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Purpose of the Review

Management of calcium and phosphate in biofluids is key to
maintaining physiological mineral homeostasis (i.e., appropri-
ate mineralization of hard tissues and an absence of mineral
deposition in soft tissues). This review describes and contrasts
the ways vertebrates manage calcium phosphate in two biologi-
cal fluids (breast milk and serum) and illustrates the benefits of
mineral sequestration by proteins. In milk, phosphoprotein-se-
questered calcium magnesium phosphates provide nutritional
support, whereas in serum, protein-sequestered calcium phos-
phates control transport and delivery of calcium and phosphate
to tissues for biological function or excretion. In addition, sub-
sets of sequestered phosphates in serum have been identified as
culprits underlying ectopic deposition of calcium phosphates
and toxicity.

Key Points

* Sequestration of nascent clusters of ternary phosphates com-
posed of magnesium, calcium, and phosphate by intrinsically
disordered proteins play key roles in physiological calcium
phosphate management. Sequestration results in the formation
of soluble colloids: large fibrous amorphous calcium magne-
sium phosphate nanoclusters in milk and small spherical amor-
phous calcium phosphate nanoclusters in serum.

* Breast milk is composed of large fibrous micelles in which
casein embeds amorphous calcium magnesium phosphate nano-
clusters. These casein micelles exhibit structural integrity, even
in the presence of other proteins. The casein micelles remain re-
markably stable during storage as liquids or solids, exposure to
heat and cold, drying and reconstitution, and exposure to salts,
alcohols, or acids. The phosphates embedded within the casein
molecules remain amorphous, a feature which supports their nu-
tritional value as sources of calcium, magnesium and phosphate.
¢ In healthy individuals, calciprotein nanoparticles, small na-
noscale aggregates of amorphous calcium phosphates embedded
in binding proteins, promote efficient transport, distribution, and
clearance of calcium, magnesium, and phosphate without risk
of precipitation. The half-life of these nanoparticles in serum is
short, and if not utilized for calcium/phosphate replenishment
within minutes of their formation, they are cleared by the kid-

ney, liver and spleen. Some of the nanoparticles may be suffi-
ciently small to pass through renal tissues into urine. As circulat-
ing biomaterials, they may couple dietary mineral exposure with
endocrine control of mineral metabolism in bone, kidney and
intestine. Conversely, when calcium and phosphate homeostasis
is disrupted, these particles emerge as mediators of phosphate
toxicity throughout the body. If the particles are not scavenged,
they increase in size and accumulate a wide variety of organic
species typically found in the biofluid environment. The embed-
ded mineral gradually transforms into nanoparticles composed
of sequestered mixtures of amorphous and crystalline calcium
phosphates. As this ripening occurs, the particles become less
soluble in the biofluid and the phosphates become less soluble in
acidic media. Ectopic particle deposition on soft tissues is asso-
ciated with cellular toxicity. Cytotoxicity may be related, at least
in part, to the crystallopathy of crystalline calcium phosphates
that induce inflammation, injury, and cell death.

1. Introduction

The bodies of vertebrates comprise hard tissues that are heavi-
ly mineralized with calcium phosphates beneficially co-existing
with soft tissues and biofluids that contain little or none of this
mineral. For the hard tissue to stay mineralized, the permeat-
ing biofluid must be saturated with the hard tissue mineral. At
the same time, both the soft tissues and biofluids must remain
free of mineral precipitates. Thus, the permeating biofluids must
contain stable forms of the mineral substances in quasi-equilib-
rium with the mineralized forms found in hard tissues. If sta-
bilization fails, soft tissues can become mineralized and hard
tissues can become demineralized, conditions that characterize
degenerative, dysfunctional, or diseased states.

A physiological solution to this conundrum likely evolved early
and continues to allow physiological calcium phosphate man-
agement [1-3]. In order to control, regulate, and maintain cal-
cium and phosphate in biological fluids and tissues, a group of
secreted, calcium-binding phosphoproteins and a second group
of polycarboxylated proteins evolved. Members of these two
groups of proteins, both of which are able to sequester calcium
phosphate (CaP) in soluble and bioavailable forms, are involved
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in every aspect of biomineral utilization by vertebrates [4-7].
Consequentially, numerous studies have explored the mineral
composition and protein content of CaP-containing particles de-
rived from human and animal milk and sera, as well as similar
particles sourced from other biological fluids (e.g., amniotic flu-
id, cerebrospinal fluid, urine, ascites and synovial fluid) [4-18].

A second enigma arises when one compares the composition of
the calciprotein particles (CPPs) that are found in breast milk
with the particles that circulate in the sera of normal subjects.
Sequestered nanoparticles that have been isolated and analyzed
from milk contain magnesium, a non-proteinaceous stabilizing
agent that slows maturation of amorphous calcium phosphate
(ACP) to more crystalline forms. A review by the EuroSoft-
CalcNet COST Action consortium emphasizes the central role
that calcification inhibitors such as sequestering proteins and
pyrophosphate play in preventing vascular calcification, one of
the most serious consequences of CaP maturation and deposi-
tion in soft tissues [19]. If fetuin-A sequestered ACP is the form
that circulates in sera, the apparent absence from the complex

of non-proteinaceous ACP-stabilizing agents such as pyrophos-
phate or magnesium is puzzling. Recent studies by Gelli et al.,
Babler et al., and Powell et al. suggest that the magnesium ion
may constitute an important stabilizing agent for sequestered
CaP nanoclusters [6,17,20]. The potential role of such stabiliza-
tion of CPPs in serum will be discussed in section 5.8.

2. The Problem: Calcium Phosphate Solubility

Solubility (or its lack) is one of the most important properties
of calcium phosphate (CaP) salts. For example, the solubility of
these salts determines the course of many chemical reactions,
such as dissolution, precipitation, hydrolysis, and phase transi-
tion. From a biological perspective, solubility plays a major role
in processes such as transport, deposition, and the formation or
resorption of hard surfaces. As the data in Table 1 show, solubil-
ity products [Ksp; calculated on the basis of ion concentrations
or ion activities at specified values of solution pH (column 4 or
columns 5 and 6, respectively)] tell us that combining calcium
ion and phosphate ion in aqueous solutions at or above neutral
pH incurs high probability that CaP will precipitate.

Salt Formula Ca/P | -log Ksp) at 25°C1 | -log (Ksp) at 37°C*? | pH
Monocalcium phosphate monohydrate | Ca(H,PO,), - H O 0.5 Highly soluble Soluble <2
Dicalcium phosphate dihydrate Ca,(HPO,),-2H,0 | 1.0 6.59 6.66 35-6.8
Octacalcium phosphate Ca H,(PO,), -5SHO | 133 [484 48.7 ~6
a-Tricalcium phosphate a-Ca,(PO,), 1.5 25.5

B-Tricalcium phosphate B-Ca,(PO,), 1.5 28.9

Hydroxyapatite Ca (PO,)(OH), 1.67 58.4 117.3 95-12
Fluoroapatite Ca (PO,).F 1.67 |60.5

Tetracalcium phosphate Ca,(PO,),0 2.0 38.0

Table 1. Solubilities of representative calcium phosphates
Note 1: Solubility constants presented in references 21-22.
Note 2: Solubility constants calculated from ion activities at values of pH presented in reference 23.

2.1 Reactions of Calcium Ion and Phosphate Ions in Aqueous
Solution

Synthetic hydroxyapatite has been studied extensively as an an-
alog of bone and tooth mineral. Recent reviews by Combes and
Rey and Edén provide a detailed, description of synthetic reac-
tions providing “hydroxyapatite” and other calcium phosphates
and extensively cite and analyze studies that have been reported
in the past [24-25].

