA2 dA hid dA3 dA 
CO3AP Porous (OH)AP Needles Ca3(PO4)i Solid 

002 3.46 3.45 111 3.88 3.88 104 6.49 6.46 

102 3.17 3.19 002 3.43 3.44 110 5.21 5.20 

210 3.04 3.04 210 4.04 4.06 202 4.39 4.40 

112 2.78 2.78 211 2.81 2.82 024 4.06 4.12 

300 2.68 2.70 202 2.63 2.66 1010 3.45 3.48 

202 2.62 2.64 301 2.49 2.53 214 3.21 3.22 

310 2.231 2.26 212 2.29 2.30 217 2.88 2.89 

222 1.929 1.94 310 2.25 2.26 128 2.757 2.76 

213 1.838 1.83 203 2.00 2.01 220 2.607 2.62 

004 1.736 1.71 213 1.76 1.75 2110 2.52 2.50 

•Line intensities that were taken into account are not included. 
1Calcium carbonate apatite, Joint Committee on Powder Diffraction; Standard data file, #19-272. 
2Calcium Hydroxyapatite, the data file , #24-33 . 
3Whitlockite, the data file, #9-169. 

-------------------------------------------------------------------------------------------------

Nucleation of apatite in vivo is still not well under
stood. Theoretically, apatite nucleation in ECF occurs 
because of local increases in Ca2+ and Pi concentra
tions, the presence of an ideal substrate for heterogene
ous nucleation, a local increase or decrease in promotors 
or inhibitors, or by a combination of these factors. 
Most theories of calcification fall into one of these 
categories. 

Calciwn phosphate crystals 

Crystals are formed by the orderly packing of 
(atoms and) molecules within the minimum space. The 
stability of crystals is derived from the compact fitting 
of molecules which are brought together by electrostatic 
or van der Waals attractive force . The strength of the 
electrostatic or van der Waals force increases by a factor 
of 4 or 128, respectively, as the distance between mole
cules is reduced by one half (Fagan and Ward, 1992). 
Commonly noted misconceptions are that calcification 
results from chemical reactions between Ca2+ and Pi, 
and organic complexes of Ca2+ and/or Pi serve as ion 
donors for calcification. This is theoretically unlikely 
since the attractive forces of solubilized molecules are 
weaker than chemical bonds. It is, however, possible 
that certain molecules formed by chemical bonds may 
serve as building blocks for the formation of apatite. If 
an organic complex of Ca2+ or Pi accidentally fits into 
a developing crystal, it disturbs the order of arrangement 
of molecules within the growing crystal, and the com
plex will inhibit crystal growth. Polyphosphonates are 
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efficient inhibitors of calcification and have been used 
for the prevention of calcification and for the treatment 
of Paget' s disease. Polyphosphonates are believed to in
hibit apatite formation by their aberrant fitting to the 
growing crystal (Blumenthal, 1989; Fleisch 1980). The 
strong affinity of Ca2+ for Pi suggests a better spatial fit 
between these two molecules. It is interesting that solu
bilized proteins inhibit calcification whereas the same 
proteins , when they are immobilized on the surface of 
solids, promote calcification (Nancollas and Zawacki, 
1989). 

Crystals in nature, especially biological ones, are 
seldom, if ever, ideal (Bloss , 1971). For instance, the 
Ca/P ratio of the skeletal apatite is consistently lower 
than the theoretical value of 1.67. The discrepancy is 
attributed to crystal defects and/or the coexistence of 
crystals of a lower Ca/P ratio. A variety of crystal de
fects such as deletions or substitutions of molecules in 
apatite has been described (Terrnine, 1972). Halogens 
frequently substitute for Off in apatite. Fluorine sub
stitution for Off in apatite is believed to increase the 
stability of apatite in teeth. A considerable proportion 
of phosphate in skeletal apatite is replaced by carbonate, 
which is a known cause for a lower Ca/P ratio of 
calcific deposits (LeGeros, 1981). 

In synthetic metastable solutions, amorphous (non
crystalline) calcium phosphate (ACP) with a stoichiome
try of 3 Ca - 1. 8 Pi tends to form first, followed by a 
spontaneous transformation to apatite. Inasmuch as the 
formation product of ACP is lower than apatite, it is an 
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Figure 1. An area of calcific deposits in human aortic 
valve. In addition to needle shaped apatite, porous 
particles in concentric layering (P), fine fibrils (F) and 
solid deposits are seen. The deposits are seen either 
within membranous vesicles (CDP) or needles are 
radially embedded in thick-walled vesicles. 

Figure 2. (a) Plate shaped apatite in a calcific aortic 
stenosis. The deposit is from an area of massive calcifi
cation. (b) A calcified CDP in a carotid atheromatous 
plaque. Triangular plate shaped crystals are seen in the 
center. Adjacent vesicles are either empty or contain 
granular matter. 
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Figure 3. (a) Electron diffraction of porous particles 
yielded the pattern of carbonate apatite. (b) A solid 
deposit yielded the pattern of whitlockite. 

attractive candidate to explain why calcification occurs 
in ECF (Eanes and Termine, 1983). ATP can inhibit 
calcification by restraining the transformation of ACP to 
apatite (Blumenthal, 1989). In addition to ACP, other 
calcium phosphates that have higher solubility products 
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Figure 4. Spherular aggre
gates of radiating fibrils in 
paravertebral ligamentum 
flavum (yellow ligament). 
These deposits are shown to 
be associated with crystal 
ghosts or chondrocalcin. 1 A 
portion of elastic fiber (E) is 
seen in the right upper comer. 

or lesser thermodynamic stabilities, i.e., octacalcium 
phosphate (OCP; Brown et al., 1981), whitlockite (tri
calcium phosphate) and brushite (dicalcium phosphate di
hydrate, DCP) have been identified in experimental stud
ies of calcification (Eanes and Termine, 1983). As in 
ACP, the lower stabilities of these calcium phosphates 
may help them serve as precursors to apatite formation 
in calcification. However, the precursor theory suffers 
because of the difficulty of demonstrating the occurrence 
of precursors in vivo. Furthermore, the lack of stand
ardization in experimental conditions, especially of the 
solution composition, makes it difficult to correlate stud
ies from different laboratories. It is noteworthy that iso
lated matrix vesicles have been shown to nucleate OCP 
in a synthetic ECF (Sauer and Wuthier, 1988). A lower 
pH favors the formation of DCP, which, as a result, is 
frequently seen in urinary stones (see, Kim, 1982). 
Non-apatitic calcium phosphates and ACP may account 
for the lower Ca/P ratios of calcific deposits in vivo , as 
well. 

In fact, morphology of calcific deposits in tissues is 
complex (Figs. 1 and 2). Regardless of the tissues in
volved, the deposits are similar. In addition to needle
shaped apatite, plates, porous particles and solid deposits 
are frequently seen. The needles and plates yielded the 
electron diffraction pattern of hydroxyapatite, porous 
particles yielded the pattern of carbonate apatite, and 
solid deposits, ofwhitlockite (Fig. 3; Table 1). The na
ture of other morphologically distinct deposits remains 
to be determined. In certain cartilaginous tissues and in 
ligamentum flavum, calcific deposits at times assumed 
spherical aggregates formed by radiating fibrils (Fig. 4). 
However, calcified membranous vesicles of less than 
500 nm were common in these tissues. The formation 
of radiating fibrils in cartilaginous tissues has been 
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attributed to crystal ghosts (Bonucci et al., 1987) or 
chondrocalcin (Poole and Rosenberg, 1986). In addition 
to calcium phosphates, a variety of other crystalline 
deposits occur in humans (Johnson, 1986). 

A critical fact which is frequently overlooked in 
studies of calcification is that there is not yet a satisfac
tory means of detecting a nucleus of apatite in vivo. The 
so-called "initial stage of calcification" reported in the 
literature actually refers to an already advanced stage of 
calcification from a molecular point of view. Further
more, sample preparations for the analyses of calcific 
deposits may have sufficient artifacts to mislead one in 
the interpretation of the results . Handling samples in 
aqueous solutions can dissolve early calcific deposits. 
Dehydration increases local ion concentrations and can 
induce additional deposits which did not exist in the 
original specimen. For instance, the processing of sam
ples for electron microscopy (EM) can remove as much 
as 80% of calcium from tissues (Morgan, 1979). Cryo
preparation of tissues applied to X-ray microanalysis 
eliminates much of these artifacts and has provided valu
able information (Roomans, 1991). However, these 
conventional methods are hardly sensitive enough for the 
detection of crystal nuclei. This inability to detect apa
tite nuclei hinders much needed progress in the field of 
calcification. The accumulations of Ca2+ and Pi by iso
lated matrix vesicles or by other experiments are usually 
thought to precede apatite formation. Alternatively, the 
uptake of Ca2+ and Pi may result from the reduction of 
ion concentrations in matrix vesicles (MV) brought about 
by the growth of preformed apatite nuclei. The current 
interpretation of biological calcification is thus akin to 
that of archeology in fast motion. 

Hopefully, a direct visualization of the early stages 
of crystal formation by advanced optical techniques and 
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the reconstruction of the three dimensional view of apa
tite formation with the aid of space filling models and 
computer programs, which include simulation of the in 
vivo environment, will help better elucidate the process 
of nucleation and growth of apatite. In order to be able 
to control undesirable calcinosis or to prevent bone loss, 
it is important to understand the multistep process of 
apatite nucleation and growth. This will allow us to 
pinpoint the critical step to which we might apply an 
efficient crystal poison or stabilizer and thus prevent 
undesirable calcification or calcium loss from bone. 

Ca+ + and Pi Homeostasis 

Calcium and phosphate are ubiquitous in biological 
systems and have many vital functions. Both are ab
sorbed solely through the gastrointestinal tract and ex
creted through the kidneys. Plasma concentrations of 
Ca2+ and Pi undergo circadian rhythmic changes; the 
ca2+ x Pi product is highest early in the morning 
(Kemp et al., 1992; Markowitz et al., 1981). With the 
recent advent of fluorescent calcium probes, significant 
progress has been made in understanding calcium 
homeostasis. 

Calcium is mainly an extracellular ion whereas Pi is 
mainly intracellular. This separation of ions is theorized 
to prevent calcification (Kim, 1983a, 1983b). Through 
evolution of Pi utilization for high energy phosphates, 
cells appear to have adapted to avoid calcification by 
separating the ions of strong affinity, Ca2+ and Pi, with 
the plasma membrane (Kretzinger, 1990). Disruption of 
the plasma membrane ion barrier in cell injury and death 
is likely to increase the local Ca2+ x Pi product suffi
ciently enough to bring about calcification (Kim, 1983a; 
Trump et al., 1980). 

Ca+ + homeostasis 

Cytosolic Ca2 + concentration ([Ca2+]i) is maintain
ed at 50-200 nM, and extracellular Ca2+ ([Ca2+]

0
), at 

1.3 mM. The short-term maintenance of [Ca2+]
0 

is 
accomplished by parathormone (YfH) and calcitonin 
which act on plasma membrane receptors and ion chan
nels of the target cells (Bonga and Pang, 1991). Any 
changes in [Ca2+]

0 
is promptly corrected by movements 

of Ca2+ into and out of the cells especially of bone and 
kidney. In parathyroid, kidney and other tissues, the 
cells are equipped with Ca2+ -sensing cell-surface recep
tors (Brown et al., 1995). Within the cell, increased 
[Ca2+]i is buffered by mitochondria and endo(sarco)
plasmic reticulum (ER, SR), maintaining [Ca2+]i and 
[Ca2+]0 within physiological ranges. Nuclear membrane 
also participates in controlling [Ca2 +]i (Nicotera et al., 
1990). Long-term regulation of [Ca2+]

0 
is accomplish

ed by the hormonal form ofvitamin-D (1,25-(OH)i-vita
min D3, VD3) by controlling the absorption and the 
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excretion of Ca2+ and Pi. 
The extraordinarily low [Ca2+]i enables this ion to 

serve as a second messenger for a variety of agonist 
stimuli to plasma membrane receptors (Carafoli, 1987). 
The agonists, by binding to receptors, bring about tran
sient increases in [Ca2+]i following a cascade of reac
tions within the plasma membrane (Berridge, 1993). In
creased [Ca2 +]i activates Ca2+ -pumps, which are lo
cated in the plasma, the ER and the mitochondrial inner 
membranes. The excess [Ca2+]i is promptly returned to 
ground status by these pumps. Long-term maintenance 
of [Ca2+]i is accomplished mainly by the Ca2+, Mg2 + -
ATPase (Carafoli, 1994), Na+ /Ca2+ -exchanger (Lingrel 
and Kuntzweiler, 1994) and Ca2+ -channels (Tsien, 
1990) in the plasma membranes. Active cells usually 
devote some 25 to 50 % of their energy to ion pumps es
pecially the Na+ ,K+ -ATPase (Lingrel and Kuntzweiler, 
1994). Ca2+ ,Mg2+ -ATPase shares a small portion of 
the energy. Unlike Mg2+, Ca2+ does not function di
rectly as an enzymatic cofactor. The maintenance of net 
[Ca2+]i thus results from a complex interplay of ion reg
ulations by cell membranes. An excessive increase in 
[Ca2+]i connotes malfunction of the transporters. 

A sustained increase in [Ca2+]i is one of the early 
events that precede cell death, both apoptosis and necro
sis (Nicotera et al., 1992; Trump and Berezesky, 1992). 
Overloaded [Ca2+]i has profound effects on the structure 
and function of the cell by paralyzing the second mes
senger role and activating Ca2+ -dependent enzymes. In
creased Ca2 + also collapses the proton-motive potential 
gradient across the mitochondrial inner membrane result
ing in cessation of ATP synthesis (Malis and Bonventre, 
1989). 

Phosphate metabolism 

Because of the difficulty in measuring Pi, relatively 
little is known about cellular P; metabolism. Attempts 
are made to develop sensitive probes for Pi (Carbantchik 
and Gregor, 1992; Webb, 1992). With the recent ad
vent of nuclear magnetic resonance (Nl\{R) spectrosco
py, some progress in the field has been made. Concen
trations of cytoplasmic free Pi ([Pi]i) measured by NMR 
range from 0.5 to 2 mM depending on the tissue. In 
perfused rat hearts, the mitochondrial Pi concentration 
was estimated to be 2.6 times that of [Pj]i (Garlick et 
al., 1983). A large proportion of [Pj]i exists as organic 
phosphates, especially ATP. Cytosolic ATP is higher 
than 5 mM. 

Being a constituent of ATP, DNA, phosphoproteins 
and phospholipids, Pi is essential for cellular energy 
metabolism, growth and replication. Of all anions, Pi is 
best suited for the diester linkages of DNA and energy 
bonds (Westheimer, 1987). In mammalian cells with a 
well developed Na+tK+-ATPase, Pi enters the cell 
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mainly through the Na+ /Pi cotransporter. Pi transport 
across the red cell membrane and the mitochondrial 
inner membrane occurs via ci-tHCO3--, and H+ /Pi-ex
change, respectively (Wehrle and Pederson, 1989). 

