
Supplement A 

 

Table 1 Human diseases associated with medial arterial calcification (examples).  

 

Disease Main Feature  Non-medial 

tissue 

calcifications 

Phenotype  

Reference 

Diabetes mellitus Disorders of insulin metabolism  No 1 

Chronic kidney 

disease 

Excretory and metabolic renal 

dysfunction 

No 2 

Aging Unknown; “Wear and tear”; elastic 

fibers? 

No 3 

Primary Medial 

Mönckeberg 

sclerosis 

Unknown; genetic disorder? No 4 

Vitamin K 

deficiency 

Inhibition of antiinflammatory 

properties mainly mediated through 

NF-κB signaling pathway; 

inhibition of carboxylation of 

Matrix Gla protein (MGP), a major 

inhibitor of soft tissue calcification 

No 5 

Vitamin D disorders 

Hypervitaminosis; 

Hypovitaminosis? 

Stimulation of renal calcium 

resorption; synergistic effect with 

parathormon on bone resorption? 

No 6 

Atherosclerosis Calcifications of the intima Yes 7 

Pseudoxanthoma 

elasticum 

Defect of the ABCC6 gene ATP 

binding cassette subfamily C 

member 6 

Yes 8 

Rheumatoid 

arthritis? 

Susceptibility by external factors 

and genetic patterns including 

those or the human leukocyte 

antigen (HLA) major 

histocompatibility complex 

Yes 9 
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(MHC), cytokine promotors, T-cell 

singalling genes etc. 

β-Thalassemia Mutations that affect β genes 

resulting in low or no β-globin 

production. About 300 β-

thalassemia alleles characterized 

Yes 10 

Calciphylaxis Unknown Yes 11 

Kawasaki disease Unknown; generalized 

inflammatory disease secondary to 

infection in genetically predisposed 

children? 

Yes 12 

Singleton-Merten 

Syndrome and other 

type I 

interferonopathies 

Genetic mutations associated with 

activation of type I interferon 

(IFN1) responses 

Yes 13 

Parathyroid hormone 

disorders (hyper- and 

hypoparathyroidism) 

Disorders of parathormon 

metabolism 

Yes 14 

Generalized Arterial 

Calcification of 

Infancy (GACI) 

Mutations of the gene encoding for 

ectonucleotide 

pyrophosphatase/phosphodiesterase 

1 (ENPP1) which cleaves ATP to 

generate inorganic pyrophosphate 

(PPi) and adenosine 

monophosphate (AMP) 

extracellularly 

Yes 15 

Arterial Calcification 

due to CD73 

Deficiency (ACDC) 

the ecto-5'-nucleotidase (NT5E) 

gene, which encodes CD73, is 

mutated causing defective 

transformation of adenosine 

monophosphate (AMP) into 

adenosine 

Yes 16 

Idiopathic Basal 

Ganglia 

Associated with an impaired 

extracellular transport of inorganic 

Yes 17 
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Calcification (IBGC) phosphate, mutations in SLC20A2, 

PDGFRB, PDGFB, XPR1, 

MYORG genes 

Scleroderma? Autoimmun disease most 

commonly associated with genetic 

constellations of the human 

leukocyte antigen (HLA) complex 

Yes 18 

Hutchinson-Gilford 

progeria syndrome 

Single nucleotide substitution in 

the LMNA gene 

Yes 19 

 

 

 

Table 2   

Comparison of human diseases associated with medial arterial calcification and animal 

models with calcification confined to the media layer of the vessel wall. 

 

Human disease  Animal model  Comments  Reference 

Diabetes   

mellitus  

Streptozotocin-induced 

diabetes (+high-fat and VitD3 

diet)  

High-fat diet induces also 

intimal calcification  

1,20, 21 

Chronic   

renal disease  

Kidney reduction  

Adenine diet  

Phosphate diet (VitD3 diet)  

Cy+ rat  

Lewis polycystic kidney disea

se  

Models vary in calcification 

progression, surgical 

reduction of kidney 

mass often go hand in hand 

with acute kidney injury, 

death rate increase, higher 

variability in calcification 

progression; high VitD3 

dose leads to 

acute hypercalcemia, 

hyperphosphatemia, physical 

impairment and weight loss  

2,20 

Aging  Klotho knockout model 

FGF-23 knockout model 

Klotho deficiency results in 

higher FGF23 levels 

3,20,22,23 
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Primary   

medial calcification  

DBA2 mice  

 