In general, the reactions of calcium ion and phosphate ions are
studied by rapidly mixing an aqueous solution of calcium chlo-
ride of known concentration with a second aqueous solution of
sodium or potassium phosphate of known concentration. Water
of high purity (e.g., “Milli-Q” water) is used as the solvent. Fre-
quently the concentrations of each solution are adjusted to mir-
ror the molar ratios of each ion in a geologic calcium phosphate
mineral (e.g., monetite, brushite, hydroxyapatite). The pH of the
phosphate solution is adjusted to a known value prior to mixing
and then is monitored as reaction takes place. The temperature
is maintained within a predetermined range as well. A precipi-
tate form rapidly under these conditions. At various timepoints,

the concentrations of ions remaining in solution are determined
using atomic absorption spectroscopy (calcium) and chemical
reactions (phosphate). In addition, electron micrography is used
to characterize the structures of the calcium phosphate precip-
itates at the same timepoints. Mathematical calculations (e.g.,
calculations considering thermodynamics, ion activities, and/
or solubility) are typically based on the concentration/activity
of the calcium ion and the concentrations/activities of each of
the three phosphate ions (H2PO4-, HPO42-, and PO43-) at each
value of solution pH.

For example, Christoffersen et al. found that mixing equal vol-
umes of 0.02 M CaCl2 and 0.015 M K2HPO4 (pH 7.4) at 37
°C yielded a solution having a pH of ~6.4 that formed a floccu-
lent precipitate (amorphous calcium phosphate 1; ACP1) within
about 1 minute [26]. The precipitate was not stable and convert-
ed within 5 minutes to a second, more spherical amorphous cal-
cium phosphate (ACP2) having ten-fold lower solubility (Ks)
than ACP1. At the same time the solution pH decreased to about
5.7. Like the first precipitate, the second precipitate was labile
and converted within hours to a third, slightly less soluble phos-
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phate, identified as octacalcium phosphate or OCP. A solution
pH of 5.4 was observed as the transformation to OCP took place.

Calcium Phosphate Empirical Formula | Molar Ratio Ca/P |-Log Ks | pH

Amorphous calcium phosphate 1 | - 1.35 10.6 ~6.4
Amorphous calcium phosphate 2 | - 1.35 11.5 ~5.7
Octacalcium phosphate Ca H, (PO, - SHO |1.35 11.7 ~54

Table 2. Calcium Phosphates Isolated by Precipitation [26]

Studies such as these inform us of changes that occur in well-de-
fined solutions similar to those of Christoffersen et al. Although
no empirical formulae are provided for ACP1 or ACP2, it is
likely that each precipitate is extensively hydrated. Lenton et al.
have proposed an empirical formula for ACP of “Ca(PO,), ,,(H-
PO,),,,” [27]. If this formula corresponds to ACP2, the pH pro-
file suggests that the transition from ACP1 to ACP2 included
loss of protons from some bound HPO42- anions and conver-
sion to bound PO,* anions, a change which would contribute
to both the decrease in solution pH that was observed and the
significantly lower solubility of ACP2. In addition, investigators
have hypothesized an increase in density in conversion of ACP1
to ACP2, an increase which may correspond to loss of bound
water from the complex and its components. Finally, it should
be noted that small variations in experimental parameters (e.g.,
stirring rate, particle size, nature of buffer, presence of dissolved
carbonate from reagents and air, concentrations of reagents,
washing the precipitate with water) have resulted in independent
reports of a range of more-or-less acidic ACPs having seemingly
distinct empirical formulae and structures. Few of these formu-
lae correspond exactly to the formulae of defined CaP mineral
salts [e.g., brushite (CaHPO, - 2 H,0); octacalcium phosphate
(Ca,H,(PO,), - 5 H,0); apatite Ca (OH)(PO,),].

Both the mechanisms of initial nucleation and the structures of
the CaPs that are formed in these reactions remain controversial.
Pioneering investigations that were carried out in amine-con-
taining buffers indicated that an amorphous calcium phosphate
(ACP) phase formed as a precursor to the precipitation of crys-
talline hydroxyapatite (HA) [28]. Kinetic analysis suggested that
the conversion involved the dissolution of ACP followed by the
first-order, autocatalytic propagation of HA crystals at a rate pro-
portional to the amount of crystalline material already present.
The sigmoid curves describing this transition exhibited an in-
duction period in which no change in crystallinity was observed,
followed by a rapid proliferation period to crystalline HA that
gradually tapered to a period of little change. Since many of the
conversions are endothermic, additional heating at elevated tem-
peratures alters the characteristics of the final product, as does
the addition of alcohols or poly(ethylene) glycols [25,29]. As
noted above, detailed, descriptive analyses of many of these in-
vestigations are available, and they will not be discussed further
herein.

2.2 Maturation

The mineral phase of bone and teeth is typically described as
(crystalline) hydroxyapatite, one of the least soluble but most
thermodynamically stable forms of calcium phosphate. Howev-
er, under physiological conditions, calcium phosphate does not

precipitate directly in this form [25,30]. It is now generally rec-
ognized that the crystallization of many sparingly soluble salts,
including calcium phosphates, involves the formation of meta-
stable precursor phases that subsequently and repeatedly redis-
solve and then reprecipitate as less soluble and more crystalline
forms of the salt [31]. During these transitions, the salt passes
through several unstable or metastable stages from the most sol-
uble to the least soluble. The kinetics of ripening are dramatical-
ly dependent on factors such as pH, temperature, ionic strength,
viscosity of the medium, and molecules and ions in solution. The
process is an example of the Ostwald Rule of Stages or Ostwald
“ripening” [31-34].

Ostwald ripening is not the only mechanism of maturation that
has been considered [35]. A second mechanism involves the re-
organization of Posner’s clusters through accretion of other clus-
ters. As the cluster size grows, a simple reorganization involving
minimal activation energy could provide the seed crystals of ap-
atite needed for maturation. A third mechanism considers hydro-
lysis of phosphate on the surface of the agglomerate, resulting in
nucleation of apatite, with crystal growth supported by surface
ion migration.

What experiments such as those described in the preceding sec-
tions do not emphasize is the consequences of maturation of
amorphous CaPs into crystalline materials. This change is im-
portant to recognize, as a transition to crystallinity reduces sol-
ubility and increases physiological toxicity, as discussed below.

2.3 Calcium and Phosphate Status in Biofluids

Calcium and phosphate ions behave as ideal reactants (i.e., sim-
ple ions) only in very dilute aqueous solutions of soluble an-
tecedent salts of non-chelating counterions that are formed and
maintained under an inert atmosphere. In stark contrast, how-
ever, a biofluid such as serum is a complex environment hold-
ing millimolar concentrations of each ion. Moreover, the serum
concentrations of either or both ions are susceptible to increases
responsive to dietary loading (e.g., after eating or use of sup-
plements) [36]. Thus, the ions do not react as independent enti-
ties. Instead, they form soluble ion pairs with each other [e.g.,
(CaH,PO,)+ and CaHPO,] and with counterions such as citrate
and other hydroxyacids having a high affinity for the calcium
ion [37-39]. The ion pairs convert within a few nanoseconds to
thermodynamically unstable nanoclusters of amorphous calci-
um phosphate (ACPs). If magnesium ion is present, it serves as
a pro-aggregant and provides a central ion in the formation of
more soluble colloidal nanoclusters of amorphous magnesium
calcium phosphate (AMCPs) [40]. Likewise, as the initial phos-
phate aggregates transform into less soluble calcium phosphate
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precipitates, carbonate ions may be incorporated into the solid.
Sequestration of ACP and/or AMCP nanoclusters before they
undergo conversion to less soluble and more crystalline phos-
phates is key to the physiological solution to calcium phosphate
management.

3. The Physiological Solution to Mineral Management
Controlled transport and distribution of calcium and phosphate
are indispensable for cellular metabolism. Nearly all physio-
logical fluids have the potential to become saturated or locally
supersaturated with calcium and phosphate ions. Natural bioflu-
ids, therefore, require some means for stabilizing these ions in
solution and preventing their inappropriate precipitation and/or
crystallization. Current reports point to sequestration by intrinsi-
cally disoriented proteins (IDPs) as the predominant mechanism
for providing CaP stabilization in biofluids.