The steady state of [Pi]i apparently is maintained 
primarily by mitochondrial utilization of [Pi]i for the 
synthesis of ATP. Phosphorylation of proteins and 
lipids in the ER and their hydrolysis are likely to con
tribute to the [Pi]i steady state. The equilibrium between 
H2Po4- and HPO/- serves as the primary buffer system 
in vertebrates for the maintenance of acid-base balance 
in ECF. Calcium phosphates constitute skeletal mineral 
in mammals, whereas calcium carbonates form in mol
lusks that are primarily buffered by carbonate. 

Pi transport has been studied most extensively in 
kidney and intestine, where the whole body Pi homeo
stasis is regulated. The Pi resorption through the epithe
lial cells involves two separate processes: active uptake 
at the apical membrane and transport across the baso
lateral membrane. Little is known about the transport 
across the basolateral membrane. Parathyroid hormone 
is the major regulator of renal Pi reabsorption. The 
hormone brings about rapid changes in the plasma Pi 
concentration through its action on renal tubules. In the 
same way that serum PTH level is controlled by the 
plasma Ca2+, renal Pi regulation depends on [Ca2 +]

0
, 

as well. The mechanism of regulation of renal Pi handl
ing by PTH does not yet appear clear (Quamme et al. , 
1989). VD3 stimulates renal and intestinal reabsorption 
of Pi but the mechanism is similarly unclear (Quamme 
and Shapiro, 1987). Na+ -dependent Pi uptake by cul
tured osteoblasts has been shown to be enhanced by in
sulin and fluoride (Kunkler et al. , 1991; Seltz et al., 
1991). Insulin-like growth factor-I (IGF-1) and PTH 
stimulate Na+ -Pi cotransport by epiphyseal chondrocytes 
(Montessuit et al., 1994). IGF-1 also stimulates renal 
tubular Na+ -Pi cotransport (Barac-Nieto and Spitzer, 
1994). 

The best studied of Pi transports in eukaryotes is the 
H+ /H2Po4- exchanger of the mitochondrial inner mem
brane (Wohlrab, 1986). The energy for Pi transport is 
derived from the proton gradient. In addition to its uti
lization for ATP synthesis, mitochondrial Pi cotransports 
respiratory substrate, i.e. , malate and succinate, via 
P/dicarboxylate exchange. The exchanger is independ
ent of H+ /Pi cotransport. The translocated dicarboxy
late in the cytoplasm may participate in gluconeogenesis. 
There has been increasing evidence that several fold 
increases in [Pi]i occur in cell injury (vide infra). 

Mitochondria 

Because isolated mitochondria have a large capacity 
to accumulate Ca2+, their role in calcification has been 
extensively studied (Trump et al., 1980). Mitochondrial 
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Figure 5. Canine acute tubular necrosis induced by 
bleeding. Calcific deposits are seen at flocculent 
densities (arrowhead) in mitochondria and other CDP in 
sloughed off proximal tubular epithelial cell. 

calcification occurs commonly under experimental condi
tions. However, mitochondrial calcification in vivo is 
usually limited to massive tissue necrosis, e.g., myocar
dial infarction and acute renal tubular necrosis (see Kim, 
1983a; Fig. 5). Contrary to the earlier belief, ca2+ in 
mitochondrial matrix ([Ca2+Jm) in unstimulated cells is 
probably lower than [Ca2 +Ji (Somlyo et al., 1985; 
Wendt-Gallitelli, 1986). In stimulated cells with [Ca2 +Ji 
around 800 nM, [Ca2 +Jm is estimated to be twice 
[Ca2+]i (McCormack et al. , 1992). The Ca2+ uptake 
increases exponentially in relation to extramitochondrial 
Ca2 +. The maximum capacity of mitochondrial Ca2 + 
uptake is around 10 times that of their Ca2+ efflux. 
The large capacity to accumulate Ca2 + by mitochondria 
is apparently reserved for excessive increases in [Ca2+Ji 
in order to minimize the resultant cell damage (Gunter 
and Pfeifer, 1990; McCormack and Denton, 1993). 

Mitoitochondrial Ca2+ uptake is catalyzed by a 
powerful electrophoretic Ca2+ -uniporter, which is driv
en by the proton-motive potential gradient of the mito
chondrial inner membrane. The gradient is generated by 
outward proton pumping, either coupled to the electron 
transport system or ATP hydrolysis (Gunter et al., 
1994; McCormack and Denton, 1993). The principal 
Ca2 + efflux mechanism in normal mitochondria is an 
electro-neutral Na+ /Ca2 + -exchange, which is also driv
en by the proton gradient through the action of a highly 
active Na+ /H+ -exchanger (McCormack, 1985). There 
also appears to be a Na+ -independent egress of Ca2+ 
which is catalyzed by a direct Ca2+ /2H+ -exchange. 
High concentrations of [Ca2+Jm open pores on the mito-
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chondrial inner membrane which are normally closed. 
Ca2+ -dependent opening of the pores is enhanced by 
oxidative stress and by Pi (Crompton et al., 1988). 

The primary function of [Ca2 +Jm is to relay the sec
ond messenger role of [Ca2 +]i, which is elicited by ago
nists binding to the plasma membrane receptors, to mito
chondria (Denton and McCormack, 1990). Ca2+ is the 
only known second messenger capable of entering mito
chondria. There it functions without binding to calmo
dulin. Rises in [Ca2+]m will increase up to five-fold the 
activities of three key dehydrogenases, pyruvate, 
NAD+ -isocytrate and 2-oxyglutarate dehydrogenases. 
The increased [Ca2+]i in agonist-stimulated cells that 
triggers energy consuming events also promotes mito
chondrial ATP synthesis by stimulating these enzymes. 
[Ca2+]m thus has an ability to balance energy production 
with the demand that is incurred by increased [Ca2+]i 
(Gunter and Pfeifer, 1990; McCormack et al., 1992). 
Increased [Ca2+]m is also thought to enhance energy 
metabolism by inhibition of pyrophosphatase through 
mitochondrial swelling (Davidson and Halestrap, 1989) 
and stimulation of ATP-synthase (Futai et al., 1989). 

Abnormal increases in [Ca2 +]i have profound ef
fects on mitochondrial functions. Ca2 + uptake by mito
chondria proportionately reduces the potential gradient 
across the mitochondrial inner membrane (Gunther and 
Pfeiffer, 1990). A massive accumulation of [Ca2+]m 
collapses the potential gradient and results in the loss of 
ATP (Malis and Bonventre, 1989). Pfeiffer et al. 
(1979) suggested that PLA2 activation may cause perme
ability changes by opening pores in the mitochondrial 
inner membrane of injured cells . Mitochondrial dys
function caused by increased [Ca2 +]i will increase [Pai 
by reversal of ATP/Pi and create a vicious circle in 
apoptosis and cell injury. 

Mitochondria exposed to anoxia undergo cyclic 
changes of swelling and shrinkage, followed by the de
velopment of flocculent densities in the matrix . Accord
ing to Trump et al. (1973), these densities are formed 
by lipolysis and signal the irreversibility of cell injury. 
Mitochondrial calcification usually occurs in association 
with these flocculent densities (Trump et al., 1980; Fig. 
5). Myocardial mitochondrial calcification has been de
scribed in Reye's syndrome and idiopathic cardio
myopathy (Hammar and Krous, 1977, Min and Wheeler, 
1985). Mutilation and obscurity of mitochondria follow
ing disintegration of apoptotic cells in toto, which is 
common in various tissues with calcinosis (vide infra), 
may account for the relative sparsity of mitochondrial 
calcinosis. 

In order to calcify, mitochondria must accumulate 
ffi . C 2+ . su 1c1ent a pnor to the collapse of the membrane 

potential. Mitochondrial Ca2 + accumulation in cell in
jury can be attributed to residual substrates for energy 
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production in mitochondria. Mitochondria can rapidly 
accumulate Ca2 + as long as ATP is available (Fiskum 
and Lehninger, 1982). In ischemic injury to myocardi
um, cells associated with greater changes in Na and K 
detected by X-ray microanalysis develop mitochondrial 
calcification (Buja et al., 1985). In view of their calci
um content, mitochondrial granules have been suspected 
of playing a role in calcification. However, only certain 
granules contain calcium and the granules tend to disap
pear in the early stages of cell injury (Buja et al., 1985). 

Mitochondria seem to have dual roles in calci
fication in cell death. In addition to accumulation of 
[Ca2+]m and calcification, the collapse of proton gradi
ent and the subsequent failure to synthesize ATP lead to 
an increase in [Pi]i, that will participate in calcification. 
Of the known cell components, high energy phosphates, 
especially of ATP, are the most readily available source 

for [Pili• 

Endoplasmic reticulum 

Despite its ability to accumulate Ca2 + and Pi and its 
role in controlling Ca2 + homeostasis (Meldolesi and 
Villa, 1993; Pozz.an et al., 1994), the potential role of 
the ER in calcification has hardly been touched upon. 
As opposed to the earlier view that mitochondria are the 
major intracellular Ca2 + storage site, the ER serves as 
the main Ca2 + storage organelle (Somlyo et al., 1985). 
The ER contains Ca2 + -binding proteins, especially cal
sequestrin and calreticulin, that contribute to Ca2 + -stor
age (Milner et al. , 1992). Agonist binding to the plasma 
membrane results in breakdown of phosphoinositides by 
phospholipases C following a cascade of reactions in the 
membrane and liberates inositol triphosphate (IP3; 

Berridge, 1993). Acting as a second messenger, IP3 
binds to the specific receptor on the ER membrane and 
triggers Ca2 + release from the ER and increases [Ca2 +]i 
to up to 1000 nM. A variety of cell functions, e.g., 
muscle contraction, cell division etc., has been ascribed 
to the transient increase in [Ca2+k 

In non-excitable cells, an influx of Ca2+ through 
non-voltage dependent Ca2 + -channel also contributes to 
the increase in [Ca2+]i . In excitable cells, dramatic 
increases in Ca2 + occur through voltage gated channels. 
It has recently become apparent that the capacitative in
flux of Ca2+ is stimulated by depletion of intracellular 
Ca2+ stores (Clapham, 1995). Increased [Ca2+l, by 
binding with calmodulin, stimulates nitric oxide synthase 
in the cytosol and emanates nitric oxide, another second 
messenger (Bredt and Snyder, 1994; Vallance and Col
lier, 1994). A report indicates that nitric oxide regulates 
refilling of the depleted intracellular Ca2 + store(s) by 
stimulating ca2+ influx through the action of cGMP (Xu 
et al., 1994b). Calcium uptake by the ER depends on 
a Ca2 + -ATPase (MacLennan et al., 1992). The pump 
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is stimulated by calmodulin and is anion dependent; 
oxalate enhances the pump in experimental conditions. 

Calcification in the ER seems to be rare and has 
been described in the skeletal muscle and nerve termi
nals (Bonucci and Sadun, 1972; McGraw et al., 1980). 
Experimental precipitation of calcium phosphate has 
been described in the isolated ER (DeMeis et al., 1974). 
In spite of its role in phosphoprotein and phospholipid 
synthesis, relatively little is known about Pi transport 
across the ER membrane. The sarcoplasmic reticulum 
of skeletal muscle contains a transporter for Pi which 
also carries oxalate and p;rophosphate (Carley and 
Rucker, 1982). External Ca +, Mg2+ and ATP are re
quired for the uptake of Pi by the ER (Stefanova et al. , 
1991). 

Ca2 + and Pi in cell death 

Sustained increase in [Ca2+]i has been most exten
sively studied in cell injury and is believed to cause the 
majority of cell morbidity (Gunter and Pfeifer, 1990; 
Trump and Berezesky, 1992). The increase in [Ca2+]i 
is attributable to the loss of. ATP and the resultant de
cline in Ca2+ -pump activities of the membranes. The 
increased [Ca2+]i activates many enzymes, i.e. , phos
pholipase A2 (PLA2), neutral proteases, endonucleases 
and NO-synthase (Nicotera and Orrenius, 1992; Bredt 
and Snyder, 1994). Activation of endonucleases, espe
cially DNAse-1, is believed to be responsible for DNA 
fragmentation in apoptosis. Experimental elevation of 
[Ca2+]i has been shown to activate this enzyme and to 
fragment DNA (McConkey et al., 1989). Neutral pro
teases (calpains) are thought to cause autolysis of dying 
cells (Fagan et al., 1992). Nitric oxide inhibits glyco
lysis and DNA repair and can kill target cells, especially 
tumor cells (Bredt and Snyder, 1994; Vallance and 
Collier, 1994). 

A variety of Ca2+ -binding proteins are involved in 
cytoskeletal organization (Bennet and Weed, 1986). 
Overloaded [Ca2+]i disintegrates the cytoskeleton and is 
believed to cause blebbing of the plasma membrane 
(Smith et al., 1991). Increases in Ca2+ in the early 
stages of cell injury is biphasic; an early transient 
[Ca2+]i surge is followed by a prolonged and greater 
rise in [Ca2+]i. The transient increase is evidently due 
to an intracellular redistribution of Ca2+, the second in
crease is due to an influx of [Ca2+]0 (Gasbarrini et al., 
1992). The mechanism of Ca2+ influx in cell injury is 
incompletely understood; it may not occur through 
Ca2+ -channels. The Na/Ca2+ -exchanger may contribute 
to the Ca2+ influx in ischemic and toxic injury to the 
cells (Tani, 1990). 

Activated PLA2 eliminates phosphatidylcholine(PC) 
and produces eicosanoids, lysophospholipids and xan
thine. Lysolipids are toxic to the cell (Orrenius et al., 
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1991). Lysolipids associated with PLA2 have also been 
detected in isolated MV (Wuthier, 1988). Xanthine pro
duction has been theorized to lead to lipoperoxidation 
and further damage to the membrane. Lipid peroxida
tion of the membrane, in addition to an accelerated deg
radation of phospholipids (PL), has been implicated in 
the mechanism of hypoxic injury to the cells (Dargel, 
1992). The plasma membrane damaged by phospho
lipases may be involved in the increase in [Ca2+]i by 
increasing the membrane permeability and make the 
injury irreversible (Farber, 1990). 

Decreased utilization of [PJi and the resultant 
increase in [Pi]i in association with an increase in 
[Ca2+]i has been known for some time in anoxic injury 
to renal tubules (Humes et al., 1986). Anoxic injury to 
cultured hepatocytes causes within 2 hours a decrease of 
/3-ATP by 85 % associated with a 2- to 3-fold increase in 
[Pi]j, and a 10-fold increase in the P/ ATP ratio 
(Gasbarrini et al., 1992). The reversal of ATP/Pi has 
been demonstrated by NMR in kidneys in vivo following 
various injuries (Hricak, 1989) and in anoxic injury to 
cultured myocardial cells (Humphrey and Garlick, 1991) 
and endothelial cells (Block et al., 1989). Although 
[PJi derangements in apoptosis appear to be less well 
studied, an increase in Pi is likely since elevated [Ca2+]i 
in apoptosis will cause a decrease in mitochondrial ATP 
synthesis. A similar reversal of ATP/[Pi]i was observed 
in cultured hypertrophic chondrocytes prior to matrix 
vesicle formation (Wuthier, 1993) and irradiated fibro
sarcoma cells (Mahmood et al. , 1995). 