Female DBA2 mice are more 

prone 

to develop calcification  

4,20, 24 

Vitamin K   

deficiency  

MGP knockout model MGP gene deletion is lethal 

within 2 months in mice due 

to extensive vascular 

calcification. In contrast, 

humans with Keutel 

syndrome have no vascular 

calcifications 

5,20,25, 26 

Vitamin D   

disorders  

FGF-23 knockout model 

Klotho knockout model 

Tcal/Tcal mice  

Phosphate-deficient diet 

prevent calcification in FGF-

23 knockout mice, Tcal/Tcal 

mice have a missense 

mutation in the Galnt3 gene 

leading to extensive ectopic 

calcification 

6,20,21,22, 

27,28 

Legend: FGF-23: fibroblast growth factor 23, MGP: matrix Gla protein, VitD3: Vitamin D3. 

 

Experimental models; Comments 

Until now, various experimental models exist to study mechanisms and pathways of vascular 

calcification (VC) such as in vitro models with various cell types, ex vivo aortic tissue 

protocols and in vivo animal models – all with its strengths and shortcomings (20). The 

models are also used to identify biomolecules resident or foreign to the medial layer with the 

pathogenetically significance for CaP precipitation (20).   

 

In vitro models reduce the complexity at the cost of losing tissues’ context. In perfused aortic 

tissue ex vivo models the context is partly preserved and physiologic conditions partially 

restored (29). To preserve the whole body conditions, in vivo rodent models are available. The 

calcification patterns observed in the experimental models depend on the inducers’ types. By 

employing the genetic models of the lipoprotein disorders or by feeding the animals with 

high-fat/cholesterol-rich diet, the predominant localization of calcification is intimal (20). 

While overlaps in pathogenesis between intimal and medial calcifications may exist, the 

medial arterial calcification (MAC) phenotype is not sufficiently mirrored.  
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MAC progressing in humans over decades is impossible to duplicate in animal models, even 

more so as the animals are less prone to calcification compared with humans. Therefore, 

biomolecules and pathways identified in experimental models and their putative mechanism 

of action must comply with the laws of thermodynamics to demonstrate their pathogenetic 

significance in humans. 

 

For example: the knockout of MGP in mice, an inhibitor of hydroxyapatite (HAP), suffer 

from extensive ectopic calcification and is lethal in mice within two months, while in patients 

a clear association of MGP with VC still remains to be demonstrated (26). On the contrary, 

MAC seen in CD73 inactivating mutations in patients (16) are not found in the murine CD73-

deficient model (30). These observations are in line with other commentary noting significant 

differences between murine and human forms of MS (31). 

 

To obtain reproducible and replicable data in models, experimental conditions must be 

standardized, maintained and closely monitored. Development of animal models accurately 

replicating MAC in humans should provide access to encyclopedic explorations of diseases’ 

signatures. Furthermore, studies on vascular tissues’ samples from patients with MAC 

maintained in vivo conditions hold promise in targeting medial layer’s cellular and molecular 

interactions.  
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Supplement B 

The laboratory tests and typical biomarkers for MAC have been summarized in the Table 1.  

 

Biomarkers 

Routinely used in clinical 

practice 

Laboratory Data 

Diabetes mellitus type 2 fasting glucose ≥ 126 mg/dL (2x) or HbA1C ≥7% or 

postprandial glucose >198 mg/dL 

Chronic renal disease Glomerular filtration rate ≥90 mL/min /1.73 m2; albumin 

excretion in urine <2 mg/L or <80 mg/24h 

Parathyroid gland disorders Parathyroid hormone <10 – 55 pg/mL 

Vitamin D disorders  25-hydroxyvitamin D < 20 ng/mL (50 nmol/L) and level 

between 21–29 ng/mL (52.5–72.5 nmol/L, respectively;  

1,25-dihydroxyvitamin D: <20 or 45 pg/mL (<48 or >108 

pmol/L) 