Intrinsically disordered proteins (IDPs) comprise a group of sol-
uble proteins that act as sequestration agents [4,27,41-44]. The
biological significance of IDPs has prompted establishment of
a curated IDP database (DisProt; url: https://disprot.org) that is
growing in parallel with increases in the importance of this vital
field of study [45]. Recent reviews by Boskey, Holt, and Lenton
describe extracellular IDPs in greater detail than will be provid-
ed here [27,41,43]. Another recent review by Wright and Dyson
discusses intracellular IDPs and their roles in cellular signaling
and regulation [44].

Two characteristics of IDPs illustrate their significance to physi-
ological calcium phosphate management. The first characteristic
relates to their flexibility in solution. The second characteristic
reflects the loss of flexibility and induced folding upon binding
of ligands [46-47]. Thus, IDPs are characterized by a lack of
fixed conformation in solution. Their flexibility allows them to
rapidly transform through an ensemble of interchangeable struc-
tures as well as rapid sampling of a large conformational space.
The result is an acceleration of protein-ligand interactions [48].
In the sequestration of ACP or AMCP nanoclusters, this flexibil-
ity provides a mechanism through which the protein can rapidly
react with nascent aggregating clusters of phosphates to prevent
or slow the irreversible formation of more crystalline phases.
Slower sequestration resulting from a low affinity of binding,
a low concentration of sequestrant or a more rigid conforma-
tion would be expected to result in the irreversible formation of
crystalline, or poorly crystalline, calcium phosphates exhibiting
greater toxicity [49-50].

The loss of flexibility on binding of ligands has several beneficial
consequences. For example, sequestration of amorphous calci-
um phosphate nanoclusters by the IDP inhibits their conversion
to less soluble and more crystalline materials. Likewise, upon
ligand binding, the structure of the IDP changes in ways that en-
velop the nanoclusters in a structured protein environment (e.g.,
a beta sheet in fetuin-A) [51]. Although the overall structure may
be described as globular, nanocluster sequestration does not re-
quire extensive association of protein segments with the CaP
core. In contrast, after sequestration, other polypeptide segments
in the IDP may open to interaction with unrelated proteins and

soluble moieties in the local milieux, creating a multilayered
complex. The resulting nanoparticles are dispersed in biological
fluids as soluble colloids.

Inhibition or nucleation properties are not intrinsic to a given
IDP. Current data show that an IDP can act in various ways, de-
pending on its concentration, other solution conditions, and its
degree and pattern of phosphorylation.

Areview by Lenton ef al. summarizes knowledge about the struc-
tural biology of CaP nanoclusters sequestered by phosphopro-
tein and phosphopeptide IDPs [27]. In this review, general de-
tails about the major proteins that act as sequestrants in milk and
serum are presented. Additional details about sequestration in
other biofluids and tissues are being defined in a growing body
of publications summarizing recent research.

4. IDPs, the Physiological Sequestration Agents in Milk
Sequestration of CaP nanoclusters by phosphoproteins and
phosphopeptides is widely recognized, and a brief description
of a well-studied sequestrant in milk will serve as an example.
Investigators have reported and confirmed that milks (includ-
ing human milk) contain colloidal casein micelles which embed
calcium phosphate [41,52-58]. As a result, milks contain much
higher calcium and phosphate concentrations than are permit-
ted by the solubility of inorganic calcium phosphates at the pH
of milk (pH 6.5-6.7). Differences in mineral content and casein
phosphorylation exist among species [59-61]. However, studies
of donkey, bovine and human milk provide general information
about casein micelle structure and composition as well as miner-
al distribution in this class of biofluid.

Caseins have been extensively studied in cow’s milk, where they
exist as large aggregates of colloidal size known as casein mi-
celles. Although only bovine casein micelles have been studied
in detail, their general characteristics may apply to other verte-
brate milks as well [41,59-61]. For example, a typical bovine
milk casein micelle having a 100 nm radius contained about
104 casein molecules (~50 phosphate centers) and 800 nano-
clusters of amorphous calcium phosphate [61]. These micelles
were not assembled in the “hydrophilic heads out, hydrophobic
tails in” typical of amphiphilic molecules in aqueous solutions
[62]. Rather, the initial fibrils resulted when the o- and B-ca-
sein fractions, which are heavily phosphorylated, interacted
and bound strongly with Ca2+ ions, leading to the formation of
amorphous nanoclusters of magnesium calcium phosphate em-
bedded in the protein. Then nanocluster-laden caseins aggregate
into micelles which are surface-stabilized by k-casein, which
prevents agglomeration. Cryo-transmission electron microscopy
(TEM) investigation on casein micelles revealed that the mag-
nesium-containing CaP nanoclusters embedded therein are ~2.5
nm in size and uniformly distributed in a homogeneous protein
network [41]. Small angle scattering investigations revealed a
similar cluster size (2 nm) and a correlation length of 0.35 nm-1,
which indicates that each AMCP nanocluster is, on average, 18.6
nm apart from the other in bovine casein [41].

The mineral contents in milks from various species have been
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widely studied as well. As expected, due to variations in ma-
ternal nutrition, the mineral content in human milk is widely
variable. What is remarkable, however, is the relative invariance

of the Ca:P ratio among the species (1.4-1.5) and the consistent
presence of millimolar magnesium, an ion known to stabilize
sequestered amorphous calcium phosphate nanoclusters.

Species Mineral content, mmol/L Ca:P Ratio Source

Ca P Mg
Donkey 13.6 9.8 1.1 1.4 Malacarne [62]
Donkey 12.3 8.2 1.1 1.5 Fantuz [63]
Cow 13.0 8.8 1.1 1.5 Fox [64]
Human (Early lactation) 7.4 3.9 1.4 1.9 Sanchez [65]
Human (Late lactation) 6.3 3.9 1.4 1.6
Human (Early lactation) 6.9 3.9 1.0 (1.8) Li [66]
Human (Late lactation) 6.6 3.9 0.9 (1.7)
Human (Established feeding) 6.7 3.9 1.5 (1.7)
Human 7 4.7 1.3 1.5 Sanchez [65]

Table 3. Mineral content of whole milk

Note: The values in this table are means and do not reflect the
reported standard deviations or the ranges of concentrations
found. Phosphate values in parentheses are taken from Sanchez
and the Ca:P ratios are calculated on this basis.

In order to determine the mineral distribution, whole milk may
be centrifuged to separate fat and obtain skim milk. Skim milk
may then be ultracentrifuged to separate a casein pellet from the
whey (soluble) fraction. Lastly, the soluble supernatant may be
ultrafiltered to obtain an aqueous phase. By this means the distri-
bution of calcium, phosphorus, magnesium and other elements

in the various phases may be determined. For example, Fantuz et
al. applied the procedure described above to donkey milk sam-
ples collected from healthy lactating donkeys [63]. They found
that the fat fraction carried very little or none of the investigated
elements (calcium, phosphorus, sulfur, magnesium, potassium
and sodium). As expected, the majority of calcium (62.9%) and
phosphorous (53.1%) was associated with casein. In addition, a
significant fraction of magnesium (32.6%) was also associated
with the casein fraction. The whey/aqueous phase contained the
remainder of these ions.

Species Mineral content in casein micelles (as a percentage of total mineral Reference
content in milk)
Ca P Mg
Donkey 69.3% 63.8% 31.2% Malacarne [62]
Donkey 62.9% 53.1% 32.6% Fantuz [63]
Cow 66.5% 57% 33% Fox [64]

Table 4. Percentage of total mineral associated with casein

Thus, these data infer that complementary inhibition of ACP
maturation by both casein proteins and the magnesium ion bound
to the embedded nanoclusters slows the rate of maturation of the
amorphous state and prevents CaP crystallization in milks.