Concomitant increases in [Ca2 +]i and [Pi]i in cell 
injury and in apoptosis provide an ideal milieu in which 
to nucleate apatite. Of all the theories on calcification, 
none had demonstrated such increases in Ca2+ and Pi, 
with the exception of MV, in a compartmentalized envi
ronment. Since ATP is known to inhibit calcification 
(Blumenthal, 1989), the decrease in cytosolic ATP may 
have an additional effect on calcification in cell injury 
and apoptosis. Occasionally, apatite deposition in the 
cytosol that can be attributed to increases in [Ca2+]j and 
[PJi is seen in injured cells (Fig. 6) . 

Scavenging and calcification 

Inasmuch as apoptosis is wide spread, the question 
arises whether every dying cell in the human body calci
fies and if so why is calcification not more frequent? 
The answer apparently lies in the efficient scavenging 
system. Cells in general have a limited life span and are 
replaced by divisions of stem cells. Apoptotic cells of 
the surface epithelia are removed by desquamation and 
excretion. Calcification of such desquamated cells is 
very frequent. For instance, some 45 % of adult females 
develop calcification in their breast and the incidence is 
increased to 56% in carcinoma (Thomas et al., 1993). 
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Figure 6 (at left). Needle shaped apatite deposited in the cytosol of a fibroblast in a rheumatic valvulitis. A massive 
calcification was present i..-i the vicinity (calcific aortic stenosis). 

Figure 7. A fibroadenoma of female breast. Calcific deposits are seen mairily in the duct lumina. 

------------------------------------------------------------
The calcification occurs mainly in the mammary duct 
lumina (Anastassiades et al., 1984) in association with 
cell debris and degenerated cells (Stegner and Pape, 
1972; Fig. 7). Calcification also commonly occurs in 
urinary casts that originate from desquamated tubular 
cells (vide infra) . 

In connective tissues where dead cells cannot escape 
to the outer environment, the cells are removed by phag
ocytes. Apoptotic cells in the tissues that are rich in 
capillaries have been shown to be promptly phagocytized 
by macrophages . Exposures of phosphatidylserine, of 
side-chain sugars due to loss of sialic acid from the sia
loglycoprotein receptor and possibly of thrombospondin 
binding moiety on the outer surface of apoptotic cells are 
thought to be the factors which macrophages recognize 
(Savill et al., 1993). Development of an aging antigen, 
especially of red cells, has also been shown to be a 
mechanism of scavenging obsolete cells (Kay, 1994). 
Macrophages have a large capacity to phagocytize apa
tite, as well (van der Meulen et al., 1993). Tissues 
which commonly calcify, e.g., cartilage and vascular 
connective tissue, are avascular and, therefore, the 
accumulation of CDP tends to exceed the rate of scav
enging. This results in the sequestration of CDP in situ 
(Fig. 8). In capillary-rich tissues, i.e., healing wounds, 
CDP are effectively scavenged by macrophages. No cell 
debris remains and calcification does not usually take 
place. 

When rat aortic segments placed in Millipore 
chambers were incubated in the peritoneal cavity, a mas
sive calcification occurred, whereas calcification was 
minimal in subcutaneously grafted aorta, where inflam
matory cell infiltration was noted. Thus, because of 
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lack of scavenging in the chambers, calcification could 
not be prevented (Kim, 1978). 

Blebbing in cell injury and apoptosis 

Blebbing of the plasma membrane is one of the 
means of exocytosis of macromolecules and is probably 
a widespread phenomenon. Megakaryocytes bud pro
fusely to form platelets and other blood cells have been 
shown to bud plasma membrane vesicles. Platelets, in 
tum, bleb freely (Bode et al. , 1991). Virus escape the 
host cell via budding of the plasma membrane. Malig
nant tumor cells shed plasma membrane components at 
a higher rate than normal cells of the same type 
(Dainiak, 1991). The extent and the role ofblebbing in 
vivo are largely unknown. 

Blebbing in cell injury attained relatively early 
attention (Zollinger 1948). A variety of agents of cell 
injury has been shown to cause blebs (see, Phelps et al., 
1989). An alteration of the interaction between the plas
ma membrane and the cytoskeletal fibers is apparently 
involved in blebbing (Smith et al. , 1991). Asymmetry 
of phospholipids in the membrane may also contribute to 
blebbing (Farge and Devaux, 1992; Ferrel et al., 1985). 
Temperature shifts from 0°C to 37°C of cultured cells 
induce blebbing which seems to be due to microtubule 
disruption (Liepins and Younghusband, 1985). Heating 
of cell cultures to 45°C also causes blebbing (Borrelli et 
al., 1986). Thermal shock to cultured cells has been 
shown to increase [Ca2 +]i via Na+ /Ca2+ -exchange 
(Kiang et al., 1992; Mikkelsen et al., 1991). Blebs 
formed by the plasma membranes of injured cells seems 
to become more rigid indicating significant changes in 
the membrane structure (Florine-Casteel et al., 1991). 
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Figure 8 (at right top). Accumulation of CDP between 
collagen fibrils in canine aortic valve. Calcific deposits 
are seen in CDP (arrowhead). Collagen fibers are free 
of calcification. From Kim et al., 1986, with the 
publisher's permission. 

Figure 9 (at right middle). Human dermal fibroblasts 
in culture. After repeated population doublings, cells 
cease to divide and shed blebs (arrowhead). A few 
large blebs are artifacts that occurred during photogra
phy. When incubated in MEM-2.5 blebs calcified in a 
week, whereas live cells did not calcify in MEM-2.5. 

-------------------------------
The size of blebs vary widely depending on the type and 
the severity of injury (Trump et al. , 1980; Phelps et al., 
1989). 

Hypoxic and toxic injuries to cultured cells concen
trate a large amount of Ca2+ in protrusions of the plas
ma membrane prior to their blebbing (Lemaster et al., 
1987; Smith et al., 1991). Blebbing could be construed 
as the cells' defense mechanism to eliminate overloaded 
[Ca2+]i en masse. Direct measurements of Pi at the 
time of bleb formation other than MV formation by hy
pertrophic chondrocytes (Wuthier, 1993) appear to be 
not yet available. However, the high concentration of 
Ca2+ in the blebs must be accompanied by equivalent 
anions, i.e., Pi, the predominant intracellular anion that 
increases in cell injury. Blebs resulting from apoptosis 
and cell injury, as seen in MV formation, are likely to 
contain a high concentration of Pi as well and to provide 
an ideal environment in which calcification might devel
op. The observation of calcific deposits mainly in the 
membranous CDP in dystrophic calcifications supports 
this view (Fig. 8). 

It should be noted that, in order to obtain homoge
neous population of MV, cell debris (CDP) are elimi
nated by centrifugation prior to isolation of MV from the 
growth plate or cell cultures. The potential role of CDP 
in calcification thus has not been properly tested. Bleb
bing is common in cultured cells during cell division. 
Any subtle injury to cultured cells, e.g. , nutritional de
ficiency or contamination, tends to cause blebbing. As 
cells grow old after repeated population doublings ~n 

vitro, they bleb profusely. When blebs formed by se
nescent canine valvular fibroblasts were collected and 
incubated in minimal essential medium in Earl's salt 
with the total calcium adjusted to 2.5 mM (MEM-2.5), 
they calcified in a week, whereas, live cells failed to 
calcify in the same solution (Kim, 1994). Similar results 
were obtained with human dermal fibroblasts (Fig. 9) . 
Blebbing and the resultant calcification are similar to that 
of MV formed by chondrocytes in the epiphyseal car
tilage. There is a remarkable similarity between the 
composition of isolated MV and injured cell plasma 
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Figure 10. (a) Human dermal fibroblasts treated with 
10 µM A23187 for 24 hours. Cells developed large 
sized blebs. (b) Same cells treated with 5 µM iodo
acetate formed larger blebs. The size of blebs vary 
depending on the severity and type of cell injury. 



K.M.Kim 

membranes that give rise to blebs. In addition to 
elevated Ca2+ and Pi, MV also retain PLA2 activity 
(Schwartz and Boyan, 1988). The PLA2 activity may 
explain the depletion in PC and an increase in lysophos
pholipids in MV (Wuthier, 1988). In the face of the 
similar enzyme activities, MV formation may well be an 
epiphenomenon of impending apoptosis of hypertrophic 
chondrocytes (vide infra). Increased [Ca2+]i by iono
phoric treatment of hypertrophic chondrocytes leads to 
MV formation (Iannotti et al., 1994). The ionophoric 
treatment has been known to cause blebbing in other 
cells (George et al., 1982; Nicotera et al., 1986; Trump 
et al., 1980; Fig. 10). The formation of MV by hyper
trophic chondrocytes may occur by the same mechanism 
as blebbing by apoptotic and necrotic cells. It is note
worthy that blebbing and cell death can occur by ATP 
depletion only without an increase in [Ca2+]i (Jurkowitz
Alexander et al., 1992). 

Physiological Calcification 

Calcification is divided into physiological and patho
logical. Extra-skeletal calcification is said to be patho
logical. Pathological calcifications are further classified 
into dystrophic and metastatic. Dystrophic calcification 
occurs in normocalcemic and normophosphatemic indi
viduals. Metastatic calcification results from abnormal 
elevations of extracellular Ca2+ and/or Pi concentra
tions. However, the initial process of apatite nucleation 
in metastatic calcification is likely to be the same as in 
the dystrophic, differing mainly in the rate of apatite 
proliferation. Metastatic calcification is frequently ex
tensive, and, therefore, may cause organ failures . The 
distinction in the fundamental mechanism between vari
ous types of calcification is not always clear and is 
arbitrary. 

Although it has been held that the mechanisms of 
physiological and dystrophic calcification are distinctive 
from each other, detailed comparisons of the two are not 
available. The formation of the common final product, 
apatite, may imply that the fundamental mechanism of 
calcification in both may be similar, if not identical. 

Calcification in bone 

The most heavily calcified bone is the least suitable 
for the study of apatite nucleation. The abundance of 
collagen in bone has led us to believe that collagen may 
play a role in apatite nucleation (Glimcher, 1989). Al
though calcification in MV has been demonstrated in de
veloping bone (Anderson, 1989), bone growth depends 
mainly on apatite seeds inherited from the epiphyseal 
cartilage. Since apatite has an inherent ability to grow 
autocatalytically in the metastable ECF, the mechanism 
of curbing the spread of calcification into the surround-
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ing soft tissue is far more significant than the nucleation 
of apatite in bone. There is a continuous flow of extra
vasated fluid from capillaries towards the periphery of 
cortical bones through canaliculi and lacunae where 
osteocytes reside (Dillaman et al., 1991). 

Between calcified tissues and ECF, there must be a 
barrier which limits the spread of calcification. The bar
rier is apparently formed by live tissue since dystrophic 
calcification is limited to necrotic tissue. When a dead 
fetus remains unnoticed in utero, indiscriminate calcifi
cation of the entire fetus leads to the development of a 
lithopedion. When ATP synthesis was inhibited in organ 
cultured bones with iodoacetic acid, a hyperminerali
zation resulted (Ramp, 1975; Scarpace and Neuman, 
1976b). It is very interesting that a co-culture of fibro
blasts inhibited calcification of osteoblasts that were cul
tured in the same dish (Ogiso et al., 1991). This inhibi
tion is suspected to be due to the secretion of prostaglan
din E2 by fibroblasts. Prostaglandins have been shown 
to have an inhibitory effect on bone growth and has been 
implicated to be one of the causes of osteoporosis (Raisz 
et al., 1993). Cultured rat calvaria and cells from 
calvaria including fibroblasts have been shown to secret 
calcification inhibitors (Ohya et al., 1988). 

The barrier between the bone fluid and general ECF 
is apparently formed by a metabolically active, function
al membrane (also called bone membrane; Ramp, 1975). 
In order to maintain this [Ca2+] differential, the bone 
membrane must be able to pump net Ca2+ and/or Pi out 
of the bone compartment through an energy consuming 
mechanism. Such a polarized mechanism within the 
bone membrane has yet to be identified. Furthermore, 
as opposed to the membranes of polarized epithelial 
cells, the bone membrane appears to be incomplete with 
open channels between the cells which allow free move
ments of fluid (Ramp, 1975). Theoretically, [Ca2 +] in 
the bone fluid which faces the apatite mass must be near 
1/3 of that of serum (Neuman and Neuman, 1958). The 
influx of Ca2+ and Pi across the bone membrane of or
gan cultured bone has been shown to be passive. When 
the periosteum and endosteum were removed from cul
tured calvaria, Ca2+ influx into the bone was increased 
(Scarpace and Neuman, 1976a, 1976b). 

Ca2+ influx into bone cells is increased by PTH 
(Boden and Kaplan, 1990). Nutritional and humoral fac
tors, such as VD3 and PTH, might exert part of their 
effects on Ca2+ homeostasis by influencing the rate at 
which Ca2+ is pumped out of the bone. 

Epiphyseal cartilage calcification 

It is widely accepted that MV play the primary role 
in epiphyseal calcification (Anderson, 1989; Iannotti, 
1990). Matrix vesicle calcification, therefore, is con
sidered to be more or less synonymous with epiphyseal 
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or frequently with physiological calcification. Matrix 
vesicles were discovered in the epiphyseal cartilage 
(Anderson, 1967; Bonucci, 1967). They are present 
mainly in the matrix of the longitudinal septa of the 
proliferative and the hypertrophic zones. C11lcification 
in similar membranous vpsicles has been shown in a 
variety of pathological calcifications (Kim, 1983a, 
1983b; Anderson, 1988). Thus, MV are widely accept
ed as an efficient inducer of both physiological and 
pathological calcifications. However, the mechanisms 
for the formation of MV and their calcification are still 
incompletely understood. 

The representative views for the contemplated mech
anism of MV calcification are: an active uptake (of 
Ca2+ and Pi), alkaline phosphatase, phospholipids, and 
apoptosis theories. A variety of intra-MV and extracel
lular Ca2+ -binding organic molecules have been impli
cated in potential mechanisms for calcification (Boskey, 
1992). As pointed out earlier, Ca2+ or Pi bound to 
organic molecules can hardly be a promotive factor for 
calcification. 

Active uptake theory 

Isolated MV have been shown to contain exception
ally high concentrations of Ca2+ and Pi. The findings 
led to a theory that MV are extracellular organelles that 
are able to accumulate Ca2+ and Pi and thereby initiate 
calcification. This theory is based on the observation 
that isolated MV accumulate Ca2+ and Pi from a simu
lated cartilage fluid (Wuthier, 1988). However, a possi
bility that the uptakes may be the result of rather than 
the cause of apatite nucleation should be considered. 
Furthermore, hypertrophic chondrocytes already contain 
high [Ca2+]i and [Pi]i especially in their cell processes 
prior to MV formation (Wuthier, 1993). The resultant 
MV contain a high concentration of Na+ , an extracellu
lar cation, as well as increased Ca2 + and Pi . The in
creases indicate that MV are no longer able to actively 
transport ions. Since ATP-dependent Ca2+ -transporters 
across the plasma membrane are normally directed out
ward, an active uptake of Ca2+ by an energy dependent 
mechanism is unlikely. The increased Na+ makes it un
likely that the Na+ -dependent Pi uptake exists in MV. 
Of the known Ca2 + transports, Na+ /Ca2 + -exchange is 
the only theoretically feasible mechanism for an active 
uptake of Ca2+ by MV. The elevated Na+ in MV also 
indicates that the Na+ /K+ - and the Na+ /Ca2+ -exchang
ers are no longer functioning in MV. Na+ /Ca2+ -
exchange has been demonstrated in osteoblasts (Krieger, 
1991). The exchanger in chondrocytes or MV appears 
not to have been well studied. Existing concepts of ion 
transports do not support the active uptake theory. 

