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Abstract

Vascular calcification (VC) is a complex, multifactorial process strongly associated with ageing, atherosclerosis, chronic
kidney disease, and diabetes. Despite its clinical significance, effective treatment strategies remain elusive due to an
incomplete understanding of the underlying mechanisms. In this review, we critically examine the cellular and molecular
pathways that drive VC, including the transdifferentiation of vascular smooth muscle cells (VSMCs), the role of extracel-
lular vesicles, and the influence of oxidative stress and inflammation. We also summarise key inducers and endogenous
inhibitors of calcification, highlighting therapeutic targets currently under preclinical or clinical investigation. Notably, we
evaluate recent advances in pharmacological and biomaterial-based interventions aimed at halting or reversing calcifica-
tion, with a focus on their translational potential. By integrating mechanistic insights with therapeutic developments, this
review offers a comprehensive perspective on VC pathophysiology and treatment, serving as a timely reference for future
research and clinical innovation.
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Introduction

Vascular calcification (VC) refers to the ectopic deposition
of calcium in blood vessels in the form of calcium phos-
phate salts, which are crystallized to form hydroxyapatite
(HAp). In addition to the vasculature system, calcification
can also occur in other areas such as valves, and even in
small vessels in the fatty tissues and skin subcutaneously,
which is referred to as calciphylaxis. Early stages of VC can
result in high pulse pressure and low coronary perfusion
due to high vessel wall stiffness [1]. In advanced stages, it
can lead to adverse cardiovascular events such as stenosis,
stroke, myocardial infarction (MI), vessel dissection, and
rupture during percutaneous coronary interventions [2].

The major cause of morbidity and mortality in patients
with end-stage kidney disease and stage 4-5 chronic kidney
disease (CKD) who are receiving hemodialysis is calcifica-
tion [3, 4]. In adult CKD patients older than 45, and younger
than 30, end stage kidney disease respectively leads to >
20-times and > 150-times risk of cardiovascular death when
compared with an age-matched group [5, 6].
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Calcification was once thought to be a passive result of
aging and elastin degradation but is now recognized as an
active, regulated process involving vasculature cells and bone-
related proteins. High levels of matrix-Gla protein (MGP),
osteopontin, osteocalcin, and alkaline phosphatase (ALP),
which are expressed in the calcification of skeletal tissues
(ossification), have been found within the calcified vessels
[7]. The mineral component of both bone and calcific vessels
(hydroxyapatite) was also found to be similar in terms of crys-
tallization and structure [8]. Calcification can be regulated by
a number of inducers and inhibitors. In general, high serum
levels of Ca (hypercalcemia) and P (hyperphosphatemia), loss
of inhibitors, high levels of reactive oxygen species (ROS),
inflammation, apoptotic bodies, and necrotic debris, as well as
trans-differentiation of VSMCs as inducers contribute to cal-
cification. When induction processes dominate inhibition pro-
cesses, calcification is likely to occur and vice versa (Fig. 1).

Current reviews on the treatment of VC lack detailed
discussion of the underlying therapeutic mechanisms and
the status of human clinical trials up to 2024. Moreover,
there are few studies comparing the drugs with each other;
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Fig. 1 Pathology of VC: The
effect of inducers and inhibitors
on vascular smooth muscle cells

thus, it cannot be determined which intervention is the
most promising for treating VC from a clinical perspective
[9-11]. This review provides a novel comprehensive analy-
sis of the various forms of VC, categorized by anatomical
distribution and etiological origin, alongside their respec-
tive molecular mechanisms. Emphasizing recent insights,
this review explores the interplay of genetic and molecular
contributors to VC pathogenesis in the context of cardio-
vascular disease (CVD), highlighting their interrelated path-
ways and identifying emerging therapeutic targets. Central
to this discussion is the dysregulation between calcification
promoters and inhibitors, a critical factor in modulating dis-
ease progression. Furthermore, the review evaluates con-
temporary treatment strategies, including anti-inflammatory
agents, chelation therapy, and inhibitors while detailing
their underlying molecular actions. Finally, the translational
potential of these therapies is assessed through a synthesis
of data derived from in vitro experiments, animal models,
and clinical trials. Further research is imperative to eluci-
date the mechanisms underlying the impact of inducers and
therapeutics on VC and develop targeted dietary interven-
tions to prevent or slow this condition. By prioritizing effec-
tive therapeutics on VC, we can make significant strides in
improving cardiovascular health and reducing the burden of
calcification-related diseases (Table 1).

Classification of VC

Calcifications can be divided into intimal and medial types,
depending on their location within a blood vessel. As shown
in Fig. 2, the former occurs in areas devoid of smooth mus-
cle cells where endothelial cells and subendothelial connec-
tive tissue exist (i.e., intima). The process of calcification
of the intima is generally associated with atherosclerosis,
in which the intima is highly and chronically inflamed due
to endothelial dysfunction. As a consequence, this type of
calcification is closely linked to inflammation where mast
cells and macrophages play a significant role and consid-
ered to be the starting point of the process. Macrophages
produce tumour necrosis factor-a (TNF-a), in the presence
of oxidized low density lipoproteins (LDL), which in turn
induces osteoblastic differentiation of VSMCs and conse-
quently higher level of ALP [42]. Apoptosis of macrophages
and VSMCs, as well as the release of matrix vesicle can
also intensify calcification [43]. Calcium phosphate in small
size particles (< 1 um) is produced in early stages of intimal
calcification.