Briefly summarized, this description of casein sequestration in
milk suggests that the sequestering IDP may contain sequences
of phosphorylated serines and/or threonines wherein exposure
to protein-bound phosphate facilitates association with and ini-
tial binding to nascent ACP nanoclusters [67-72]. The resulting
complex may contain a large mass of ACP and be quite ther-
modynamically stable, exhibiting little maturation to crystalline
CaPs, even after exposure to heat, cold, drying and reconstitu-
tion, exposure to added salt or alcohol, or lengthy storage as lig-
uids or solids.

Among other features of casein-sequestered CaP that are dif-
ferent from the chemical and thermodynamic descriptions of
calcium phosphate synthesis reactions in water (section 2.1) is

the role that the magnesium ion plays in the complex. It is well
known that an IDP does not act in isolation, and its effects are
frequently altered by the presence of other ions and molecules in
the biofluid, as well as environmental conditions (e.g., tempera-
ture and pH). Known agents that alter the stability of amorphous
calcium phosphates embedded in an IDP include magnesium,
pyrophosphate, strontium, zinc, citrate, phosphocitrate, ATP and
the magnesium ATP complex, carbonate, fluoride, bisphospho-
nates, microRNAs, and DNA fragments. (This list is not all-in-
clusive and includes species which alter the growth of crystal-
line calcium phosphates as well.)

5. CaP Sequestration in Serum

Sequestration of ACP nanoclusters by serum proteins provides
a stark contrast to the sequestration by caseins that is observed
in milk. a2-Heremans-Schmid glycoprotein (fetuin-A or AHSG;
accession no. P02765) has been identified as the major seques-
trant in serum [73]. (In the blood of healthy adults, fetuin-A has
a concentration of 0.5-1.0 g/L [15]. Its concentration is higher
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in neonates [74-75].) Fetuin-A is a type 3 cystatin protein fam-
ily member of about 56 kDa that is secreted by the liver [51].
The protein circulates as a disulfide-bonded protein having three
cystatin D domains. Although both in vitro and in vivo studies
in mutant mice suggested that fetuin-A sequestered ACP nano-
clusters in serum, the absence of phosphorylated sequences in
this protein required mutational analysis of the protein to iden-
tify the structural features that enabled ACP sequestration [73].
Examination of the structure-function relationship of recombi-
nant forms of fetuin-A with similar proteins from the cystatin
superfamily (e.g., fetuin-B, histidine-rich glycoprotein, and kini-
nogen) suggested that sequestration involves acidic amino acid
residues in an EF-hand-like sequence on an extended beta-sheet
of the cystatin-like fetuin-A domain D1, located near the amino
terminus. Upon association with calcium ion in CaP nanoclus-
ters, these residues fold into a defined array that effectively binds
calcium without disrupting the nanocluster. Ligand-binding also
involves addition of a second fetuin-A molecule, yielding a di-
mer that is a combination of a heavy- and a light-chain fetuin.
Binding results in a structural reorganization that envelops the
bound nanoclusters in beta-sheets while opening other parts of
the protein to interactions with other moieties in the biofluid.
A globular complex having a diameter of about 10 nm results.
Heiss et al. suggest that the enveloping protein serves as a dif-
fusion barrier that limits further growth of the ACP nanocluster
and its maturation into crystalline CaPs while preventing CaP
precipitation [73]. (Interestingly, a substantial fraction of the fe-
tuin-A present in human plasma is serine phosphorylated. Phos-
phorylation changes the activity of the protein from that of a
sequestering agent that controls the transport and distribution of
calcium and phosphate to a protein that negatively regulates the
insulin receptor tyrosine kinase [76].)

In summary, this description of fetuin-A sequestration of calcium
phosphates in serum suggests that exposure of the calcium ion
in nascent clusters of amorphous calcium phosphates (i.e., Pos-
ner’s clusters) facilitates association with and initial binding to
aspartate and glutamate residues in a beta-sheet conformation of
cystatin domain D1 (Figure 1). Binding of up to six calcium ions
per molecule in the stabilizing dimer does not induce crystalliza-
tion but increases the size of the resulting calciprotein monomer
(CPM) to about 8-10 nm [77]. In contrast to casein-sequestered
clusters in milk, the resulting complex contains a small mass of
ACP and is quite metastable. Continuing circulation in serum
allows maturation to crystalline CaPs.

Among other features of fetuin-sequestered CaP that are differ-
ent from the chemical and thermodynamic descriptions of ca-
sein-sequestered CaP is the role that the magnesium ion plays
in the complex. Although in vitro synthetic studies indicate that
magnesium and pyrophosphate stabilize the CaP clusters embed-
ded in calciprotein monomers, the inability to detect the CPMs
reliably leaves the physiological importance of these stabilizing
agents in fetuin-A sequestration an open question.

5.1 Sequestration Allows Calcium and Phosphate Transport
and Distribution Throughout the Body.
CPMs in serum consist of flexible spherical colloids that are suf-

ficiently small to circulate both in larger vessels of the circulatory
system and significantly smaller capillaries, such as those found
in the kidney, liver, bone and spleen. The amorphous calcium
phosphate mineral phase remains well-hydrated and in a viscous
liquid- or gel-like state [78]. The particles readily transfer amor-
phous calcium phosphate nanoclusters to other templates or are
acidified, releasing calcium and phosphate within the lysosomes
of endothelial cells and/or scavenging macrophages in the liver
and spleen; in proximal tubules of the kidney; or at bone resorp-
tion sites.

5.2 Sequestration Allows Rapid Clearance of CaP as Calcip-
roteins.

Details of the mechanisms of nanoparticle clearance from serum
continue to be delineated. Koeppert et al. synthesized CPM con-
taining fluorescently labeled CaP nanoclusters and found that,
in mice, circulating CPM were filtered within 10-20 minutes by
the kidney glomeruli into the Bowman space and the proximal
tubules [79-80]. This observation correlates with the 60-70 nm
diameters of fenestrations in the glomeruli and peritubular renal
capillaries that would allow efficient filtration of CPMs but not
larger CPPs [81]. Koeppert also noted that uncomplexed fetu-
in-A was not absorbed at these sites in the kidney, an observation
that indicates electrochemical selectivity of absorption by the
kidney, since both the surface of glomerular endothelial cells in
the kidney and fetuin-A are negatively charged [80].

Larger CPPs that are not filtered by the kidney are rapidly cleared
by sinusoidal endothelial cells in the liver and macrophages of
the reticuloendothelial system [80,82]. For example, sinusoidal
endothelial cells of the liver, which exhibit fenestrations with a
flexible diameter of 100-113 nm, would be expected to readily
accommodate and clear CPP-1 particles having diameters in this
range (50-100 nm) [81]. Indeed, Koeppert et al. reported that liv-
er sinusoidal endothelial cells cleared CPP-1 nanoparticles [80].
Similarly, Herrmann et al., who studied the clearance of (larg-
er) CPP-2 calciprotein particles (120-150 nm) in mice, found
that the particles exhibited a t1/2 of about 45 minutes and were
cleared by Kupffer cells of the liver and marginal zone macro-
phages of the spleen [82]. (These cells also clear aged blood
cells, LDL particles, cell remnants, platelet fragments, and par-
ticulate matter, an observation which may explain why athero-
sclerotic plaques frequently calcify, especially in patients with
perturbed mineral homeostasis.)

5.3 Additional Changes During Circulation of CPPs

If CPMs are not efficiently cleared, the calcium phosphates en-
veloped in these particles undergo ripening, a process which is
influenced by a number of factors such as the concentrations of
fetuin-A, Ca2+, magnesium (Mg?*), phosphate (Pi), as well as
the viscosity, temperature and pH of the surrounding microen-
vironment. Ripening has two physical effects: (1) the particles
increase in size and density, changes which reduce their solu-
bility; and (2) the bound CaP becomes more crystalline. These
properties may be responsible for the pro-inflammatory nature
of CPP-1 particles [79-80].