A group ofCa2+ binding proteins, annexins (calpac
tins) glue cytoskeletal proteins to the membrane (Swairjo 
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and Seaton, 1994). Annexins are one of the families of 
membrane associated Ca2+ -binding proteins that are 
widely distributed in mammalian cells and share the abil
ity to bind phospholipids to cytoskeletons. The binding 
of calpactin to phospholipids greatly increases its affinity 
for Ca2+ . Recently, the possibility of annexin V play
ing a role in MV calcification by acting as a Ca2+ -chan
nel has been raised (Genge et al., 1992; Rojas et al., 
1992). Annexin Vis known to be a slow Ca2+ channel 
(Berendes et al., 1993). Functioning as a voltage gated 
Ca2+ channel, and with its collagen binding capacity, 
annexin V may stimulate Ca2+ uptake by MV (Kirsch 
and Wuthier, 1994). It is noteworthy that acidic PL can 
be ionophoric for Ca2+ (Tyson et al., 1976). Certain 
hormones , e.g., insulin, are known to be ionophoric for 
Ca2+ , as well (Brimble and Ananthanarayanan, 1992). 
Interestingly enough, amyloid in Alzheimer's disease, 
when inserted into the membrane, can function as a 
ca2+ channel (Arispe et al., 1993). 

Recently, Na+ -dependent Pi uptake was demon
strated in MV isolated from rachitic chicken growth 
plates. In MV isolated from normal chicken growth 
plate, the rate of Pi uptake was greater than that of rach
itic MV but was not Na+ -dependent. The symporter ap
parently was unrelated to alkaline phosphatase activity 
(Montessuit et al., 1991). It has been shown that Na+ -
dependent Pi uptake across intestinal brush border mem
brane is markedly increased within hours of dietary 
phosphate restriction (Cheng et al., 1983). The maxi
mum velocity (V max) of Na+ /Pi-transport is 2. 7 fold 
greater in fibroblasts from patients with vitamin D re
sistant rickets than the normal controls (Escoubet et al., 
1992). A decrease in the number of Na+ -Pi cotrans
porters in the renal proximal tubule can occur within 
hours of high Pi-diet feeding in rats (Levi et al., 1994). 
The Na+ /Pi-cotransport in the rachitic MV can be attrib
uted to a similar increased expression of the cotransport
er. The non-Na+ -dependent Pi uptake by MV isolated 
from the normal growth plate needs further clarification. 

Once the apatite seed is formed, the autocatalytic 
growth of the crystal would cause a continuous influx of 
Ca2+ and Pi into MV. There is an urgent need for pro
per understanding of the exact point of apatite nucleation 
in the process of MV formation by chondrocytes. With
out this knowledge, the interpretation of data on the MV 
calcification will remain inconclusive. Further, without 
a full knowledge of the mechanism of ion transports 
across the MV membrane, the kinetics of ion uptake by 
MV would be difficult to interpret. Little is known 
about ion transport by the MV membrane. The mecha
nism of MV calcification remains a wide open field . 

Alkaline phosphatase theory 

Of the enzymes implicated in calcification, alkaline 
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phosphatases (AP) are representative. Demonstrable AP 
activity on the outer surface of MV has led to an exten
sive search for its role in calcification. Inhibition of en
zyme activity prevented calcification of epiphyseal plates 
and of isolated MV in vitro. Calcification of isolated 
MV can be enhanced by the addition of artificial sub
strates for AP. Incorporation of AP into the membranes 
of reconstituted MV restored its calcifiability. The AP 
activity has been demonstrated in both physiological and 
pathological calcifications and in vitro experiments. The 
theory that this enzyme plays an important role in calci
fication has therefore gained wide acceptance (see, 
Anderson, 1988, 1989). Of the numerous theories of 
calcification which have come and gone, the AP theory 
is the only one that has survived from the time of its 
conception. Interestingly enough, AP activity has been 
implicated in calcification of glutaraldehyde fixed 
porcine aortic valve xenografts (Levy et al., 1991). 

Pyrophosphate (PPi), a metabolic product of nucleo
tides and a known inhibitor of calcification, is perhaps 
the best recognized substrate for AP (Anderson and 
Reynolds , 1973). Hydrolysis of PPi by AP may pro
mote calcification by elimination of its inhibitory activity 
and by a local increase in Pi. An active Pi transport by 
AP across the cell or MV membranes has been consider
ed but it has been proved otherwise (Montessuit, 1991). 

Mammalian AP is a dimeric zinc-containing glyco
protein, which requires Mg2+ for hydrolysis of a wide 
range of phosphomonoesters (Simko, 1991). Although 
the optimum pH range for its activity is 9.3-10.3, it can 
also act at physiological pH (Wachstein and Meisel , 
1957). Four isoenzymes encoded by distinct genetic loci 
are known in humans; placental, intestinal , tissue non
specific, and "Regan" or placenta-like AP. The placen
ta-like AP are established markers for many cancers 
(Fishman, 1974). It is interesting that levamisol, an AP 
inhibitor, is regularly used for the treatment of colon 
carcinoma. The tissue non-specific isoenzyme is ex
pressed in most types of tissues but seen predominantly 
in the liver, bone, and kidney. The presence of AP ac
tivity in bone cells has long been known and metabolic 
bone disorders increase serum concentrations of AP. 
Bone AP is heat labile, which distinguishes it from the 
hepatic AP (Simko, 1991). Elevation of bone AP in 
serum also occurs in periods of bone growth, fracture 
and osteomalacia (Epstein, 1988). 

In mammals, AP are generally present extracellular
ly either free in the circulation or anchored to plasma 
membranes via a COOR-terminal glycosyl phosphatidyl
inositol moiety (Ferguson and Williams, 1988). The en
zyme is also present in microsomes, nucleus and Golgi 
apparatus (Zijlstra et al., 1970). Within the cell, AP is 
believed to regulate Pi metabolism (Alpers et al., 1989). 
AP is a stable enzyme and its activity survives formalin 
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or glutaraldehyde fixation. For this reason, AP is 
extensively used as an immunohistochemical marker. 

The AP-theory of calcification has certain limita
tions; AP is widely distributed in non-calcifying tissues, 
as well and its physiological role or substrate has yet to 
be identified. It is difficult to establish a relationship 
between apatite nucleation within the lumen and the 
presence of AP on the outer surfaces of MV. Further, 
calcification of MV in vitro does not necessarily require 
AP activity (Register et al., 1984). Certain preparations 
of MV do not calcify unless supraphysiological concen
trations of the substrates are added (Register et al., 
1986). The enzyme activity was shown to have an in
verse relationship with the rate of calcium accumulation 
by isolated MV (Genge et al., 1988). A removal of AP 
from MV by treatment with phospholipase C had little 
effect on Pi or Ca2+ uptake by MV; hydrolysis of AP 
substrate was not linked to the Pi uptake by MV; and the 
treatment of MV with proteases decreased Ca2+ uptake 
but had minimal effect on the AP activity of MV 
(Wuthier, 1988). 

In a recent study, placental AP conjugated to colla
gen calcified in vivo whereas collagen without AP did 
not (Beertsen and van den Bos, 1992). AP binding to 
collagen has been sho\\<n to occur (Wu et al., 1991). 
AP activity has been demonstrated histochemically in the 
cartilage matrix and the uncalcified collagen of osteoid 
(Bonucci et al., 1992). These findings raise interesting 
points; AP may not need MV for calcification, non-skel
etal AP can cause calcification, and structural macro
molecules may be able to induce calcification with the 
aid of coexistent AP. There is a pressing need for the 
identification of the physiological substrate(s) and the 
molecular mechanism on the role of AP in calcification. 

A TPase theory 

Along with AP, MV contain a constellation of cell 
derived enzymes. A number of other phosphatases has 
been identified in isolated MV. ATP pyrophospho
hydrolase, which hydrolyzes ATP and releases PPi has 
been identified in MV (Hsu, 1983). There is a view that 
neutral proteolytic enzyme(s) that are released by chon
drocytes digest(s) glycoproteins in the extracellular ma
trix which normally inhibits calcification. The removal 
of the inhibitory activity may promote calcification 
(Kawabe et al., 1986). Carbonic anhydrase in MV may 
enhance calcification via the increase in pH (Sauer et 
al., 1994). However, carbonyl anhydrase II deficient 
strain of mice have been shown to develop extensive 
vascular calcinosis (Spicer et al., 1989). Of the en
zymes of MV, the potential role of A TPase, which is 
localized on both the inner and outer surfaces of MV 
membrane deserves a comment. 

Hydrolysis of ATP by ATPase has been theorized 
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to increase Pi in MV and to bring about calcification 
(Kanabe et al., 1983). Recently, the serum level of 
ATP (0.6 mM) was shown to induce calcification in iso
lated MV. This was attributed to the entry of ATP into 
MV, where it may serve as a substrate for ATPase or 
may modify the MV membrane structure and initiate 
calcification (Hsu, 1992). 

Cytoplasmic ATP in most cells is greater than 5 
mM, and a large proportion can be released without sig
nificant effects upon cell viability (Gordon, 1986). Exo
cytosis from platelets is thought to be the primary source 
of circulating ATP. The release of ATP has been 
shown to take place in ischemic heart (Clemens and 
Forrester, 1981), isolatedhypoxiccardio-myocytes (For
rester and Williams, 1977), hypoxic renal cortex and as
cites tumor cells (Pentilla and Trump, 1974). Extracel
lular ATP ([ATP]

0
) is eliminated by ectonucleotidases 

that have widespread existence in mammalian tissues 
(Gordon, 1986). The lungs eliminate most of the circu
lating ATP. Non-specific phosphatases do not partici
pate in the elimination of [ATP]

0 
by endothelial cells; 

the metabolism of ATP, ADP or AMP is unaltered in 
the presence of a large excess of beta-glycerophosphate 
or paranitrophenyl phosphate (Pearson et al., 1980). 

Extracellular ATP has a variety of physiological and 
pathological effects including cell death on susceptible 
cells (Avery et al., 1992). [ATP]

0 
increases cell mem

brane permeability of susceptible cells. The resultant 
influx of [Ca2+]

0 
appears to mediate cell injury and 

death (Zheng et al., 1991). Of nucleoside-5'-tri-phos
phates, only ATP and UTP causes an increase in 
[Ca2+]i that is followed by cytoplasmic condensation, 
blebbing, DNA fragmentation, and eventual cell death 
(Conigrave and Jiang, 1995; Gordon, 1986). ATP in
duced increases in [Ca2+]i are dependent upon extracel
lular Pi. Extracellular ATP appears to stimulate 
Na+ /Pi-cotransport, which in tum activates the 
Na+ /Ca2+ -exchange (De Young and Scarpa, 1991). 

Extracellular ATP and UTP binds with purinorecep
tors on the surfaces of many different cells (Conigrave 
and Jiang, 1995; Gordon, 1986) followed by breakdown 
of phosphoinositides and resultant increases in IP3 and 
[Ca2+]i . Prpurinergic receptor agonists also stimulate 
the breakdown of PC in cells, catalyzed by phospho
lipases C and D. Hydrolysis of PC is attributable in 
part to an increase in [Ca2+]j which is induced by 
[ATP]

0 
and other Ca2+ -mobilizing agonists in cells 

(Exton, 1990). 
Since hydrolysis of ATP is the most readily avail

able source of Pi which is needed for calcification, the 
theoretical role of ATPase in calcification appears attrac
tive. In light of its capacity to induce apoptosis and to 
alter membrane permeability of cells equipped with Pr 
purinoceptors, the potential role of ATPase in calcifica-
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tion deserves further evaluation. Chondrocytes have 
been shown to possess Prpurinoreceptors (Leong et al., 
1994). It will be interesting to know if MV retain the 
receptors. 

Phospholipids 

Since the discovery of a zone of lipid deposition 
along the calcification front, the role of lipids as a 
potential nucleator of apatite has been considered (Irving 
and Wuthier, 1968). Because of their affinity for Ca2+, 
phospholipids drew particular attention and have led to 
the subsequent discovery of MV in the epiphyseal carti
lage and pathological calcifications. 

Phospholipids occupy less than one half of the 
plasma membrane surface area. The rest of the area is 
occupied by proteins (Yeagle, 1989). Because of their 
hydrophobicity, fatty acid chains are repelled by water 
and PL in aqueous suspensions spontaneously form a bi
layer or micelles exposing only hydrophilic head groups 
to water. The PL bilayer is virtually impermeable to 
water and water-soluble substances, and their transport 
across cell membranes is accomplished through intrinsic 
proteins (Deuticke and Haest, 1987). Membranes which 
bound the territory of the cell and regulate transports, 
play a vital role for the maintenance of the structure and 
function of the cells. The assembly of PL bilayers is 
likely to be the earliest event in the evolutionary steps of 
forming life on earth. 

In eukaryotic cells, PL are synthesized in the ER, 
passed onto the Golgi apparatus, bound to carrier pro
teins, and transported to the plasma membrane via vesi
culation and fusion (Sleight, 1987). The composition of 
PL in the plasma membrane varies with cell cycle, cell 
aging and a variety of environmental stimuli including 
dietary fats (Clandinin, 1991; Schroeder, 1984). Dietary 
lipid also modifies fatty acid composition of MV (Xu et 
al., 1994a). Fatty acid chains of PL are heterogeneous; 
they vary considerably even in the same class of PL in 
the membrane. Phospholipids and embedded proteins 
diffuse laterally and individual PL molecules spin con
stantly (Jacobson et al., 1987). Phospholipids are asym
metrically distributed in the membranes. The mainte
nance of PL asymmetry is dependent upon ATP, Ca2+ 
and Mg2+. ATP-dependent flippases are primarily re
sponsible for the asymmetry. The asymmetry of PL in 
the intracellular organelles are reversed; aminophospho
lipids face the cytoplasmic surface (Devaux, 1991). It 
has been proposed that cytoskeletal proteins (spectrin 
and band 4.1) may also play a role in the maintenance 
of PL asymmetry (Williamson et al. , 1982). There is a 
constant turnover of PL in response to exo- and endo
cytosis and agonist-induced PL breakdown (Kent et al., 
1991). 

The molecules of each group of PL are clustered or 
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form domains within each PL layer of the membrane 
(Simons and van Meer, 1988). Proteins in the mem
brane and Ca2+ on the surface have been shown to be 
involved in the domain formation. Phospholipids in tum 
have a significant effect on the function of embedded 
proteins (Deuticke and Haest, 1987). The lipid-protein 
interaction frequently boosts the function of the intrinsic 
proteins, i.e., ion pumps and channels (Y eagle, 1989). 
Cytoskeletal proteins are attached to the inner surfaces 
of the plasma membrane via phosphatidylinositol and 
provide additional stability to the membranes. 

