Phosphate in Vascular Calcification
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Inorganic phosphate is essential for a variety of cellular processes, such as energy metabolism, bone formation, and
synthesis of biomolecules, including phospholipids and nucleic acids. However, elevated serum phosphorus has emerged
as a key risk factor for vascular calcification.
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| 1. Role of Phosphate

During the past decade, in vitro experiments have shown calcium-phosphate deposits in vascular smooth muscle cells
incubated with high phosphate concentration &, Logically, this observation was first interpreted as the consequence of an
increase in phosphate transport, with the consequent increase in the intracellular phosphate concentration . However,
several studies show that phosphate transporters are saturated with normal serum phosphate levels B4, Moreover,
additional studies show that the formation of calcium-phosphate crystals is a passive physicochemical process that does
not require any cellular activity, suggesting an important role of phosphate homeostasis BI4I€ Notably, there are two
major consequences regarding the fate of vascular smooth muscle cells in phosphate-induced vascular calcification. The
first involves apoptosis-dependent matrix mineralization, which has been detected both in cultured human vascular
smooth muscle cells and in arteries from pediatric dialysis patients 88 The second invokes a profound transition to a
bone-forming phenotype 9. In support of this notion, in vitro studies have shown that elevated phosphate results in the
expression of osteochondrogenic markers (such as BMP-2 and Runx2/Cbfal, a transcription factor that induces the
expression of major components of the bone matrix) L2 However, recent studies show that calcium-phosphate
deposits can induce both the transition to a bone-forming phenotype and apoptosis in vascular smooth muscle cells and
the aortic wall, suggesting that the active mechanisms described could be a response to the excessive formation and
deposit of calcium-phosphate crystals [L3I=1114]115],

| 2. Biomineralization Process

The formation and deposition of inorganic minerals within or outside the cells of various organisms is known as biological
mineralization or biomineralization. Biomineralization in hard tissues (such as in bone or dentine) is normally considered a
physiological process; however, the accumulation of inorganic minerals in soft tissues (such as blood vessels, joints, and
internal organs, including muscle, liver, or brain) is considered pathological or ectopic biomineralization. Under normal
conditions, the soft tissues are not mineralized, but due to aging and other pathological conditions, soft tissues become
calcified, which leads to morbidity and mortality. The main biominerals found in mineralized vertebrate connective tissue
are calcium-phosphate salts. In an aqueous system of calcium and phosphate, there are several known non-ion-
substituted calcium phosphates, which have also been found in calcified tissues. The phosphate ion is a central
phosphorus atom surrounded by four oxygen atoms in a tetrahedral arrangement. In biological systems, it is found as a
free phosphate ion in solutd0000000000000000ion (inorganic phosphate) or bound with different biological molecules,
including proteins, sugars, lipids, and nucleic acid. Aqueous inorganic phosphate exists in four forms according to its
triprotic equilibrium: (1) trihydrogen phosphate ion (H3P0,4), (2) dihydrogen phosphate ion (H,PO47), (3) hydrogen
phosphate ion (HPO427), and (4) phosphate ion (PO,27); (see Figure 1). Inorganic phosphate is quite strong with respect
to the first dissociation (pKa1 = 2.1), moderately weak with respect to the second (pK,, = 6.9), and very weak with respect
to the third (pKys = 12.4). Under strongly basic or acidic conditions, the phosphate ion or trihydrogen phosphate
dominates, respectively. In extracellular fluid (pH = 7.4), only H,PO,~ and HPO,?~ ions are present in significant amounts
in a proportion of 1:4, respectively. Whereas, in cytosol (pH = 7) and lysosome (pH = 4.8), this proportion is inverted (1.6:1
and 99:1, respectively).
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Figure 1. Schematic representation of calcium-phosphate crystal formation. Phosphate exists in four forms in biological
systems: trihydrogen phosphate (H3P0,), dihydrogen phosphate ion (H,PO,7), hydrogen phosphate ion (HPO427), and
phosphate ion (PO427). Various phosphate-calcium salts are produced in the presence of calcium, including anhydrous
monocalcium phosphate (Ca(H,PQ,),), anhydrous dicalcium phosphate (CaHPO,), B-tricalcium phosphate (B-Caz(PO4),),
monocalcium phosphate monohydrate (Ca(H,PO,4),H,0), and dicalcium phosphate dihydrate (CaHPO42H,0, also called
Brushite). The final product of the calcium and phosphate reaction is crystalline hydroxyapatite (Caig(PO4)s(OH)), the
main component of bone and calcified tissues and two of its precursors, amorphous calcium phosphate (Cag(PO,4)snH,0)
and octocalcium phosphate (CagH,(PO4)s5H,0). Pyrophosphate directly inhibits the formation and growth of phosphate-
calcium crystals, mainly hydroxyapatite.