During circulation, larger CPP nanoparticles continue to sam-
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ple the seral environment. As a result, analyses of CPP isolated
from healthy subjects show the presence of small percentages of
albumin, matrix Gla-rich protein, and lipoproteins such as apo-
lipoprotein Al. Closer examination of these larger CPPs shows
that these nanoparticles exhibit a prodigious ability to bind and
carry organic species. Wu et al. carried out a comprehensive
analysis of organic components found in nanoparticles derived
from body fluids [83]. Based on biological staining, fluorescent
tagging, proteomics and metabolomics, their results indicate
that the nanoparticles bind to calcification inhibitors, comple-
ment proteins, coagulation factors, glycoproteins, apolipopro-
teins, protease inhibitors, amino acids, carbohydrates, polysac-
charides, phospholipids, lyso-phosphatidyl cholines, mono-acyl
glycerols, amides, fatty acids, DNA, and low molecular weight
metabolites. In a separate study, Kumon et al. reported that oxi-
dized acidic lipids associated with the sequestered nanoparticles
and served as scaffolds for development of carbonate-apatite
crystals [84].

5.4 Sequestration enables controlled transfer of calcium and
phosphate to other templates.

Current data suggest that IDPs and their sequestered loads may
play a role in cell-matrix adhesion and resulting transfer of the
sequestered materials. For example, in biomineralization, se-
questration may enable: the assembly of protein monomers
into supramolecular structures that organize the mineral phase
over multiple length scales [85]; crowding-induced modulation
of mineralization and confinement-mediated transient stabili-
zation of mineral precursors within pores of organic networks
[86]; phase separation of liquid- or gel-like organic phases that
modulate mineralization [87-89]; mechanical reinforcement of
hybrid materials via inter- and intracrystalline occlusion of bio-
elastomers [90]; and prospective regulatory checkpoints arising
from a predisposition of redundant sequences toward effective
post-translational alterations [91].

In addition to these interactions, amorphous calcium phosphates,
with or without magnesium centers, that are embedded in an IDP
retain their solubility and remain in equilibrium with their con-
stituent ions. As a result, both calcium and phosphate retain their
ability to circulate in the biofluid and then transfer to other tem-
plates or morph into a more crystalline calcium phosphate while
continuing to circulate in the biofluid [92]. The nanoclusters
dissociate in slightly more acidic environments than serum (pH
7.4), providing calcium and phosphate ions as well as any other
species associated with the nanocluster. Moreover, the dissocia-
tion may take place at or near a structured cellular macromole-
cule that supports crystal nucleation (e.g., another IDP or type 1
collagen fibrils) and that macromolecule may concurrently take
on regulatory control of the transformation of amorphous cal-
cium phosphate clusters to crystalline salts as well as directing
the crystal structure that predominates in the new environment
[93-95].

5.5 Sequestration provides bioavailable calcium and phos-
phate supporting numerous physiological functions.

The primary function of sequestration is one of transporting
calcium phosphate in a soluble form that can readily be used

physiologically without introducing or exacerbating toxicity.
That being said, the nanoclusters perform numerous ancillary
physiological functions.

For example, Holt and his colleagues have described the unique
nutritional value of casein-embedded nanoclusters in milks [41].
According to Holt, the ability of casein to bind AMCP nanoclus-
ters has three-fold biological function: (i) the control of calcium
phosphate precipitation in milk through AMCP sequestration,
(i1) the suppression of toxic amyloid fibril formation that casein
would produce in the absence of AMCP, and (iii) the provision
of bioavailable calcium phosphate for nutrition of the neonate.
The first two functions are related to the mother and her ability
to lactate: pathological calcifications or amyloidosis of the mam-
mary gland would threaten the wellbeing of both the mother and
the neonate. The third function provides the neonate with a rich
source of calcium and phosphate during periods of extensive
skeletal and tooth development. Finally, the observation that
sequestered calcium phosphates may carry materials of micro-
bial origin has renewed study into the role of breast milk in the
building of an effective immune system in newborns. [5,83-84].

In serum, amorphous calcium phosphate nanoparticles templat-
ed on fetuin-A provide means for transportation of calcium and
phosphate in soluble form to kidney, bone, skin, and other tissues
throughout the body [7,9,77]. CPM nanoparticles having diame-
ters of about 10 nm readily transfer the ions to appropriate sites
in kidney or bone, for example, or are cleared within minutes
by endothelial cells in the kidney as well as sinusoidal vessels
of the liver and spleen and macrophages in these organs [80].
Under normal circumstances, the system works efficiently and
effectively to limit the toxicity of insoluble, crystalline materi-
al and to prevent sustained disturbances to mineral metabolism
that may be injurious (e.g., ectopic calcification and downstream
cardiovascular sequelae; organ morbidity; aneurysms; idiopath-
ic preterm birth) [96-99].

In a series of experiments using human tissue, animal models
and advanced imaging techniques, Powell and his colleagues
have provided a detailed picture of roles that calcium phosphate
nanoparticles play in immune surveillance [20]. The lumen of
the small intestine of humans contains as many as 10'* porous
nanoparticles composed of amorphous magnesium calcium
phosphate [100-101]. The sequestering agents have not been
identified. Gelli has speculated that mucin coats the nanoclusters
[102]. If so, this glycoprotein provides a viscous environment
in which the particles remain stable but exposed to the environ-
ment, i.e., a “protein corona”. Once formed, the particles bind
other moieties in the intestinal environment, presenting them as
sequestered entities for uptake via M cells in Peyer’s patches.
Within the cellular membrane, the particles are exposed to anti-
gen-presenting cells (mainly dendritic cells and macrophages),
which assess the “self” or “non-self” characteristics of the ma-
terials borne by the nanoparticles. The minerals dissolve and are
available for transport to the serum.

In addition to their roles as transporters and distributors of cal-
cium, magnesium, and phosphate, CPM may interact with os-
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teocytes in bone to induce release of fibroblast growth factor
23 (FGF23) [103-105]. Proof-of-principle studies by Akiyama
et al. showed that induction of FGF23 mRNA in bone and sub-
sequent elevations of FGF23 in serum were preceded by a rapid
but transient increase in calciprotein particles [103]. The obser-
vation that administration of the bisphosphonate alendronate to
animals fed a high-phosphate diet also augments total FGF23
concentration infers that small calciprotein particles containing
some crystalline phosphate may also serve as strong inducers of
FGF23 secretion in vivo [106].

Finally, Martel et al. have noted that similar amorphous calcium
phosphate nanoparticles enable disposal of excess minerals that
are remnants of calcium homeostasis [107]. Thus, small crys-
tals are often detected in the urine of healthy individuals. Higher
numbers of crystals having larger sizes are found in the urine of
individuals who are kidney stone formers.