Electrolyte disorders Calcium (total) [<8.5 or > 10.2 mg/dL], phosphorus [< 2.4  

or > 4.1 mg/dL], magnesium [<1.8 or >3.6 mg/dL] 

Not routinely used in 

clinical practice 

Fibroblast growth factor-23, Klotho, Fetuin-A, Bone 

morphogenetic proteins, Matrix Gla protein, Osteocalcin, 

Osteoprotegerin, Osteopontin, Osteonection, 

Pyrophosphates, Fibrillin, Smads, Carbonic anhydrase, 

Calcium-sensing receptor, Sclerotin 
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Supplement C 

Brief review of the guiding thermodynamic principles of calcium phosphate (CaP) 

precipitation is provided. Thus, while promoters decrease the critical supersaturation of Ca 

and P ions required for nucleation of amorphous calcium phosphate (ACP) and subsequent 

hydroxyapatite (HAP) crystal growth, inhibitors increase the critical supersaturation of Ca and 

P ions and restrain nucleation and crystallization. Precipitation occurs when the solution 

becomes supersaturated with respect to the solid phase. In the absence of a solid phase (no 

CaP precipitate in tissue) additional energy is required to overcome the nucleation barrier. 

Based on experimental evidence the CaP precipitation proceeds from ACP formation to HAP 

crystallization where the former represents the reversible and the latter largely irreversible 

stages of the calcification process. Thus, preventive therapy should target primarily ACP 

formation while therapy of established disease should target both ACP prevention and HAP 

crystal growth.  

 

Promoters reduce the critical level of supersaturation (S) by a local accumulation of Ca²+ at 

sites of the abundant Ca²+ -ligand groups such as phosphonate, phosphate, carboxylate and 

sulfonate (1, 2) potentially inducing the precipitation in the media that in their absence would 

continue to remain in a metastable state. Ca²+ ligand macromolecules in the arterial media 

include collagen and elastin, carboxy-glutamic-rich proteins, sulfate-containing 

glycosaminoglycans, phosphate-rich proteins and phospholipids also present in matrix 

vesicles and exosomes (3-7).  

 

Inhibitors include inorganic pyrophosphate (PPi) and Gla-proteins, both abundantly present in 

the media (8). The bulk of PPi is produced extracellularly by hydrolysis of nucleotides via the 

ectonucleotide pyrophosphatase/phosphodiesterase (ENPP). PP is hydrolyzed by tissue-

nonspecific alkaline phosphatase (TNAP), an enzyme that also releases phosphates from other 

sources, including phospholipids. This enzyme’s activity appears to be necessary for medial 

calcification (8). PPi appears to retard CaP nucleation and to reduce HAP crystal growth by 

blocking sites on the surfaces of growing crystals (9). Other polyphosphates such as phytate 

originally shown to have inhibitory effect on oxalate renal calculi (10) and later on HAP 
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crystal growth (11) have been proposed as therapeutic drug in patients with CKD and are now 

undergoing clinical trials.  

 

The number of promoters and inhibitors of CaP precipitation appears to be, at least in theory, 

proportional to the abundance of biomolecules with CaP moieties. To identify the most 

relevant among many potential candidates, understanding their influence on the fundamental 

principles of thermodynamics of CaP precipitations under physiologic conditions will be of 

utmost importance. However, while in vitro direct energetic measurements may be considered 

feasible, in vivo, given the complexity of the CaP ion homeostasis at the tissue and cellular 

level (12), biomolecular heterogeneity of the matrisome (13), the intra- and extracellular 

compartmentalization (14) and the macromolecular complexations and sequestrations of CaP 

moieties (15) impose considerable challenge. Addressing this thermodynamic complexity, 

systemic modelling based preferably on in vivo data will be required rather than building 

hypothesis based exclusively on experimental in vitro analogies. 