The distribution of PL in the plasma membrane is 
disturbed by cell injury. In addition to reduction of PC 
by PLA2, overloaded [Ca2 +]i has been shown to scram
ble the PL asymmetry in the red cell membrane. Red 
cell ghosts prepared in the presence ofMg2+ as the only 
divalent cation retain the normal phospholipid asymme
try. However, the presence of 5-10 µM Ca2+ during 
the ghost preparation results in ghosts in which lipid 
asymmetry had been abolished (Williamson et al., 
1992). Experimental increases in [Ca2+]i with agents, 
such as, ionophores in red cells have been shown to 
abolish PL asymmetry by internalization of PC and 
sphingomyelin (SM) and externalization of phosphati
dylserine (PS) and phosphatidyl-ethanolamine (PE; 
Williamson et al., 1992). The scrambling of the asym
metry is independent from, but is reversible by, the ac
tion of PL-flippase (Verhoven et al., 1992). When red 
cell ghosts are resealed in the absence of Mg2 +-ATP or 
when the aminophospholipid translocase is inhibited by 
vanadate or Ca2+, a complete randomization of PC, PE, 
PS and SM analogues is demonstrable by NMR. If the 
ghosts are resealed with Mg2+ -ATP inside, the asym
metry is reestablished (Schrier et al., 1992). 

Observations of apatite formation mainly in the 
lumina ofMV have been attributed to the presence of PS 
domains on the inner surfaces of MV as in the normal 
plasma membrane (Majeska et al., 1979). The PL 
scrambling caused by increased [Ca2+]i raises a question 
concerning the speculated role of PS in the intraluminal 
calcification of MV, because PS may no longer be on 
the inner layer of the membrane. In vitro, PS has been 
shown to inhibit apatite nucleation under certain circum
stances (Boskey and Dick, 1991). 

Interesting studies concerning the role of PL in cal
cification have been the extraction of proteolipids, and 
thecalcium-phospholipid-phosphatecomplex (Ca-PL-Pi) 
from calcified tissues . These complexes are able to nu
cleate apatite in vitro and in vivo (Boyan et al., 1989; 
Boskey et al., 1988). Proteolipids are complexes of hy
drophobic proteins and phospholipids derived from cell 
membranes which are extractable by organic solvents. 
Calcifiable proteolipids are associated with PS and the 
protein components are heterogenous. Interestingly, an-
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nexins of MV were claimed to exhibit properties similar 
to proteolipids (Genge et al., 1991). Proteolipids and 
Ca-PL-Pi are coextracted from calcified tissues. Proteo
lipids incorporated into an artificial membrane act as a 
proton ionophore. A subset of proteolipids are incorpo
rated into Ca-PL-Pi (Swain and Boyan, 1988). Calcifia
ble proteolipids are said to form prior to the Ca-PL-Pi 
formation in the process of an in vitro calcification. 
Thus these two groups of PL complexes appear to be 
closely related (Boyan et al., 1989). 

The Ca-PL-Pi complex has been isolated only from 
calcified tissues, both physiological and pathological, 
and are not extractable from non-calcified tissues 
(Boskey et al., 1988). The complex has been extracted 
from isolated MV, that calcify in vitro, as well (Wuthier 
and Gore, 1977). Peculiarly, insertion of Ca-PL-Pi into 
liposomes inhibits their calcifiability (Boskey and Dick, 
1991). The extraction of Ca-PL-Pi requires the presence 
of Pi in the solution. This has been interpreted that the 
complex formation rather than Ca2+ -binding to PL is 
prerequisite for lipid induced calcification (Boskey and 
Posner, 1982). Contrarily, one can raise the possibility 
that this represents the formation of an artificial complex 
during the extraction and the PL component of the com
plex is specific for calcified tissues. The marker for 
these complexes appears to be not yet available and it is 
not clear where and how these complexes exist in vivo. 
Cell membranes are the most likely origin of the 
complexes. 

There is another line of evidence that PL can cause 
calcification: liposomes made of PS or PL similar to 
MV membrane have been shown to nucleate apatite in 
metastable solutions (Eanes and Hailer, 1987; Skrtic and 
Eanes, 1992) and in isolated serum (Kim, 1993). PL-bi
layers thus have emerged as a candidate for apatite 
nucleator. 

The mechanism of apatite nucleation by PL is far 
from clear. One possible mechanism would be that PL 
or their complexes serve as a substrate for heterogene
ous nucleation of apatite. However, any theory should 
take into account that PL in membranes are highly mo
bile. Apatite deposits on liposome membranes tend to 
be vertically oriented in the "hair on the end" fashion on 
the surfaces of the membrane and do not alter the tri
lamellar structure of the membrane (Kim, 1993; Fig. 
11). Similar deposition of apatite was noted in fat 
necrosis in vivo (Fig. 12). Heterogeneous nucleation 
offers the best explanation for the phenomenon. 

It has been noted for some time that the outer sur
face of the plasma membrane electrostatically attracts 
Ca2 + and forms a condensed layer of Ca2 + (Tatulian, 
1987 ; Seelig, 1990). The Ca2+ concentration in the 
condensed layer is estimated to be two orders of magni
tude greater than that of the surrounding solution. The 
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Figure 11 (at left). Liposomes incubated in MEM-2.5 for a week. Needle shaped apatite deposits in the hair-on-the 
end fashion on the membrane surface (see, Kim, 1993). 

Figure 12. Apatite deposits in human mesenteric fat necrosis similar to that of liposomes. 

concentration of Ca2+ in the high density layer appears 
to increase exponentially in relation to the Ca2+ concen
tration in the surrounding environment. The Ca2+ bind
ing also brings about a vertical orientation of the polar 
head groups of PL, which are normally parallel to the 
membrane surface. The conformational change of the 
head groups enhances the dipolar electric fields, which 
may in tum regulate the activity of membrane bound 
proteins and their functions (Seelig, 1990). Any in
crease in Pi in this layer would be sufficient to bring 
about apatite nucleation. 

The likely reversal of the PL asymmetry due to an 
increased [Ca2+]i and the formation of a similar layer of 
Ca2+ condensation along the inner surfaces of MV and 
blebs may provide an ideal milieu in which to nucleate 
apatite. There is evidence that Ca2+ binding indeed 
occurs on the inner surface of the plasma membrane 
(Long and Mouat, 1971). 

Apoptosis theory 

The primary function of epiphysis is growth of long 
bones. Lacking an ability to grow, long bones depend 
mainly upon their epiphyseal cartilages for growth. 
Growth is accomplished by cell divisions in the prolifer
ating zone of the epiphysis, which is stimulated by pitui
tary growth hormone through IGF-1 (Boehme et al., 
1992; Ohlsson et al., 1992). Cell proliferation in a 
limited space calls for elimination of an equivalent num
ber of cells or a cell turnover by apoptosis. Cell prolif
eration exceeding elimination will result in growth or a 
neoplasm (Williams, 1991). Dead cells in the epiphysis 
are incorporated into the zone of preliminary calcifica-
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tion which is further remodeled by bone cells into the 
completed bone tissue. This continuous addition of cal
cification to the bone enables it to grow longitudinally 
until puberty, when the secretion of pituitary growth 
hormone abates. Upon completion of growth, the epi
physeal plate vanishes altogether. Bonucci (1970) ob
served frequent degenerated cells in the resting zone of 
guinea pig epiphysis and advanced that MV may origi
nate from cell degeneration. Kim and Huang (1971) and 
Kim (1976) demonstrated that calcifying MV in vascular 
tissue originate from senescent cell degeneration. A 
review of various mechanisms of calcification led 
Kardos and Hubbard (1982) to theorize that MV are 
apoptotic bodies. 

There is morphological and chemical evidence that 
MV originate from the plasma membrane. Electron mi
croscopy on serial sections of the growth plates have 
demonstrated the formation of MV by budding of the 
cell processes of chondrocytes (see, Anderson, 1989). 
The chemical profile of phospholipids in isolated MV is 
similar but not identical to that of the plasma membrane; 
MV contain greater amounts of cholesterol, PS and PE 
in contrast to intracellular membranous organelles, e.g., 
mitochondria (Wuthier, 1988). 

Many studies have indicated that hypertrophic chon
drocytes in the epiphysis undergo cell death. Morpho
logical studies have demonstrated the changes of cell 
death towards the zone of provisional calcification 
(Brighton et al., 1973; Holtrop, 1972). As cells reach 
the hypertrophic zone, they cease to synthesize DNA 
and RNA (Mankin et al., 1968; Farnum and Wilsman, 
1993). A measurement of nucleotides in the epiphyseal 
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Figure 13. (a) Disintegration of chondrocytes in toto 
in aging human bronchial cartilage. CDP derived from 
cellular organelles apparently calcified. Discrete par
ticles (MV) are also seen in the intercellular septum (ar
rowhead). The cell appears to have shed MV prior to 
its eventual death. (b) A closer view of an area show
ing that many CDP became thick-walled and had embed
ded needles. Membrane bilayers are no longer visible. 

plate has demonstrated a decline in the activities of ATP 
and oxidoreductase associated with an increase in di- and 
monophosphates in the hypertrophic and calcifying zones 
(Shapiro et al., 1983). Electron probe microanalysis 
(EPM) of the epiphyseal plate demonstrated intracellular 
accumulations of Ca and P towards the hypertrophic 
zone (Shapiro and Boyde, 1984). A similar gradient in
crease in [Ca2+]i towards the hypertrophic zone has 
been demonstrated in isolated chondrocytes (Iannotti and 
Brighton, 1989). The increased [Ca2+]i appears to cor
relate with MV formation (Buckwalter and Schaffer, 
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1987). Furthermore, Ca2+ -ionophore treatment causes 
MV formation by cultured hypertrophic chondrocytes 
(Iannotti et al. , 1994). 

One study demonstrated an increased rate of phos
pholipid synthesis by hypertrophic chondrocytes and this 
result was taken as evidence against the cell death 
(Wuthier et al., 1977). However, it has been shown 
that cells injured by anoxia and toxic agents display an 
accelerated phospholipid turnover (Farber and Young, 
1981; Glende and Pushpendran, 1986). · Isolated chon
drocytes from degenerative arthritis have been shown to 
synthesize a greater amount of proteoglycans, as well 
(Lafeber et al., 1993). 

Chondrocytes secrete and embed themselves in a 
glycosaminoglycan rich matrix, which is avascular. 
Compared with capillary-rich tissues, cartilage is low in 
oxygen tensions (Maroundas, 1972). In fact, mesenchy
mal cells cultured under lower oxygen tensions favor a 
chondrocytic differentiation (Pawelek, 1969). Chondro
cytes are well adapted to hypoxia by means of glycolysis 
(Meyer and Kunis, 1969). A large glycogen reserve in 
the cytoplasm is characteristic of chondrocytes. To
wards the zone of mineralization, there is a further de
crease in pO2 with concomitant changes in the redox sta
tus signifying a hypoxic effect on the cells (Brighton and 
Heppenstall, 1971; Shapiro et al. , 1982). 

Hypertrophic chondrocytes are terminally differenti
ated; they secrete type X collagen and are no longer able 
to divide (Boheme et al., 1995; Kato et al., 1988; 
Pacifici et al. , 1990). Hypertrophic chondrocytes ex
press high levels of transglutaminase, TGF-IJ and c-myc, 
that have bee1;1 shown to be involved in terminal dif
ferentiation and apoptosis of hypertrophic chondrocytes 
(Aeschilimann et al. , 1993; Boehme et al. , 1995; Kato 
et al., 1988; Loveridge et al. , 1993). Hypertrophic 
chondrocytes are thus predestined to undergo apoptosis. 
In addition to a higher [Ca2+]i detected by EPM in hy
pertrophic chondrocytes, isolated hypertrophic chondro
cytes and MV have been shown to contain much higher 
concentrations of [Ca2+]i and [Pi]i and decreased ATP 
than resting cells (Wuthier, 1988). A recent fluores
cence image analysis and NMR of cultured hypertrophic 
chondrocytes demonstrated high concentrations of 
[Ca2+]i and [Pi]i and a decrease in ATP prior to their 
formation of MV (Wuthier, 1993). The phenomenon is 
remarkably similar to that of blebbing in cell injury and 
apoptosis . The formation of MV in the epiphyseal carti
lage may be construed as a form of blebbing by chon
drocytes that are in the process of apoptosis. 

It is common observation that chondrocytes which 
persist and age in non-epiphyseal cartilages regularly 
undergo cell death and calcification (Bonucci and Dear
den, 1976). In addition to accumulations of discrete 
CDP, disintegration of the dead cell in its entirety occurs 
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frequently in aging cartilages (Fig. 13). Not only scat
tered blebs but freed cell organelles of the disintegrated 
cells participate in calcification. The major difference 
between the epiphyseal chondrocytes and other chondro
cytes is the ability of the former to respond to growth 
hormone. Apoptosis of the senescent chondrocytes and 
their calcification in the resultant CDP are akin to epi
physeal calcification in slow motion. 

It can be said that through the suicidal mission of 
hypertrophic chondrocytes, the epiphyseal plate continu
ously adds to the wne of calcification of the long bone 
to promote its growth. It is noteworthy that hypertroph
ic chondrocytes isolated from murine fetal bone have 
been shown to dedifferentiate and transdifferentiate into 
osteoblasts when pieces of cerebrum are added to the 
culture (Thesingh et al., 1991). Growth factors play the 
key role for the regulation of transdifferentiation and ex
tracellular matrix appears to stabilize the differentiated 
state of the cells (Eguchi and Kodama, 1993). How
ever, the occurrence and the extent of such transdiffer
entiation in vivo remain to be determined. 

Pathological Calcification 

The literature on pathological calcification is exten
sive and their review is beyond the scope of this article. 
Three areas of calcinosis: vascular, neoplastic, and renal 
calcinosis, in which the author has experience, will be 
reviewed in some detail. 

Of dystrophic calcifications, vascular calcinosis has 
been most extensively studied because of their preva
lence and clinical significance (Kim, 1983a). Vascular 
calcinosis will be discussed under three major headings; 
calcification in the heart valves, aorta and cardiovascular 
prostheses. 

Calcinosis in aortic valves 

Calcinosis in human aortic valves begins in the 
young, progressively increases with age and may give 
rise to calcific aortic stenosis (Sell and Scully, 1965). 
Therefore, the valvular calcinosis gained particularly 
early attention. Monkeberg (1904) ascribed sclerosis of 
the aortic valves in old age to continuous mechanical 
stress and degeneration. Subsequent studies have con
curred with the theory and shown that age related degen
eration of the valve most likely underlies the mechanism 
of age associated calcification in the aortic valve 
(Angrist, 1964; McMillan and Lev, 1964). Sell and 
Scully (1965) observed a progressive decrease in the 
number of fibroblasts and a gradual accumulation of cal
cific deposits along with lipids in the fibrosa of aging 
aortic valves. Kim and Huang (1971) demonstrated that 
the lipid deposition in aging valves corresponds to the 
accumulation of CDP derived from disintegration of 
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Figure 14 (top). A degenerated fibroblasts in a 12-
year-old canine aortic valve. Calcific deposits are seen 
in the thickened wall of disintegrated cell organelles 
(arrow). Discrete CDP (arrowhead) are presumably 
formed by blebbing. 

Figure 15 (bottom). Thick-walled vesicles in human 
aortic valve. Needle shaped apatite crystals are radially 
embedded in the thick-wall. The lumen contains granu
lar particles. A peculiar layer of electron lucent con
densation is seen in a vesicle (arrowhead). In view of 
their large size, these vesicles are assumed to have orig
inated from the plasma membrane. From Kim et al., 
1986, with publisher's permission. 
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Figure 16. Anoxically injured canine valvular fibro
blasts. Fluorescent micrograph of cells stained with 
0.03 % calcein. Bright spots are seen in the cell espe
cially along the plasma membrane, that are consistent 
with early stages of blebbing. Extracellular bright spots 
indicate calcified blebs. From Kim, 1994, with publish
er's permission. 