5.6 Changes in Sequestered Entities in Health and Disease
As they circulate, calciprotein particles undergo changes in com-
position in addition to maturation of CaP. A recent study by Smith
et al. provides intriguing information about calciprotein particle
transformations in health and disease [108]. These investigators
carried out a detailed physiochemical and biochemical compar-
isons of endogenous CPP isolated from uremic sera with CPP
synthesized in vitro from both uremic sera and sera from healthy
subjects. Their data showed that calciprotein monomers consist
of amorphous calcium hydrogen phosphates and absence of
crystallinity. However, as the particles grow in size, crystalline
hydroxyapatite features were added to the TEM micrographs.
During ripening the particles lose surface charge (reduced zeta
potential) and exhibit an increased tendency to aggregate. In
a subsequent step, primary CPP may aggregate into colloidal
nanoparticles having a more prolate structure and long-axis di-
ameters of 100-250 nm (secondary CPP or CPP-2). The calcium
phosphates in CPP-2 transitioned into ordered, more thermody-
namically stable crystalline phases having compositions simi-
lar to hydroxyapatite. The crystalline mineral may be organized
as densely packed, needle-shaped lamellae or as plates. Both
crystalline forms are cytotoxic. CPP-2 exhibit pro-inflammato-
ry properties and induce the expression and secretion of TNF-a
when exposed to macrophages in vitro. CPP ripening was ac-
companied by significant enrichment in organic moieties. Quan-
titative proteomic analysis revealed binding of various proteins
from the extracellular space, including transporters, peptidases,
mineral-binding proteins (e.g., osteopontin, bone sialoprotein,
collagen 1 alpha chains, and osteonectin), as well as enrichment
for the smaller soluble/exchangeable apolipoproteins (ApoAl,
ApoA4, ApoE, and ApoC3) and components of the complement
system. Small amounts of lipids were detected, albeit at much
lower concentrations than those in serum. Lipidomic profiling
showed a predominance of cholesterol as well as low percent-
ages of long-chain fatty acids. Nucleic acids were not detected
in calciprotein monomers, but after ripening and hydroxyapa-
tite formation, both DNA fragments (<200 bp) and small RNA
(<200 nt) were detected. Likewise, the larger CPP-II nanopar-
ticles carried microbe-derived components (e.g., hydroxylated
fatty acids, peptidoglycan, and bacterial DNA).

In a separate study, Aghagolzadeh et al. generated calciprotein
particles in vitro and studied their interaction with vascular
smooth muscle cells (VSMC) in culture [109]. Their data sup-
ported a ripening process in which calciprotein particles trans-
formed into larger particles (CPP-2) exhibiting increased calcium
and phosphate content. As the transition proceeded, the number
of particles did not change significantly but CCP-1 particles lost
their spherical shape and became elongated, spindle-shaped par-
ticles with distinctly less solubility in the medium. At the same
time, sequestered calcium phosphates became more crystalline,
a change which has been shown to drive calcification. Exposure
of viable VSMC to CPP-2 particles but not CPP-1 particles led
to a pronounced and consistent accumulation of intracellular cal-
cium within one day. Calcified cells increased oxidative stress as
evidenced by release of soluble TNF-a, increased extracellular
H202, and up-regulation of bone morphogenetic protein-2 and
Nuclear Factor Kappa-B. Accumulation of CPP-2 particles led
to early apoptosis.

5.7 Sequestration protects cells from toxicities associated
with CaP crystal deposition.

Crystalline forms of calcium phosphate become two-edged
swords: the crystals exhibit reduced solubility and ability to dis-
solve in acidic environments, as well as the increased toxicity
exhibited by crystalline polymorphs of calcium phosphate [49-
50,97]. While these changes are beneficial properties of mature
bone and tooth enamel, each is a severe drawback when the
body attempts to use the crystals for bone restoration, dissolve
the crystals in the acidic lumen of renal proximal tubules for
calcium and phosphate uptake, or to process crystalline calcium
phosphate that enters lysosomes.

Crystal deposition is known to trigger inflammation and injury via
three pathways: (1) via the NOD-, LRR- and pyrin-domain-con-
taining protein (NLRP3)-inflammasome and caspase-1-mediat-
ed secretion of IL-1P and IL-18, as well as to gasdermin D-me-
diated pyroptotic cell death [110]; (2) by inducing necroptosis,
a receptor-interacting serine-threonine kinase-3 (RIPK3)-depen-
dent and mixed lineage kinase domain-like (MLKL)-dependent
form of regulated cell necrosis [111]; and (3) by inducing mito-
chondrial dysfunction and mitochondrial permeability transition
(MPT)-related cell necrosis [112]. Several recent studies have
compared the effects of deposition of CaP or calciprotein parti-
cles on cells in culture or in tissues after in vivo exposures.

Dautova et al. found that CaP crystals were taken up within min-
utes of exposure by micropinocytosis, membrane invagination,
or plasma membrane damage of vascular smooth muscle cells
[113]. Exposure activated cell repair and survival mechanisms,
which delayed cell death until 30 minutes after exposure. In
contrast, fetuin-A-sequestered CaP particles were taken up more
slowly and caused less damage to cellular membranes. Lyso-
somal dissolution of the particles was also slowed.

Kunishige et al. carried out similar experiments in renal prox-
imal tubular epithelial HK-2 cells to compare the cytotoxicity
induced by CaP and CPPs [96]. After cellular uptake, CaP crys-
tals dissolved in the acidic lysosomal environment, dissolution
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that caused osmotic swelling and lysosomal membrane perme-
abilization and generation of reactive oxygen species (ROS) as
a result of mitochondrial dysfunction. In contrast, CPPs, which
were taken up by caveola-mediated endocytosis or macropino-
cytosis, increased the osmotic pressure inside lysosomes as they
dissolved but failed to induce lysosomal membrane permeabi-
lization. An increase in intra-lysosomal pH by ~ 1 unit was ob-
served, which slowed hydrolase activity and inhibited the fusion
of autophagosomes with CPP-containing lysosomes, resulting
in autophagic flux blockage. Adverse changes in autophagy are
known to enhance matrix vesicle release, which in turn, increas-
es the area of tissue subject to damage [114]. Another significant
difference reported by Kunishige may be the effect that CPPs had
on cholesterol trafficking. As Smith et al. reported earlier, CPPs
adsorb cholesterol [108]. Therefore, as the CPPs moved through
the plasma membrane, membrane cholesterol content decreased
by adsorption to CPPs. Lysosomal processing allowed transfer
of the CPP-bound cholesterol to the lysosomal membrane. These
changes in cholesterol content may have had differential impact
on the signaling induced by lipid raft formation at the two sites,
by reducing the repair of defects in the plasma membrane and
rendering the cells more vulnerable to damage [115].

Koeppert et al. have studied the pro-inflammatory potency of
CPM, CPP-1 and CPP-2 particles [80]. Synthetic fluorescent
CPM were injected in mice, and particle clearance was mon-
itored by live two-photon microscopy. Organ sections were
analyzed by fluorescence microscopy to assess CPM distri-
bution. Cellular clearance and cytotoxicity were analyzed by
flow cytometry and live/dead staining, respectively, in cultured
macrophages, liver sinusoidal endothelial cells (LSEC), and
human proximal tubule epithelial HK-2 cells. Inflammasome
activation was scored in macrophages. Fetuin A monomer and
CPM charge were analyzed by ion exchange chromatography.
Experimental data showed that CPP-1 predominantly induced
NLRP3 inflammasome assembly and subsequent cytokine se-
cretion, while CPP-2 predominantly stimulated immediate se-
cretion of preformed TNF-a. In a subsequent study designed to
assess the pro-inflammatory potency of CPM, this group used
immortalized ASC-GFP macrophages to study the responses
to calcium content-matched (2.5 mM) CPM, CPP-1, and CPP-
2. CPP-1 triggered inflammasome assembly within 2 h, while
CPP-2 triggered delayed inflammasome assembly after 8 h, as
reported earlier [81]. In contrast, CPM containing identical 2.5
mM calcium and 2 mM phosphate did not trigger assembly of
the inflammasome at any time during the 24-hr observation peri-
od, suggesting high stability of the fetuin-A/calcium-phosphate
complex and concomitant low inflammatory potential of CPM
compared to Ca, CaP, or CPP-1.