Notably, various phosphates-calcium salts are obtained by charge neutralizing these different inorganic phosphate ions in
the presence of a calcium ion 28 including (1) monocalcium phosphate anhydrous (Ca(H.PO.),), (2) dicalcium
phosphate anhydrous (CaHPO,4), and (3) B-tricalcium phosphate (B -Cag(POg),) X018l Both Ca(H,PO,4), and CaHPO,
are hydrated to form their hydrated forms (monocalcium phosphate monohydrate (Ca(H,POg4),H,0) and dicalcium
phosphate dihydrate (CaHPO42H,0). CaHPO42H,0, also called Brushite, is often found in calcified tissues, whereas
Ca(H,P0y),, Ca(H,P0,),H,0, CaHPO,, and B -Cag(PO,), have never been found in calcifications 8. The Mg-
substituted B-tricalcium phosphate form (whitlockite) is not formed under physiological conditions. However, whitlockite
was also found in some calcified tissues, such as in the aorta in hemodialysis patients 1229,

The final product of the calcium-phosphate salts’ reaction in neutral or basic solutions is crystalline hydroxyapatite
(Ca1o(PO4)s(0OH)), the main component of bone and calcified tissues; along with two of its precursors (amorphous calcium
phosphate, Cag(PO,)snH,0, and octocalcium phosphate, CagHy(POg4)g5H,0) 2 Notably, amorphous calcium
phosphate, which is also found in soft-tissue pathological calcifications, consists mainly of roughly spherical Cag(PO4)e
clusters (called Posner’s clusters) that appear to be energetically favored compared to (Caz(PO,4) and Cag(POg)4 clusters
(181171 Therefore, the structure of hydroxyapatite 21 can be interpreted as an aggregation of Posner’s clusters [2223]
(Figure 1). Notably, Mg2* and ATP are critical for the stabilization of amorphous calcium phosphate [24125],

According to the charge neutralization theory of calcification 28, the high glycine content of elastin and collagen proteins
favors the formation of beta-turns that are known to interact with calcium ions. Therefore, the deposition of these calcium-
phosphate salts, both in vitro and in vivo, takes place on these extracellular matrix proteins 2IEl. For example, in bone
and connective tissues, these salts are predominantly deposited on the elastic and type | collagen fibers. Moreover, in the
aorta wall, calcium-phosphate crystals are deposited on elastin, the main component of the elastic fibers in the medial
layer Bl Notably, a study showed that a mouse model of elastin haploinsufficiency exhibited a significant reduction in
arterial calcification 24, In contrast, phosphate-induced mineralization, both in vitro and in vivo, is accelerated by the
products derived from elastin degradation [28!,

Finally, the depositions of calcium-phosphate crystals in soft tissues can be classified into three main categories: (1)
calcinosis, (2) dystrophic calcification, and (3) metastatic calcification. In the presence of normal homeostasis of
phosphate, calcinosis and/or dystrophic calcification occur, most often in subcutaneous tissues, skin, and related



connective tissues, whereas, in the second case, calcification occurs in degenerated or necrotic tissue. Metastatic
calcification occurs in normal tissues when the calcium levels are elevated in serum.

| 3. Phosphate Homeostasis

In adults, normal phosphate concentration in serum or plasma is mainly 2.5 to 4.5 mg/dL (0.81 to 1.45 mmol/L). Elevated
serum phosphate (hyperphosphatemia) is a key risk factor for pathologic calcification in cardiovascular structures 2,
Treatment of hyperphosphatemia with phosphate binders is associated with the slow progression of cardiovascular
calcification in hemodialysis patients 2. Therefore, the homeostasis of phosphate plays a critical role in the initiation and
progression of calcification BU (see Figure 2).
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Figure 2. Phosphate flux between body compartments. Phosphate balance is a complex process involving bone intestinal
absorption and dietary phosphate and renal excretion of phosphate.