-----------------------------
senescent fibroblasts. These CDP were the primary site 
of calcification (Kim, 1976; Kim et al., 1976; 1986). 

Of the tissue components, fibroblasts in human aor
tic valve display most conspicuous age changes. In se
nescent fibroblasts, the number of mitochondria has an 
inverse relationship with that of residual bodies. Many 
cells in the valves were filled with residual bodies and 
mitochondria were scanty to absent (Kim, 1976; Kim et 
al., 1976). Mitochondrial decay due to oxidative dam
age and their subsequent autophagocytosis, that eventu
ate in residual bodies, are thought to be a mechanism of 
cell aging (Brunk et al., 1992; Shigenaga et al., 1994). 
Autophagocytosis of mitochondria is common in aging 
valvular fibroblasts (Kim, 1976). A variety of struc
tural and functional deterioration including those of 
mitochondria by senescent cells has been demonstrated 
(Cristofalo et al., 1994; Dice 1993).' Although bleb
bing is likely to have occurred, disintegration of the cells 
in their entirety appeared to be the major source of CDP 
in the valves (Fig. 14). The fate of the plasma mem
brane of the disintegrated cells is obscure. However, 
large sized, thick-walled vesicles are frequently encount
ered amid CDP suggesting their origination from the 
plasma membrane (Fig. 15). 

Canine aortic valves reveal changes nearly identical 
to that of human (Kim et al., 1986). Fibroblasts in the 
aortic valves were larger in their size, fewer in number, 
and contained a greater amount of residual bodies com
pared to the pulmonic valves. An accumulation of num-
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erous membranous CDP with frequent calcific deposits 
was noted regularly in the aortic and mitral valves, 
whereas the pulmonic and tricuspid valves were devoid 
of such cell debris. This disparity is attributable to the 
difference in the rate of population doublings and of ex
haustion of the cellular renewal potential between the 
right and the left sided valves. Were there no limit in 
cell replication, such loss of cells should not occur. To 
test that the loss of cell renewal is involved in valvular 
aging, colony size of fibroblasts cultured from aortic and 
pulmonic valves obtained from 5 dogs were compared 
by the method of Smith et al. (1978). In every dog, the 
colony size of fibroblasts from the pulmonic valve was 
larger than that of the aortic valve (Table 2; Kim et al., 
1985b). The findings further substantiate that the gradu
al loss of cells in the valves results from an exhaustion 
of cellular renewal potential as observed in vitro 
(Hayflick, 1977). 

Direct evidence of cell death of fibroblasts as the 
cause of calcification was demonstrated using cultured 
cells. When cultured canine valvular fibroblasts were 
injured by anoxia and freeze-thaw, the cells calcified in 
MEM-2.5, whereas uninjured control cells did not (Kim, 
1994; Fig. 16). Extracellular Ca2+ was required for 
calcification. Calcification of anoxically treated cells 
occurred in mitochondria and extracellular blebs. Inhi
bition of Ca2+ -pump and ATP synthesis, and ionophoric 
treatment of fibroblasts similarly resulted in calcifica
tion. The findings were taken as evidence that the loss 
of ATP and Ca2 + -pump activity can cause calcification. 

Terminal differentiation, aging and apoptosis of 
fibroblasts is widespread (Bayreuther et al. , 1992). The 
reason for the accumulation of calcified CDP peculiar to 
valvular tissue is attributable to avascularity and the lack 
of scavenging as discussed above. There has been evi
dence that gradual loss of Ca2 + regulation occurs in 
aging cells (Eckert et al. , 1994; Peterson and Goldman, 
1986). A gradual decline in ion regulation as a part of 
generalized deterioration in cell aging thus may further 
exacerbate aging and apoptosis of fibroblasts . In senes
cent fibroblasts filled with residual bodies, effective ATP 
synthesis is unlikely. Although calcification of blebs 
formed by senescent fibroblasts are likely to be due to 
increased [Ca2+]i and [Pj]i, calcification occurring in the 
whole cell disintegration may involve a different mecha
nism. The fate of increased [Ca2 +]i in senescent cells 
(Peterson and Goldman, 1986; Shapiro and Lam, 1982) 
is not known but its potential contribution to the subse
quent calcification of degenerated cells is likely. Altera
tions of the membrane phospholipids and their potential 
roles in calcification are discussed above. 

Aortic calcinosis 

Despite frequent calcification in atherosclerosis, and 
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Figure 17. Accumu
lation of CDP with 
calcification in 
"normal" aged human 
aorta. Elastic fibers 
(E) are free of calci
fication. 

Table 2. Colony size of aortic and pulmonic valve fibroblasts (values ± standard deviation). 

No. of colonies % of flask 
per flask area 

Pulmonic valve 64.5 ± 23 .6 8.9 ± 3.81 

Aortic valve 10.2 ± 7.7 1.1 ± 1.2 

presumably due to the complexity of the changes there
in, detailed studies on atheromatous calcinosis are rela
tively rare. In experimental and human atherosclerosis, 
calcification was claimed to be associated with membra
nous vesicles similar to MV (Tanimura et al., 1986a, 
1986b). Similarly, atheromatous plaques from carotid 
arteries that were surgically removed revealed that mem
branous CDP were the predominant loci of calcification 
(Fig. 2). In addition to atherosclerosis, aortic media 
calcifies commonly in association with age. 

Aortic medial calcinosis precedes intimal atheroscle
rosis and has been thought to have a role in the develop
ment of atherosclerosis (Blumenthal et al. , 1950; 
Kramsch et al., 1981). The medial calcinosis begins in 
the second decade and increases with age. In light of 
the abundance of elastin and the earlier study results, it 
has been entertained that elastin serves as the nidus for 
vascular calcinosis (Schiffman and Marytin, 1962; Urry 
et al. , 1974). However, subsequent studies disclosed 
that membranous vesicles (CDP) are the primary loci of 
calcification in aging human aortic media and atheroma
tous plaques (Gardner and Blankenhom, 1968; Hoff, 
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Mean area of Mean diameter of 
colonies (mm2) colonies (mm) 

10.29 ± 0.97 3.35 ± 0.15 

6.46 ± 1.65 2.77 ± 0.39 

1973; Kim, 1976; Paegle, 1969) and spontaneously aged 
rats (Morgan, 1980; Fig. 17). Rats fed with high doses 
of vitamin D developed calcification in association with 
lipid deposition in the aorta (Irving and Wuthier, 1968). 
Cliff (1970) described calcified membranous particles 
originating from "necrotic" cells in aging rat aorta. 
Age-dependent calcification also occurs in a variety of 
tissues, e.g., pineal gland, brain, cartilage, kidneys and 
senile cataract, just to list a few examples (Bonucci and 
Dearden, 1976; Haggit and Pitcock, 1971; Hightower 
and Reddy, 1982; Zimmerman and Bilaniuk, 1982). 

Calcification of elastic fibers in pseudoxanthoma 
elasticum has been one of the main reasons for implicat
ing the role of elastin in calcification (Martinez-Hernan
dez and Huffer, 1974). In accordance with previous ob
servations, an extensive calcification of elastic fibers was 
seen in skin biopsies of pseudoxanthoma elasticum. 
However, closer examination revealed large numbers of 
membranous vesicles in apposition to elastic fibers. 
Calcific deposits were seen in both the vesicles and elas
tic fibers (Fig. 18). The presence of calcified CDP in 
the proximity of elastic fibers attests the likely role of 
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Figure 18. A skin biopsy of pseudoxanthoma elasticum. 
A massive accumulation of CDP in apposition to an elas
tic fiber is present. Calcific deposits are seen in both 
CDP and elastic fiber (arrowheads). 

CDP for calcification in pseudoxanthoma elasticum, as 
well. An accelerated cell death or defect in scavenging 
may be involved in pseudoxanthoma elasticum. In an al
lograft study of the vascular tissue in the anterior cham
ber of rat eye, whole aortic segments calcified, whereas 
isolated and washed bovine elastic fibers did not (Urist 
and Adams, 1967). When isolated collagen and elastin 
were incubated in MEM-2.5, they failed to calcify, 
whereas, liposomes and red cell ghosts did (Kim, 1993). 

Vascular calcinosis also occurs commonly following 
tissue mJury. In experimental anastomosis of piglet 
aorta, calcification occurred at the necrotic site of 
anastomosis and clamp injury (Berry et al., 1970). In 
experimental hypervitaminosis D, aortic calcification 
may not necessarily be related to hypercalcemia. 
Calcification occurred in foci of aortic degeneration 
(Hass et al., 1958). When segments of rat aorta were 
grafted subcutaneously and incubated in millipore 
chambers in the peritoneum of inbred rats, freeze 
thawed aorta calcified more intensely than fresh aorta 
(Kim, 1978). Similarly, organ cultured rat aorta 
developed calcification in occasional CDP, whereas 
freeze-thawed aorta calcified intensely (Kim, 1984). 
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Vascular calcification has features in common with 
epiphyseal calcification. In both, membranous vesicles 
(CDP, MV) derived from apoptotic cells are the loci of 
calcification, and both tissues are avascular. Avasculari
ty and the lack of scavenging appear to be the common 
denominator of calcifying tissues. It can be said that 
fibroblasts and smooth muscle cells in aging aortic 
valves and aortae undergo apoptosis one by one and give 
rise to CDP, that serve as the nidus for calcification. Of 
the programmed cell deaths, cell aging is representative. 

Cardiovascular prosthesis 

Calcific aortic stenosis is commonly treated by sur
gical replacement of the valves with glutaraldehyde-fixed 
porcine valve. Unfortunately, the prostheses frequently 
develop calcification and subsequent failure. The mech
anism of the prosthetic calcification, therefore, has been 
of interest (Schoen et al., 1988). 

Interestingly enough, bioprosthetic calcification has 
been shown to occur in the cells. A certain capacity to 
induce calcification by the cells evidently survives the 
glutaraldehyde fixation. Fibroblasts in the prosthesis 
were shown to retain alkaline phosphatase activity. Inhi
bition of AP activity was said to inhibit calcification in 
the prostheses (Levy et al., 1991). In view of devitali
zation of the cells by the fixation, increases in Ca2+ and 
Pi as the mechanism of the prosthetic calcinosis are 
questionable. 

In order to simulate cellular calcification in porcine 
valve bioprosthesis, canine valvular fibroblasts in culture 
were fixed in 0.5 % glutaraldehyde for 5 days followed 
by their incubation in MEM-2.5. The fixed cells calci
fied in a week, whereas live cells did not. Glutaralde
hyde fixation may be construed as a form of cell injury 
that results in calcification (Kim, 1994). It is interesting 
that porcine valves subjected to ischemia for 24 hours 
prior to fixation led to severe calcification. In the valves 
treated by ischemia at 4 °C, calcification was significant
ly reduced in comparison to the valves with ischemic 
treatment at 25°C. Retardation of metabolic activities in 
cold ischemia was presumed to account for the lesser de
gree of calcification (Neethling et al. , 1992). Consider
ing the time spent for the removal of the valves and dif
fusion of glutaraldehyde to the cells, some ischemic in
jury to the cells in the valves is inevitable (Maranto and 
Schoen, 1988). Theoretically, elimination of Ca2+ from 
the tissue prior to glutaraldehyde fixation may reduce 
their subsequent calcification. For human aortic valve 
allografts, cell viability has been shown to correlate with 
improved clinical performance of the grafts (McNally 
and Brockbank, 1991). 

Setting aside the incompletely understood mecha
nism of prosthetic calcification, interest has lately been 
shifted to the prevention of prosthetic calcinosis. A 
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significant progress in retardation by pharmaceutical 
means of the prosthetic calcinosis is being made (Schoen 
et al., 1992). 

In addition to bioprosetheses, synthetic prostheses, 
i.e., artificial hearts, frequently calcify and fail. In 
artificial hearts, a layer of neointima is formed on the 
surface of the pump and embed cells. Cells adherent to 
the pulsatile area of the pump membrane regularly 
undergo cell death and calcification (Harasaki et al., 
1985). The mechanism is remarkably similar to calcifi
cation in heart valves and aortic media. 

Nephrocalcinosis 

Because of the likely causal relationship with uro
lithiasis, nephrocalcinosis gained an early attention. 
Nephrocalcinosis is very common in humans. Micro
scopic foci of calcinosis are seen in every adult kidney 
(Anderson and McDonald, 1946; Burry et al., 1976). 
There has been evidence that nephrocalcinosis results 
from various tissue injuries. In patients who had recov
ered from acute tubular necrosis, calcification in the ne
crotic cortex is visible through radiography (Heptinstall, 
1974). Diffuse nephrocalcinosis is frequently observed 
in rejected renal transplants (Harrison and Vaughan, 
1978). Furthermore, calcinosis can be the cause of the 
transplant failure (Hartman et al., 1991). Anderson 
(1968) observed a strong correlation between calcifica
tion at the cell debris in the duct of Bellini and urinary 
stones in man. Ramzy and Elwi (1968), in a histochem
ical study, considered hyaline cast formation to be pre
calcific. When dogs were bled to induce shock followed 
by re-transfusion of autologous blood in 24 hours, and 
the kidneys were examined in a week, extensive tubular 
necrosis and calcinosis were noted mainly in the proxi
mal tubules. Calcific deposits were seen in CDP and 
flocculent densities in mitochondria that were free in the 
tubular lumina (Fig. 5). 

Nephrocalcinosis is common in end-s,tage kidney 
diseases of various etiologies with normal serum Ca2+ 
x Pi. Calcific deposits are mainly observed in the tu
bules (Ibels et al., 1981). A high incidence of nephro
calcinosis has been noted in very low birth weight in
fants. Tubular injury and cell death are believed to in
crease the probability of crystal formation in these in
fants (Adams and Rowe, 1992). Calcinosis of renal tu
bules is common in neonates with fibrocystic disease; 
flocculent densities in mitochondria of proximal tubule 
cells were frequent in these kidneys (Katz et al., 1988). 
Recently, an increase in the incidence of nephrocalcino
sis in systemic infections especially in AIDS patients has 
been noted (Bargman et al., 1991; Falkoff et al., 1987; 
Seney et al., 1990). Nephrocalcinosis in hyperprosta-
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glandin E syndrome apparently results from hypercalci
uria secondary to bone resorption (Shoemaker et al., 
1993). 

In the face of its strategic location, the concept that 
Randall's plaque gives rise to a stone nidus was consid
ered (Randall, 1937). However, poor association be
tween the incidences of the plaque and urolithiasis has 
aroused an alternative view (Anderson and McDonald, 
1946; Heptinstall, 1974). Resnick and Boyce (1979) re
covered calcospherites from stone farmer's urine and 
considered them as an embryonic stage of urinary cal
clili. Jordan et al. (1978) suggested that the majority of 
calcium crystallization occurs in the nephron. 