5.8 Fetuin-A Sequestered ACP and Phosphate Toxicity

Phosphate toxicity has long been associated with vascular cal-
cification (VC), ectopic calcification which characterizes the
arteriosclerosis of aging, as well as chronic kidney disease, dia-
betes mellitus, dyslipidemia, and hypertension [116]. Evidence
that the sequestered matrix protects from inappropriate calcium
phosphate (CaP) deposition and related toxicity in vivo is largely
indirect and drawn from studies of vascular calcification in cell

cultures or animal models. In many studies, deficiencies in one
or more of the sequestrants or inhibitors of crystallization have
been implicated in increased risk and incidence of vascular cal-
cification. Shafer et al. were among the first to report that fetu-
in-A deficiency (and thus a lack of stable CPM and CPP) results
in ectopic calcification [18]. In a subsequent report, this group
noted that fetuin-A deficiency in mice led to myocardial stiff-
ness, cardiac remodeling, and diastolic dysfunction [117]. Vil-
la-Bellosta and O’Neill summarized knowledge about inhibitors
of crystallization such as endogenous pyrophosphate and mech-
anisms by which this anion acts endogenously to inhibit calci-
fication [118]. The review also highlighted metabolic pathways
leading to deficiencies that played a key role in vascular calcifi-
cation. The benefits of supplementation with inhibitors have also
been reported. By way of example, Villa-Bellosta and Sorribas
reported the prevention of vascular calcification in rat aorta by
addition of extracellular polyphosphates and nucleotides [119].

Herrmann and coworkers elegantly demonstrated the conse-
quences of loss of fetuin-A in a recent study comparing calcifica-
tion in D2 wildtype mice vis a vis calcification in mutant mouse
strain D2,Ahsg-/-, a strain that combines fetuin-A deficiency
with the calcification-prone DBA/2 genetic background [98].
The latter exhibit a particularly severe compound phenotype of
microvascular and soft tissue calcification. Herrmann et al. ana-
lyzed mice longitudinally by echocardiography, X-ray-comput-
ed tomography, analytical electron microscopy, histology, mass
spectrometry proteomics, and genome-wide microarray-based
expression analyses. Fetuin-A-deficient mice had calcified le-
sions in myocardium, lung, brown adipose tissue, reproductive
organs, spleen, pancreas, kidney and the skin, associated with re-
duced growth, reduced cardiac output and premature death. Im-
portantly, early-stage calcified lesions presented in the lumen of
the microvasculature, suggesting precipitation of mineral con-
taining complexes from the fluid phase of blood. Genome-wide
expression analysis of calcified lesions and surrounding (not
calcified) tissue, together with morphological observations,
indicated that the calcification was not associated with osteo-
chondrogenic cell differentiation, but rather with thrombosis and
fibrosis. Collectively, these results demonstrate that soft tissue
calcification can start by intravascular mineral deposition caus-
ing microvasculopathy, which impacts on growth, organ func-
tion and survival.

Concurrently, the numbers of clinical investigators who recog-
nize the benefits of adequate serum concentrations of fetuin-A
have grown. Bick et al. have recently published a consensus
statement that summarizes current knowledge about a variety
of endogenous calcification inhibitors, including fetuin-A, and
their benefit in preventing vascular calcification [19]. In addi-
tion, Icer and Yildiren have summarized nine clinical studies in
which the relationship between serum fetuin-A and coronary ar-
tery calcification (CAC) have been assessed [120]. Evaluations
included between 42 and 2,505 participants and yielded results
that suggested an inverse relationship between serum fetuin-A
levels and CAC and/or its severity. Data were more compelling
when participants had underlying diabetes or nephropathy. Data
from two of the nine studies failed to establish a relationship
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between the protein and CAC. These authors also discuss hu-
man studies evaluating a relationship between serum fetuin-A
and kidney disease.

If the description of fetuin-A sequestered ACP corresponds to
the entities which circulate in normal sera, what role, if any, do
endogenous stabilizing agents play in preventing maturation of
the sequestered mineral to crystalline phosphates having lower
solubilities and greater toxicity, including increased risks of ec-
topic deposition?

In 2019, Babler et al. suggested that serum fetuin-A, pyrophos-
phate, and magnesium constituted the three main calcification
inhibitors in mice with a calcification-prone phenotype (i.e.,
Ahsg-/- mice having a DBA/2 genetic lineage) [17]. These in-
vestigators found that intravenous administration of bovine fe-
tuin-A or pyrophosphate, as well as supplementation of chow
by doubling or quadrupling its magnesium content, significant-
ly reduced the extent of calcification in brown adipose tissues,
kidneys, lungs and heart. Their report renewed interest in ma-
nipulating the properties of fetuin-A/ACP complexes to enhance
their physiological benefits. We will focus attention on one
mineral, the magnesium ion, having anticalcification properties
which were highlighted by Babler et al. but not included in the
EuroSoftCalcNet consensus statement [19].

Studies of potential stabilization of CaP aggregates by the mag-
nesium ion (Mg*" or in the discussion that follows, Mg) began
concurrently with pioneering studies directed to more detailed
analyses of bone structure, formation and maintenance and their
synthetic parallels. Investigators recognized quickly that extend-
ing the induction period before the rapid transition to less soluble
and more crystalline CaPs could be a beneficial property of CaPs
in biofluids. For example, Boskey and Posner studied the kinet-
ics of the conversion of ACP to HA at pH 8 and temperatures of
26.0°, 37.5°, and 48.0°C in the presence of different amounts of
Mg [121]. Mg/Ca molar ratios in the range from 0.004 to 0.04
were deemed of particular interest, as these corresponded to the
molar ratios found in bones and teeth. Kinetic analyses at each
temperature provided sigmoid curves in which the induction pe-
riod was extended incrementally as the molar ratio of Mg/Ca in-
creased up to a molar ratio of 0.04 but the rapid transition to HA
which followed displayed superimposable rates. The Mg content
incorporated into the amorphous solid was directly proportional
to the Mg content of the solution but the average particle size de-
creased as the Mg content increased. Interestingly, if preformed
Mg-containing ACP was added to its parent solution, the induc-
tion period was extended but was shorter than the induction pe-
riod for transition to HA in the parent solution. Since the calcium
concentration fell and then increased over the induction period
extended by magnesium, the authors suggested that Mg incorpo-
rated into the ACP was altering its “solubility.” Studies of solu-
tions containing Mg/Ca ratios of 0.2 failed to show this change,
although the induction period was incrementally extended and
the average ACP particle size was the smallest of the ACPs that
were synthesized. The final HA from all experiments contained
very little Mg, and crystallite size was independent of Mg con-
centration in this range.

Holt et al. prepared amorphous calcium magnesium phosphates
by precipitation from moderately supersaturated aqueous solu-
tions at pH 7 [122]. Chemical composition of the precipitates
was determined using ion chromatography, and X-ray powder
diffraction, scanning electron microscopy, X-ray absorption
spectroscopy, and Fourier transform infrared spectroscopy
were used to characterize the solids. Two different synthetic ap-
proaches were used. Preparation of sample T1 involved mixing
solutions of KH,PO,, Ca(NO,),, and Mg(NO,), together at a pH
of about 4.5 to yield final concentrations of 10 mM phosphate, 5
mM calcium, and 5 mM magnesium. lonic strength during was
maintained by adding 0.15 M KNO, as a background electrolyte.
Precipitation of CaP was initiated by raising the pH by addition
of 0.5 M KOH such that during the formation of the initial ge-
latinous precipitate, the pH remained constant at 7.0. In contrast
to sample T1, samples H1, H2, and H3 were prepared by mixing
equal volumes of solution A (100 mM NaH,PO, and 100 mM
Na,HPO,) and solution B (4 mM CaCl2, 135 mM NaCl, and a
concentration of 6 mM, 10 mM, or 14 mM MgCl, respectively).
The pH was raised to 7.0 by addition of 0.4 M NaOH, and the
initial gelatinous precipitate was allowed to form while main-
taining the pH constant at 7.0.

Holt’s data provide interesting contrasts to the results obtained
by other investigators. None of the samples gave X-ray powder
diffraction lines corresponding to crystalline forms of calcium or
magnesium phosphates. Sample T1 was found to be amorphous
calcium magnesium phosphate(s) overlaid with KNO, crystals,
and careful analysis of samples HI-H3 indicated co-precipita-
tion of NaCl with amorphous calcium magnesium phosphates.
In sample T1, about half of the phosphate groups were proton-
ated. Analyses of samples H1-H3 indicated that the degree of
protonation increased linearly with the magnesium content of
samples and with the ratio of the Mg to calcium ion concentra-
tions in the supernatant. Maturation in the presence of solutions
containing Mg ion involved transition from amorphous calcium
magnesium phosphates to brushite (CaHPO, - 2 H,O) rather than
OCP.