To achieve progress in prevention and treatment of medial arterial calcification (MAC), the 

pathophysiology of the wide range of unrelated disorders associated with MAC (Supplement 

A; Table 1) will need to be understood. Thus, experimental models replicating human MAC 

associated disorders and standardization of protocols (Supplement A, Table 2), development 

of genetic analysis protocols and employment of omics technologies and systemic biology 

interdisciplinary approaches are needed.  
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Supplement D 

 

Calcium phosphate mineralization in the artery walls is a multistep process, and different 

types of "inhibitors" have the capacity to intervene at any of the steps slowing down the 

process. A full description of the whole thermodynamic process can be found in the literature 

(1). In short, the process is initiated when the amounts of free Ca2+ and PO4
3- (ion activity 

product) are increased over the solubility product of the first calcium phosphate precipitating 

phase, which is amorphous calcium phoshate (ACP) (and not hydroxyapatite [HAP] that is 

formed at a later stage as a result of a slow solid state crystalline re-arrangement) or using a 

thermodynamical expression, when the medium is supersaturated with respect to ACP. The 

causes of this increase of the free Ca2+ and PO4
3-   ion activities could correspond to metabolic 

or ion transport abnormalities, because in blood ACP is undersaturated, as it is shown (1). On 

the other hand, as it was also pointed out in that reference, a factor that might increase the 

activity of PO4
3- ions without any variation in the total phosphate content is a local increase of 

pH. 

Before a supersaturation of ACP is reached, several substances with a capacity to sequester 

Ca2+ or PO4
3- ions may intervene reducing the availability of free ions, and consequently 

inhibiting MAC (i.e. pyrophosphate, citrate, Ca-binding proteins in the case of Ca2+, and Mg2+ 

in the case of PO4
3-). Even when a supersaturation has been built up, some substances, so 

called nucleation inhibitors, have the capacity to slow down the nucleation of ACP. There is 

little experimental information about ACP nucleation inhibitors, but pyrophosphate has 

proved to be one of them (2). 

Once ACP nuclei, consisting of a disordered arrangement of CaP clusters, are formed, a 

number of phosphoproteins and glycoproteins may actuate by encapsulating the ACP nucleus 

and preventing solidification and densification, consequently restraining the progress of 

MAC. Fetuin A is one example of glycoprotein that has been shown to cause this effect (3), 

and as it is highly present in blood and in extracellular matrix it could be an important factor 

in MCA inhibition. A phosphoprotein, OPN, has shown a similar effect (4). 

In the next stage of MAC development, ACP converts into HAP (which is far more insoluble 

and difficult to revert). Again, there is another kind of inhibitor (i.e. Mg2+ and pyrophosphate) 

intervening at this stage by retarding this conversion and thus being effective in inhibiting 

MAC. 

Finally, crystal growth inhibitors have the ability to block the HAP crystal growth sites at the 

surface, thus decreasing the HAP crystal growth rate. Examples of endogenous HAP crystal 
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growth inhibitors are pyrophosphate and citrate (5), and to a lesser extent Mg2+ (6). Among 

exogenous inhibitors, phytate has proven to be extraordinary efficient as a HAP growth 

inhibitor (7). 

 

References 

1. Millan A, Lanzer P, Sorribas V. The thermodynamics of medial vascular calcification. 

Front. Cell Dev. Biol. 2021; 9:633465. 

2. Fleish H, Neuman WF. Mechanisms of calcification: role of collagen polyphosphates 

and phosphatase. Am J Physiol 1961; 200:1296-300. 

3. Laura Brylka L, Jahnen-Dechent W. The Role of Fetuin-A in Physiological and 

Pathological Mineralization. Calcif Tissue Int 2013 93:355-64.   

4. Lenton S. , Wang O, Nylander T, Teixeira S, Holt C. Structural biology of calcium 

phosphate nanoclusters sequestered by phosphoproteins. Crystals 2020, 10, 755; 

doi:10.3390/cryst10090755. 

5. Mekmene O, Rouillon T, Quillard S, Pilet P, Bouler JM, Pezennec S, et al. Effects of 

citrate and NaCl on size, morphology, crystallinity and microstructure of calcium 

phosphates obtained from aqueous solutions at acidic or near-neutral pH. J Dairy Sci 

2012; 79:238–248.  

6. Boskey AL, Posner AS. Magnesium stabilization of amorphous calcium phosphate: a 

kinetic study.Mater Res Bull 1974; 9: 907–916.  

7. Thomas WC, Tilden MT. Inhibition of mineralization by hydrolysates of phytic acid. 

Johns Hopkins Med J 1972; 131:133-142.  Jo
urn

al 
Pre-

pro
of