Presumably due to artificial ingredients in the diet, 
nephrocalcinosis is common in experimental animals, es
pecially in female rats. In addition to hypercalcemia, 
nephrocalcinosis in rats can be induced by electrolyte 
imbalance, e.g., Mg or F deficiencies and changes in di
etary composition (Ritskes-Hoitinga and Beynen, 1992). 
In experimental hypercalcemia, including hyperparathy
roidism, calcification began in mitochondria and cyto
plasmic vacuoles of degenerated tubules (Caulfield and 
Schrag, 1964). Calcium gluconate injection to rats re
sulted in calcification in necrotic proximal tubules. Cal
cification was observed in mitochondria of necrotic cells 
(Ganote et al., 1975). In nephrocalcinosis due to chlo
ride depletion (Sarkar et al., 1973), in rats fed with 
semi-purified diet (Woodard, 1971), and in rats fed with 
caries-reducing diet (Colian et al., 1972), calcification 
was mainly intraluminal frequently in association with 
changes of cell injury. In magnesium deficiency, proxi
mal tubular degeneration and calcification was followed 
by similar calcification in the Henle's loop (Ko et al., 
1962). In HgC12 poisoning of rats, calcification 
occurred in sloughed off necrotic cell debris in the 
tubular lumen (Siegel and Bulger, 1975). 

In experimental nephrocalcinosis, nodular calcific 
deposits were commonly observed in the basement mem
brane (Ganote et al., 1975). In drug induced medullary 
necrosis, calcification of membranous vesicles were seen 
in the basement membrane (Shimamura et al., 1974). 
Similar membrane bound calcific deposits are common 
in human placenta (Varma and Kim, 1985). However, 
in nephrocalcinosis in vitro, the basement membrane did 
not appear to participate in calcification (Kim, 1983c). 
The basement membrane probably sequesters CDP that 
give rise to the deposits. 

To further study the role of cell injury and identify 
the initial loci of calcification, rat renal cortical tissue 
was anoxically incubated in a metastable solution. Cal
cification began in 24 hours in membranous CDP and 
flocculent densities in mitochondria. After a few weeks 
of incubation, calcium level in the solution plateaued at 
1/3 of the serum level (Kim, 1983c). 
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Figure 19. (a) A 
large cell carcinoma 
of the lung with 
"tumor necrosis." 
Desquamated cells 
are shrunken and 
their nuclei are 
pyknotic ( chromatin 
condensation). He
matoxylin and eosin 
stain. (b) Fluores
cent micrograph of 
the same area stained 
with 0.03 % calcein 
for 1 minute showing 
fluorescence in dead 
cells. 

Figure 20. (a) Discrete CDP in a gastric leiomyosarcoma. Calcific deposits are seen in CDP. Adjacent cells show 
villous projections of the plasma membrane (arrowheads). It also appears that membranous vesicles are being exo
cytosed (arrow). (b). An area of calcific deposits in the same tumor. Morphology of CDP and their calcific deposits 
are complex. 

- - -----------------------------------------------------------------------------------------------
There has been a view that urinary stones may 

originate from intraluminal calcinosis (Drach and Boyce, 
1972). Cell debris of necrotic tubular epithelial cells 
including mitochondria have been observed to serve as 
nidi of nephrocalcinosis (Anderson, 1968; Kim, 1983c; 
Trump et al., 1980). Like other tissues, renal tubule 
cells turnover constantly (Cameron, 1971). Dead cells 
are excreted as urinary casts. The urinary tract thus has 
a constant supply of potential nidus for calcification. In 
decalcified urinary stones, membranous CDP including 
thick-walled vesicles and bacteria were recovered (Kim, 
1983d). Calcium phosphate crystalluria is seen in every 
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adult (Wemess et al. , 1981). Calcium phosphates are 
the most common component of urinary stones. When 
closely examined, every stone contains some apatite 
(Kim, 1982). Calcium phosphates form 80% of the 
cores of calcium stones (Leusmann, 1982), especially 
whewellite stones (Kim et al., 1985a). Programmed cell 
death of renal tubules is likely to have an important role 
in urinary stone formation . Abnormal sequestration of 
calcified CDP in the urinary tract may eventuate in 
many stones. It is interesting that CDP also serve as a 
substrate for heterogeneous nucleation of calcium oxalate 
in urine (Kahn, 1995). 
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Figure 21. A total cell disintegration in a medullary 
carcinoma of the thyroid. Calcific deposits are seen in 
CDP. Trilamellar structure of the membrane is intact. 
These CDP are presumed to be of earlier stage than that 
seen in Figures 12 and 13 . 

Neoplastic Calcinosis 

Presumably due to the rapid turnover of cells, 
apoptosis is commonly observed in neoplasms (Kerr et 
al., 1994). Sequestration of dead cells as a result of the 
loss of their normal excretory mechanism in neoplasms 
may account for the high incidence of apoptosis in neo
plasms. There is an increasing view that neoplasms are 
a manifestation of the disturbance in the rate of 
apoptosis (Wright et al., 1994). 

Calcinosis is also prevalent in neoplasms and fre
quently serves as a diagnostic landmark, i.e., in mam
mography. Examples of neoplastic calcinosis in the lit
erature are too numerous to cite. The so-called psam
moma bodies are frequently seen in papillary adenocarci
nomas and meningiomas. Calcification of psammoma 
bodies begins in MV (Ferenczy et al., 1977; Lipper et 
al., 1979). In certain tumors, such as gonadoblastoma, 
calcific deposits are the intrinsic part of the tumor 
(Scully, 1970). It is not an overstatement that practical
ly every known tumor may calcify in microscopic foci . 

It is common observation that neoplastic calcinosis 
occurs in association with cell death (Fig. 19). In calci
fying epithelial odontogenic tumor of Pindborg, breast 
carcinomas and pituitary adenomas, calcification was ob
served to occur in degenerate cells and their debris 
(Anderson et al., 1969; Kim, 1983a; Landolt and 
Rothenbuhler, 1977; Stegner and Pape, 1972). In ex
perimental malakoplakia, calcification appeared to begin 
in association with degenerated macrophages (Csapo et 
al., 1975). 
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Figure 22. (a) An area of sclerosis in a fibroadenoma, 
the same tumor shown in Figure 7. In addition to nu
merous CDP (arrowheads) in dense collagenous tissue, 
calcification of total cells is seen (arrow). (b). A closer 
view of an area similar to Figure 21a. Trilamellar 
membrane is no longer visible. Many calcified CDP 
became thick-walled. 

With the advent of radiation and cytotoxic agents for 
the treatment of cancer, increased incidence of calcinosis 
following tumor necrosis has appeared in the literature. 
When a disseminated ovarian carcinoma was treated with 
irradiation, the tumor disappeared but was replaced by 
diffuse calcification of the peritoneum (Menuck, 1976). 
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Figure 23. Calcified CDP in an organ cultured human 
prostate gland lumen. A portion of corpus amylaceum 
(amyloid body) is seen in the right, that is free of 
calcification. From Kim, 1982, with publisher's per
Illlss10n. 

Figure 24. (a) A prostatic amyloid body retaining dead 
cells. Hematoxylin and eosin stain. (b) A calcified 
amyloid body in the same prostate. Mummified cells 
are visible. 

Irradiation or chemotherapy of various cancers frequent
ly causes symptomatic calcification (Bertrand et al., 
1977; Jones et al., 1979). In a childhood leukemia 
treated with cytotoxic agents, calcification developed at 
the site of previous tumor infiltration in the brain (Moir 
and Bale, 1976). Tumors resected following local irra
diation frequently reveal extensive cell death. These 
irradiated tumors frequently display calcification in 
association with CDP (Kim, 1983a). 
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Table 3. Break-down of 54 human tissues studied. 

Specimens Number 

Adenocarcinomas (lung, stomach, ovary, colon and 
Kidney . ........... . . .. .......... . 12 

Squamous Cell Carcinoma, Larynx 2 

Basal Cell carcinoma, Skin . . . . . 1 

Epidermal Cysts (including 2 Malherbe's) 5 
Leiomyosarcoma, Gastrointestinal . . . . . . . . . . 3• 

Meningioma . . . . . 3 

Spindle Cell Lipoma 1 • 

Odontogenic Cyst . . 

Carcinoid, small intestine 

Medullary Carcinoma, Thyroid 

Fibroadenoma, Breast 

Transitional Cell Carcinoma, Bladder . 

Seminoma, Testis ... 

Osteochondroma, Toe 

Calcifying Tendinitis, Shoulder 

Tracheal Cartilage .. . . 

Fat Necrosis, Mesentery 

Pseudoxanthoma Elasticum, Skin . 

Tuberculosis, Pulmonary 

Pelvic Lymph Nodes .. 

Atheromatous Plaques, Carotid 

Intervertebral Disc 

Ligamentum Flavum 

•cases in which thick-walled vesicles are seen. 

1 

3 

1 

1 

To study the extent of cell death involved in neo
plastic calcinosis, a series of surgically removed human 
neoplasms were studied. The results were compared 
with non-neoplastic calcinosis (Table 3). The mode of 
calcification was remarkably similar regardless of the 
type of neoplasms or tissues involved. In every calcified 
tissue, there were scattered membranous CDP in the ex
tracellular space. Adjacent cells frequently displayed 
villous projections of the plasma membrane suggesting 
the formation of CDP by blebbing. The smallest calcific 
deposit was invariably seen in membranous CDP (Fig. 
20). In addition to discrete CDP, there frequently were 
clusters of CDP retaining the same approximate size and 
shape as the cells in the vicinity, indicating disintegra
tion of the cells in toto. Freed organelles of the disinte
grated cells also participate in calcification (Fig. 21). 
Calcification in recognizable mitochondria was rarely 
seen in neoplastic calcinosis. 
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Figure 25. (a) Scanning electron micrograph of psam
moma bodies isolated from a meningioma. PB are ei
ther spherical or cylindrical. The tissue was digested in 
concentrated NaOH solution and PB were separated by 
centrifugation. (b) EPM of psammoma bodies (upper 
spectrum) and adjacent microfibrillar (amyloid) stroma 
(lower spectrum). The presence of S in both indicates 
that the stroma is incorporated in the body. 

--------------------------------------
Mammary calcinosis occurs commonly in the duct 

lumen in association with CDP. Calcification of the 
breast stroma is believed to be rare (Anastassiades et al., 
1984). However, in densely fibrotic areas, especially in 
neoplasms, where scavenging would be ineffective, cal
cinosis in blebs and the disintegrated cells is common 
(Fig. 22). Similarly, calcification of CDP is common in 
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Figure 26. The central core of a psammoma body in a 
meningioma. Cell debris occupy the core. 

prostatic gland lumina (Fig. 23). Apparently , calcified 
CDP in the lumina are normally excreted. However, 
dead cells and CDP are frequently incorporated in cor
pora amylacea and are thus retained. In calcified cor
pora amylacea, calcified cell ghosts are often seen (Fig. 
24). It appears that incorporation and retention of apop
totic cells in corpora amylacea and resultant calcification 
leads to the formation of prostatic calculi. 

Isolated psammoma bodies (PB) frequently assume 
cylindrical as well as spherical shapes (Fig. 25a). PB in 
meningiomas frequently contained sulphur by EPM. 
However, surrounding microfibril rich matrix also con
tained sulphur (Fig. 25b). Concentric layering of mi
crofibrils with properties of amyloid (corpora amylacea) 
has been shown to incorporate in PB (Foschini et al. , 
1993; Kepes, 1961). Dead cells and cell debris fre
quently occupy the center of PB (Fig. 26). Corpora 
amylacea are common in various neoplasms (see, David 
and Kim, 1982). It can be said that cell death underlies 
the mechanism of calcification in psammomatous neo
plasms and the prostatic glands, and corpora amylacea 
serve as the template for PB and prostatic stone 
formations. 

In massively calcified specimens, every structure in 
the tissue was obscured by calcific deposits and their 
relationship with organic structures was not possible to 
determine. Calcification of collagen fibers was seen 
only in heavily calcified tissues. 

Role of Membranes in Calcification 

The mechanism of CDP calcification in various cal
cinosis is complex. Three modes of calcification were 
commonly noted; intraluminal,juxtamembranous and in-
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tramural. Intraluminal calcification is most prevalent 
and can be attributed to increases in Ca2+ and Pi that 
were acquired through blebbing of apoptotic and injured 
cells. However, increased ions can hardly account for 
the other modes of calcification. Juxtamembranous cal
cific deposits refers to the deposition of apatite along the 
membrane surfaces. Such deposits were especially nota
ble in fat necrosis and experimental calcification of lipo
somes (Figs. 7 and 8). Juxtamembranous deposits im
ply that membranes may serve as a substrate for hetero
geneous nucleation of apatite. The above mentioned 
layer of Ca2+ condensation on the surface of the mem
branes may contribute to the juxtramembranous deposi
tion of apatite. Most intraluminal deposits are juxtra
membranous. Intramural calcification refers to radially 
arranged needles embedded in the thickened wall of 
large sized vesicles measuring up to several micrometers 
in diameter (Fig. 15). Needle-shaped apatite deposition 
in the thick-wall is frequently seen in vascular and neo
plastic calcinosis and decalcified urinary stones (Kim, 
1976, 1983b, 1983d; Table 3) . Within the whole cell 
disintegration in senescent hyaline cartilage, vascular 
tissue and neoplasms, what appeared to be altered cellu
lar membranous organelles frequently develop the thick
wall with calcification, as well (Figs. 13, 14 and 22b). 
Identical thick-walled vesicles with calcification were 
seen in heart valve xenograft (Maxwell et al., 1989). 
When red cell ghosts were placed in Millipore chambers 
and incubated in rat peritoneum, thick-walled vesicles 
with calcification developed in 4 weeks, whereas lipo
somes did not. The thick-wall formation is apparently 
a slow process (Kim, 1993). Certain complex forma
tions by the membrane with osmiophilic substance ap
pear to form the thick-wall . Alteration of the mem
branes by phospholipases and non-membranous compo
nents of the cells are likely to be involved in the thick
wall formation. The role of CDP in calcification is not 
limited to compartmentalized increases in Ca2+ and Pi . 

Summary 

A comparison of published data on calcification in 
the growth plate with various dystrophic calcinosis fur
nishes evidence that cell death is the common underlying 
mechanism for both physiological and pathological calci
fications. Cellular Ca2+ overload has been noted in 
both apoptosis and necrosis for decades and has been 
shown to be responsible for cell morbidity. Recent stud
ies demonstrate that multi-fold increases in lPi]i also oc
curs as a result of decreased ATP synthesis in injured 
and apoptotic cells. Concomitant increases in [Ca2+]i 
and [Pi]i in cell death and their conveyance to blebs and 
MV evidently play the key role in calcification. It is 
also theorized that MV formation is a form of blebbing 
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by terminally differentiated hypertrophic chondrocytes. 
The exact point at which apatite nucleation takes place 
in the process of cell death and blebbing remains to be 
determined. In view of multi-fold increases in [Ca2+]i 
and [Pili , apatite nucleation is likely to occur in the 
cytosol prior to blebbing. Little is known about cyto
solic and organelle changes that accompany cell death 
and may affect nucleation and growth of apatite. How
ever, the occurrence of calcification in CDP derived 
from apoptotic and necrotic cells indicates that increases 
in Ca2+ and Pi far outweigh any inhibitory effect that 
may be elicited during cell death. In addition to bleb
bing, CDP originated from cell organelles due to the cell 
disintegration in toto frequently calcify. 