Kibalczyc et al. provided additional insights into the effects of
the Mg ion on CaP precipitation [123]. The experiments were
carried out by rapidly mixing equal volumes of 0.02 M CaCl,
and 0.012 M or 0.015 M K2HPO4 having a pH of 7.4 at 30
£ 0.1°C. For experiments where Mg was present, MgCl, was
dissolved in the CaCl2 solution or was added rapidly in the
form of 0.100 M MgCl, solution at various times after mixing.
Molar ratios of Mg/Ca ranged from 0 to 0.24 and included a
molar ratio of 0.04 (as was studied by Boskey and Posner). By
increasing the molar ratio of Mg/Ca from 0 to 0.24, the inves-
tigators observed incremental increases in the induction period
for conversion of ACP1 to ACP2 from about 4 minutes to about
15 minutes. The pH profiles consistently showed that formation
of spherical particles of the first amorphous precipitate (ACP1)
was accompanied by a decrease in solution pH from 7.4 to ~ 6.4.
The transition from the first amorphous precipitate to the second
(ACP2) consistently exhibited a pattern of a small decrease and
subsequent increase in pH, followed by a decrease in pH to ~ 5.5
as OCD formed. Both transitions were consistently endothermic.
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Kibalczyc’s experiments in which Mg was added after mixing
the two component solutions were especially interesting. Delays
as short as 1 minute decreased the induction period for ACP2
formation but growth of the succeeding OCP phase took place
more slowly. Delays of as little as 3 minutes before addition of
Mg reduced the induction period for ACP2 formation to a value
almost identical to induction of this phase in the absence of Mg.
These data suggest that exposure to Mg ion after conversion to
less soluble CaPs will have little effect on their properties.

What, then, are the properties that Mg might confer on fetuin-A
sequestered calcium phosphates? Recently Gelli et al. explored
the effect of Mg substitution on ACP nanoparticles in systematic
experiments in which AMCP particles were synthesized by pre-
cipitation of the precursors from aqueous solutions [124]. The
particles were analyzed in terms of morphology, crystallinity,
and thermal stability. Five different Mg/Ca molar ratios (0.33,
0.5, 1, 1.4, and 2.5), each at three different Mg concentrations
(10, 50, and 100 mM), were used. Experiments were carried out
at 37 °C and solution pH was adjusted to 7.4 immediately after
mixing. They found that at Mg/Ca molar ratios that exceeded
0.5, the synthesized particles were almost completely amor-
phous. Partially crystalline particles were observed by XRD and
FTIR only at lower molar ratios of Mg/Ca. Although the Mg
content of the particles increased with increases in the Mg con-
centration, Mg content in the particles was always lower than
that in solution. The difference was most marked in solutions
with lower Mg content. Gelli suggested that this reflects the sig-
nificant differences in solubility of calcium phosphates, a differ-
ence which favors precipitation of CaPs.

Since Mg exhibits pleiotropic physiological properties, a signif-
icant body of data is available that indicates potential benefit
in reducing phosphate toxicity. However, whether the benefit is
associated with calciprotein nanoaggregates remains a question.

6. Current Status & Future Perspectives

Despite the significant gains in knowledge about physiological
CaP management, important questions remain to be answered,
such as the following:

* What is the relationship between changes in the populations
of CPMs and CPPs and decreases in renal function? The kid-
ney constitutes the principal organ for absorbing minerals from
serum and processing them to recover calcium, magnesium and
phosphate in the proximal tubules and/or excreting excesses in
the urine [125]. Several groups of investigators have confirmed
that CPMs and small CPP-1 nanoparticles are sufficiently small
to pass through the renal filtration barrier into the Bowman’s
space via the fenestrated endothelium of the glomerular capil-
laries and the filtration slits of the podocytes. When the kidney
is functioning normally, the particles are acid-hydrolyzed into
their ionic components, enabling ion recovery or excretion of
excesses in urine. It is interesting to note that the concentrations
of calcium and phosphate ions within the kidney tubules remain
at or above saturation. Deposition of calcium phosphates in the
kidney is prevented by adequate concentrations of Mg and ci-
trate ions, as well as sequestration by IDPs such as Tamm-Hors-
fall protein [125]. However, because current test methods are

insufficient to monitor CPMs, few data are available to correlate
changes in the populations of CPMs and CPPs with declines in
renal function and tissue damage until kidney disease has pro-
gressed to organ failure.

* What is the relationship between the sequestered nanoparticles
and aberrant deposition, including ectopic deposition in soft tis-
sues? Ectopic calcification is associated with aging as well as
chronic diseases such as diabetes, metabolic syndrome, and kid-
ney disease. Each of these chronic conditions is a major cause
of blindness, kidney failure, heart attacks, stroke and lower limb
amputation, and death. Thus, as populations age, these maladies
pose an increasingly heavy economic burden. Therefore, con-
tinuing investigations into the relationship between sequestered
phosphate nanoparticles and their aberrant deposition in soft tis-
sues are needed to fill knowledge gaps and direct innovation for
prevention and treatment.

* What roles do sequestered nanoparticles play in bone remod-
eling? Despite the observations that skeletal modelling neces-
sarily takes place both in utero and in childhood, and skeletal
remodeling continuously repairs defects and supports bone
health throughout an individual’s lifetime, detailed mechanisms
of bone mineralization remain to be elucidated. Cellular aspects
of bone biology are actively being studied and highlight the
complex interplay between cells, paracrine and endocrine fac-
tors and their balance and communication, as well the actions
of cytokines and inflammatory mediators [126-129]. In general,
however, hydroxyapatite formation is described as calcium and
phosphate deposition in the holes and pores of collagen fibrils.
Classically, deposition of crystalline calcium phosphate or crys-
talline carboxy calcium phosphate is postulated, wherein the lat-
ter gradually loses carbonate content as the crystals mature. In
contrast, more recent reports describe deposition of amorphous
calcium phosphate, perhaps within collagen matrix vesicles, fol-
lowed by maturation into crystalline calcium phosphate. Despite
the recognition of roles that known IDPs (e.g., osteocalcin, os-
teonectin, and sclerostin) play in these processes, there is little
acknowledgement that these IDPs may act as key sequestration
agents, facilitating and regulating maintenance of bone physiol-
ogy in concordance with the other players.

Bone dysfunction, particularly the changes in bone resilience
associated with osteoporosis, is associated with increased risk
and prevalence of fractures. Fractures of hip, spine, vertebrae,
wrist or femur are a major cause of morbidity and mortality. The
risk of a fracture increases with age and is greatest in women.
Looking ahead, the lifetime risk of fractures will increase for all
ethnic groups as people live longer. Therefore, increased under-
standing of the roles that sequestered nanoclusters play in bone
remodeling and fracture healing constitutes another area where
the knowledge gained through research will significantly impact
both prevention and treatment.

* Several years ago, Powell and his colleagues reported extensive
constitutive formation of porous amorphous magnesium-sub-
stituted calcium phosphate particles with diameters averaging
75-100 nm in both the human and murine gastrointestinal tract
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[20]. These nanominerals were associated with macromolecules,
including bacterial peptidoglycan and dietary proteins. Synthetic
analogs of these natural aggregates have been prepared both by
Powell and his colleagues and Gelli and her group [100,124].
The apparent roles that calciprotein particles such as these play
in immunosurveillance in the gut highlights the need for addi-
tional study of the actions of these particles in healthy humans
and in those experiencing disruptions in intestinal health.

In summary, current knowledge provides provocative data and
supports continuing investigations into the relevance of calcip-
rotein particles in human health and disease.
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