Many different foods contain phosphorus, including vegetables, grains, legumes, eggs, fish, and meats. In addition,
phosphate additives such as phosphoric acid, sodium phosphate, and sodium polyphosphate are present in many
processed food products. Phosphate deficiency is rare in Europe, and is rarely the result of low dietary intakes. However,
phosphate is also available in dietary supplements containing only phosphate o supplements containing phosphate in
combination with other ingredients, including vitamins and minerals.

Recommended dietary daily phosphorus intake in healthy adults (>18 years old) is 700 mg. However, daily phosphorus
intake varies between 700 and 2000 mg. After absorption, phosphorus is transported across cell membranes as
phosphate. And in extracellular fluid (including plasma), phosphate undergoes one of three fates: (1) elimination, mainly
by the kidneys, (2) transport into cells, or (3) deposition in bone or soft tissue (see Figure 2).

In healthy adults, oral phosphate intake is balanced mainly by phosphate excretion in the urine and feces. In this case,
different factors play an important role in the control of phosphate homeostasis, including phosphate excretion and
absorption by the kidneys, intestines, and bone. Although the kidney is the major regulator of phosphate homeostasis,
plasma phosphate levels are altered by intestinal phosphate absorption. Notably, in normal adults, between 75% and 85%
of the daily phosphate filtered by the glomerulus is reabsorbed by the renal tubules (mainly the proximal tubule) B3],

An increased absorption or decreased phosphate excretion can induce a relatively small elevation in serum phosphate,
which has been correlated with the presence of calcified vessels due to an increase in calcium-phosphate crystal
formation and saturation in the inhibition. Several diseases have been correlated with the dysregulation of phosphate
homeostasis, including osteoporosis, diabetes mellitus, hyperparathyroidism, vitamin D (hyper-and hypovitaminosis), and
chronic renal disease 34,

| 4. Phosphate Transporters

Cellular phosphate levels are controlled by sodium-phosphate co-transporters (NaPi) [8I33l The roles of sodium-
phosphate cotransporters in human clinical disease and physiology processes have not been yet well defined. Two
families of sodium-phosphate cotransporters have been principally identified, each with multiple members: Type Il (also
called SLC34 or NaPi-1l) and type Il (SLC20 or NaPi-lIl), which transport phosphate with high affinity (K, = 0, 1 or less)
but show differences in their affinities for H,PO,~ and HPO,2~ ions B8, Originally identified as a phosphate transporter,



Type | (SLC17 or NaPi-1) phosphate transporters mediate the transmembrane transport of organic anions, with relativity
low affinity for phosphate suggesting that they transported organic and inorganic anions more readily than phosphate [8l,

The SCL34 family comprises three members (also called NaPi-Il), which are expressed in the small intestine (NaPi-1lb)
and the kidney (NaPi-lla and NaPi-lic), two important sites for the control of phosphate homeostasis 4. NaPi-lla is
expressed predominantly in renal proximal tubules, and under normal conditions, NaPilla is the transporter responsible for
95% of phosphate reabsorption in the proximal tubule. An expression of NaPi-lic was found exclusively in the kidney and
described as being growth-related 2321 Moreover, the SLC20 family of solute carriers are represented by Pit-1 and Pit-2
(Type 11l sodium-phosphate cotransporters) 42, Both cotransporters mediate the movement of phosphate ions across the
cell membrane and are ubiquitously expressed, suggesting a “housekeeping” function. More precise localization studies
revealed different levels of Pit-1 and Pit-2 expression in each cell type El.

The roles of sodium phosphate cotransporters in pathophysiology have not been well defined, but their important role in
controlling phosphate homeostasis and intracellular phosphate levels for the synthesis of macromolecules and energy
metabolism make them an important target to study.
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