In view of the congestive engorgement of residual 
bodies, ATP in the senescent cells is likely to be deplet
ed. Abrupt surges of [Ca2+]j and [Pili as seen in acute 
cell injury is unlikely in these cells. The fate of the 
demonstrated increase in calcium and the likely high 
[Pil derived from ATP in senescent cells remains to be 
determined. The mechanism of calcification in senescent 
cells presumably differs from that of acute cell death. 

The mode of CDP calcification and morphology of 
calcific deposits in vivo are complex. In addition to 
increases in ion concentrations, the membranes of CDP 
also appear to serve as a substrate for heterogeneous nu
cleation of apatite. Complex interaction of the mem
brane with organic substances and the formation of vari
ous calcific deposits in the tissues may be but a few 
phenomena that demonstrate the complexity of calcifica
tion in vivo . The potential role of Ca2 + condensation 
along the surface of membranes in calcification remains 
to be determined. Mounting evidence in the literature 
indicates that cell death , both necrosis and apoptosis, is 
primarily responsible for both pathological and physio
logical calcifications. 
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Discussion with Reviewers 

G.M. Roomans: In Figure 25b, the presence of sulfur 
could be due to any protein (cell debris?). This is no 
proof that this is stroma. 
Author: I agree. However, it has been known that fi
brillar amyloid matrix is incorporated into psammoma 
bodies. The presence of S in both the matrix and PB 
concurs with the incorporation of the matrix . Sulfur 
containing proteins exist in small quantities in tissues. 
Sulfur is usually not detectable by EPM both in tissues 
and calcific deposits. 

E. Bonucci: Besides MVs originating from apoptotic 
chondrocytes, most of the cartilage MV are formed by 
swelling of the tip of chondrocyte processes and succes
sive detachment of the swollen portion. Is this process 
due to apoptosis? 
Author: As seen in blebbing, condensation of Ca2+ in 
hypertrophic chondrocytes occurs in cell processes prior 
to their formation of MV (Wuthier, 1993). It is not yet 
known how cells are able to concentrate Ca2+ in certain 
locations of the cytosol. There have been limited studies 
on the movement of [Ca2 +]i in the cytosol (Clapham, 
1995). What is unique to cartilage is that the cell proc
esses give rise to a relatively homogeneous population of 
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MV. This may be attributable in part to the viscous ma
trix of the cartilage. 

E. Bonucci: It has been reported that MV are of two 
different types which possibly have different role. Have 
all apoptotic blebs the same composition, and are all of 
them able to induce calcification? 
Author: Calcifying CDP are morphologically heteroge
neous. They are likely to vary in their structural com
positions and enzyme, Ca2 + and Pi contents. The com
plexities of calcific deposits in CDP indicate that the 
microenvironment in which the deposits are formed is 
variable. Of the theories of calcification, ion deregula
tion in cell death, leading to high concentrations of Ca2 + 
and Pi in blebs (and MV), affords the most logical ex
planation for their calcification. In my opinion, the fail
ure to link calcification to cellular events is the main 
reason for the slow progress made in the field of calcifi
cation. 

E. Bonucci: Do you think that all MV are formed 
through cell apoptosis? Have you considered that there 
are tissues, as for instance, embryonic woven bone, 
where MV are numerous although oxygenation and scav
enging are very effective, and apoptosis (at least to my 
knowledge) are rare or lacking? 

Although in epiphyseal cartilage apoptosis is fre
quent and MV are the loci of initial calcification, there 
are other tissues which physiologically calcify in spite of 
the rare presence or complete absence, of apoptosis and 
MVs, as for instance, compact bone (where MV are 
rare) or tooth enamel (where MV are lacking). Do you 
not think this invalidates your conclusion that "... cell 
death is the common underlying mechanism for both 
physiological and pathological calcifications"? 
Reviewer VI: It is stated that mounting evidence indi
cates that cell death (apoptosis) is primarily responsible 
for both pathological and physiological calcification, but 
not true in the case of physiological calcification of 
bones and teeth. With the exception of the growth plate 
where programmed cell death occurs, there is no evi
dence that apoptosis and cell disintegration leads to cal
cification of the periosteum or endosteum in bone devel
opment and repair, or of the initial stages of calcification 
of dentin . In all of these examples, the cells shed calci
fiable vesicles into the matrix in a polarized fashion but 
then survive the blebbing experience and persist as living 
cells in the bone and predentin. 
Author: It is not possible to generalize a phenomenon 
with the results obtained from limited studies. Since the 
discovery of MV three decades ago, there has not been 
a satisfactory explanation for the mechanism of MV for
mation. Overloaded [Ca2+]i in cell death best explains 
the formation and calcification of blebs and MV. 
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The formation of compact bone and dental enamel 
is an issue related to apatite crystal growth and prolifera
tion and bone modeling; it has no direct relevance to 
apatite nucleation. It is a mystery how bone cells mold 
calcific deposits into cancellous and compact bones. 
Mechanical stress has long been noted to affect bone re
modeling. This may occur through intercellular signal 
exchanges as a result of compression of bone fluid 
(Turner and Forwood, 1995). It is tempting to speculate 
that teeth have evolved through millions of years of 
chewing. There is evidence that calcification in cultured 
dental pulp cells is related to cell death and its degrada
tion products (Hayashi et al. , 1993). To my knowledge, 
apoptosis in embryonic bone has not been studied. The
oretically, some cells are likely to survive the blebbing 
experience, perhaps depending on the degree of injury 
and cellular resilience. However, the occurrence and 
the extent of such survival in vivo remain to be deter
mined. In general, cellular turnover is faster in develop
ing tissues than their mature counterparts. Without the 
knowledge of the cells' total lifespan versus their resid
ual life span after blebbing, it will be difficult to reach 
a conclusion. The "polarized deposition" of the vesicles 
may result from effective scavenging on the marrow side 
surface of the endosteal layer. 

D.J. McConkey: What are the physiological conse
quences of calcification? 
Author: Calcification is an important biological phe
nomenon. According to the apoptosis theory , there 
would be no bones and teeth if there were no apoptosis. 
Skeletal mineral also serves as the main Ca2+ and Pi 
storage. In plants, calcium is stored mainly in the 
leaves as calcium oxalate. Calcification occurring in a 
strategic location, i.e., calcific aortic stenosis, can be 
fatal. The degree of vascular calcinosis correlates with 
the prognosis in atherosclerosis, especially of coronary 
arteries. Further, heavily calcified vascular tissue, e.g., 
aortic aneurysm, makes its surgical repair difficult. 
Stones containing calcium phosphate are a form of ab
normal calcification. 

D.J. McConkey: Is calcification always initiated within 
cells? What concentration of calcium ion would one ex
pect to require for the process to be initiated? 
Author: Cell death presumably plays the major role in 
calcification. With the current status of art, it is not 
possible to determine the exact point of apatite nuclea
tion in relation to blebbing and CDP formation. It is 
likely that a large number of apatite nuclei are formed 
within the cell and packaged into blebs. There has been 
many studies on the potential role of the extracellular 
matrix in calcification. None, thus far, offers a better 
explanation for calcification than cell death. It is im-
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portant to keep in mind that in heavily calcified tissues 
that are frequently used for the study of calcification, it 
is not possible to determine where calcification began. 

In simple synthetic solutions, calcification can occur 
at the total Ca X Pi products much lower than that of se
rum. In vitro, calcification occurring at the product 
lower than 2.0 mM2 is ustially considered "physiologi
cal. " There has not yet been a detailed correlation be
tween the level of [Ca2+]i (and [Pi]j) in cell death and 
calcification. In light of several fold increases in [Pi]j, 
that may exceed 10 mM in cell injury and apoptosis, 
micromolar concentrations of [Ca2+]i would be suffi
cient for apatite nucleation. 

D.J. McConkey: It is currently thought that the recog
nition, uptake, and disposal of apoptotic cells by neigh
boring cells and macrophages is an extremely efficient 
and rapid phenomenon. How would the author reconcile 
this concept with the idea that apoptotic cells might 
promote calcification (a presumably more protracted 
response)? 
Author: Apparently , not ev~ry tissue benefits from the 
efficient scavenging by macrophages, as evidenced by 
the presence of CDP in aging connective tissues and 
neoplasms. Since tissue macrophages are delivered and 
removed through capillaries and lymphatics, the lack of 
their network in certain tissues may account for the 
accumulation of CDP and the resultant calcification. 

D.J. McConkey: It would seem that calcification might 
be better promoted by necrosis than apoptosis . What 
contribution does the author think secondary necrosis of 
apoptotic cell plays in calcification? 
Author: Changes in [Ca2+]i in apoptosis of anti-Fas 
mAb treated FMO cells takes place in multiple steps. 
Increases in [Ca2+]i as high as 2 µMin the later half of 
apoptotic process coincides with the development of 
"secondary necrosis" (Oshimi and Miyazaki, 1995). It 
is likely that [Ca2+]i will further increase even after the 
secondary necrosis. Needless to say, higher [Ca2+]i in 
later stages of apoptosis, provided there is no loss of 
[Pj]i, will be favorable for calcification. 

D.J. McConkey: Early work by Bowen and his col
leagues (see his book: Programmed Cell Death in 
Tumors and Tissues, Chapham and Hall, 1990, and in 
several papers referenced therein) suggested that up
regulation of alkaline phosphatase activity is linked to 
programmed cell death in vivo. This observation 
appears to support the author' s thesis. 
Author: Thank you for the comment. 

Reviewer ill: Why is phosphate difficult to measure? 
Author: As opposed to Ca2 +, the ion selective elec-
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trode for Pi and fluorescent probes for intracellular [Pi]i 
have not been available. The measurement of Pi in the 
past depended mainly on a color reaction with, i.e. , 
malachite green. Furthermore, three different species of 
Pi exists in equilibrium, H2Po4-, HPo/-, and Pol-. 
There is not yet a satisfactory means that detects these 
ion species. With the advent of NMR, there has been 
an increasing number of studies on [Pi]i homeostasis. 

Reviewer V: The author discusses the basic morpholog
ic features of apoptosis and necrosis and the potential 
overlap between the two states. Is there morphological 
and biochemical evidence for early changes of apoptosis 
in the conditions cited and illustrated by the author as 
representing calcification in apoptotic states? 
Author: The process of cell death is perhaps as com
plex as life phenomena. Although cell death can be 
easily recognized in cell cultures, it is difficult to define 
properly . The pursue of the likely initial step of apopto
sis caused by a genetic mechanism is promising. How
ever, current attempts to define apoptosis by a few sim
ple morphological and chemical characteristics are, in 
the author's opinion, an oversimplification for the im
mensity of the phenomenon of cell death. As pointed 
out, naturally occurring cell death in vivo without nota
ble cause is considered apoptotic in this discussion. 

Reviewer VI: An insufficient distinction is drawn be
tween the features of physiological calcification, and the 
various forms of pathological calcification which are the 
main concern of this paper. Only features of pathologi
cal calcification are presented in detail. Therefore, it is 
inappropriate and uncritical to equate the features of cal
cification in growth plate as mediated by matrix vesicles 
with the process of pathological calcification as depicted 
in the aortic valve. Since no adequate description of 
normal biological calcification is put forth, an unfortu
nate confusion is created leading the reader to believe 
that the two processes are identical, but they are not. 
Specifically, the types of mineral ultrastructure described 
here in pathologically calcifying aortic valve as "porous 
particles", "fine fibrils", and "solid deposits" have not 
been recognized in normal growth plate calcification. 
Author: Existing concepts of MV calcification, the 
mainstay of physiological calcification, are reviewed. 
The similarity between calcification of MV and blebs 
and the involvement of cell death in both physiological 
and pathological calcification are stressed. Theoretical
ly, even in the same tissue, the microenvironment in 
which calcification occurs is likely to be variable. Not 
every MV or CDP in tissues displays calcific deposits. 
The possibility that differences in the rate of calcifying 
process instead of the fundamental mechanism of calcifi
cation may dictate the subtle difference between physio-
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logical and pathological calcification should be consid
ered. For instan<::e, the changes observed in the slowly 
progressing cell death and calcification in aging tracheal 
cartilage may be difficult to observe in the epiphysis 
where it occurs in fast motion and calcific deposits are 
rapidly incorporated in to bone. 

Porous particles have been observed in skeletal 
mineral (Molnar, 1959). The occurrence of carbonate 
apatite has been described in bone, in which the Ca/P 
ratio is consistently lower than 1.67. Solid whitlockite 
particles were observed in cartilage. OCP formation by 
isolated MV is mentioned in the text. 

It would be wise to take into account the possible 
role of cell death in studies of calcification involving 
MV. 

Reviewer VI: Several of the studies of MV calcification 
in vitro by Wuthier's group (1988) may be invalid be
cause they used MV's taken from chicken growth plate, 
many of which are already precalcified in vivo. Thus, 
the calcification rate observed is partly due to initial 
mineraliz.ation and partly due to the growth of pre-exist
ing mineral, and it may be incorrect to conclude that re
moval of alkaline phosphatase (ALP) had "little effect on 
Pi or Ca2+ uptake by MV" . In fact in recent reports , 
Hsu et al. (1993) and Hsu and Anderson (1995a, 1995b) 
have found the opposite when studying non-precalcified 
rachitic rat MVs. In short, Dr. Hsu's studies indicate 
that physiological levels of ATP (not-supraphysiological) 
are optimal to support the calcification of non-precalci
fied MV's, and that inhibitors of ALP (such as PIPLC 
and Levamisole) inhibitMV calcification at least partial
ly and in a dose dependent fashion. 
Author: Thank you for the comment. 

Reviewer VI: Long bones do not lack "an ability to 
grow" except at the growth plate. In fact, the ability to 
grow periosteally and endosteally persists into late adult 
life. This occurs during normal metabolic turnover of 
bone and at sites of fracture healing. 
Author: The primary function of bone cells is remodel
ing and modeling (Freemont, 1993). Mechanical stress, 
especially of weight bearing, has been known to affect 
the remodeling (Turner and Forwood, 1995). Bone cells 
maintain a close relationship with marrow cells and they 
both may share the common stem cells. The polarized 
deposition of MV in osteoid can be attributed to the 
highly vascular marrow. It is true that bone cells retain 
some capacity to respond to growth hormone. Acro
megaly develops in response to an excessive growth hor
mone secretion by pituitary adenoma. However, the 
phenomenon may be viewed as a derangement in remod
eling. The trivial growth of mature bone is not a match 
for the dramatic consequences of epiphyseal malfunc-
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tions , e.g. , dwarfism and gigantism. Fracture healing, 
in my opinion, is a form of wound healing rather than 
growth. Bone growth is generally associated with an en
largement of the bone that increases the height during 
the growth period rather than the cellular activity there
in. In regard to dental pulp cells, calcification in rat 
pulp cells in culture has been shown to occur in associa
tion with cell death (Hayashi et al., 1993). 

Reviewer VI: The definition of "dystrophic calcifica
tion" is insufficient and should incorporate the fact that 
dystrophic calcification occurs in normocalcemia in 
"injured tissue." 
Author: Although injury frequently results in dystroph
ic calcification, the reverse may not be true. For 
instance, calcinosis demonstrated in aging connective 
tissue, i.e. , tracheal cartilage, or in fibroadenoma of the 
breast cannot be attributed to injury. 
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