In contrast, medial calcification (Monckeberg’s sclerosis
or arteriosclerosis) occurs along the degraded elastin fibres
around smooth muscle cells (Fig. 2). This type of calcifi-
cation is non-inflammatory, non-occlusive and is generally
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Table 1 Treatment strategies forVC— preclinical studies

Therapeutic

Cell line, key in vitro finding and
mechanism

In vivo key finding

In vivo administration

Magnesium

Magnesium

Magnesium sulfate

Magnesium citrate

Curcumin

Curcumin

Curcumin

Apocynin

Apocyanin

Diosgenin

VSMC

Magnesium has shown to inhibit VCin
human aortic VSMC, increasing transient
receptor potential melastatin (TRPM) 7
expression, modulating secretion of VC
markers such as osteocalcin and MGP

Rat VSMC

Curcumin reduced the calcification by
reducing calcium levels, Inhibiting INK/
Bax signalling pathway, decreasing caspase
3 activity, bone-related proteins such as
BMP2, Osterix, and Runx2 and ALP levels.
Tendon stem/progenitor cells.

Curcumin reversed the osteogenesis and
promoted tendeogenesis with elevated
Collal, Col3al, and Coll4al

Human aortic valve interstitial cells.
Increase in ALP and downregulation of
RUNX2 by interference with the activation
of NF-kB/AKT/ERK pathways.

VSMC.

Apocynin enhanced expression of a-SMA
by 5.3%, and reduced expression of BMP2,
Runx2, OPN by 3.37%, 0.61% and 3.07%
by suppression of ERK1/2 pathway
VSMC.

Downregulation of VSMC markers and
upregulation of osteochondrogenic transdif-
ferentiation markers such as Pit-1ALP

and collagen type 1 by phosphorylation of
p38 mitogen-activated protein kinase (p38
MAPK), extracellular signal-regulated
kinase (ERK), jun N-terminal kinases
(JNK), and protein kinase B (PKB/Akt)

In animal model of genetically high
Mg2+, aorta was protected against
calcification and increased expression
of the antiosteogenic protein OPNwas
observed

High phosphate and low magnesium
promote calcification

Vitamin D and magnesium has shown
lower calcium and ALP levels than
vitamin D alone

Adenine-induced Chronic Renal Fail-
ure Rat Model has shown a reduced
degree of calcification with reduced
calcium content, P levels, ALP activ-
ity, and protein levels of RUNX2 and
increased protein levels of a-SMA

Curcumin reduced the levels of gene
expression of TNF-a, IL-1a, IL-1B,
IL-6, MCP-1, MIP-1a. and RANTES
and increases MCP-1 and MIP-1a
expression. Curcumin also shows
improved collagen deposition

Apocynin administration to diabetic
rats with VC substantially alleviated
arterial calcium deposition.
Apocynin inhibited NADPH oxidase
activity.

Diosgenin reduced the level of lipid
peroxide markers and prevented NO
production

Wistar Kyoto (WKY) rat

(Dosage: 2.0, 2.5, and 3.0 mmol/L for
10 days )

Ex vivo method by isolating aorta

DBA/2 female mice

(Dosage: 0.74 g, 1.5 g/100 g body
weight/day for 28 days

Oral administration

[14]

Sprague Dawley rats
Intravenous

[15]

Male Sprague—Dawley (SD) rats [16]
Dosage: 375-750 mg/kg per day for

28 days)

Oral administration with high and low

magnesium diet

[17]

8-month-old rats

Dosage: 3 pg/leg into the right legs
subcutaneously every 3 days up to 4
weeks

(18]

[19]

Male Wistar rats
Dosage: 2, 5 mg. kg~ '. day ! at 5th
week subcutaneous for 18 week period

[20]

[21]

Male albino Wistar rats
Dosage: 40 mg/kg/day for 5 weeks
Oral administration
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[12, 13]

[22, 23]
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Table 1 (continued)
Therapeutic Cell line, key in vitro finding and In vivo key finding In vivo administration Reference
mechanism
Puerarin VSMC. Inhibition of calcium deposition, Sprague-Dawley (SD) rats [24]
Prevention of calcium deposition in a dose-  puerarin significantly inhibits the Dosage: 400 mg/kg by gavage once a
dependent manner, inhibition of ROS and expression of NLRP3, Caspasel and  day for 6 weeks
NLRP3/Caspasel/IL-1f pathway. IL-1B Oral administration
Resveratrol Rat VSMC. [25]
Reduction in mRNA level of FGF-23 and
increased the mRNA level of klotho by
regulating Sirt-1 and Nrf2 expression in
smooth muscle cells
Quercetin Decrease in ALP levels, calcium Seven-week-old male Wistar rats [26]
accumulation by modulation of Dosage: 25 mg/kg/d for 6 weeks
oxidative stress and iNOs/p38MAPK  Oral administration
pathway.
Ginsenoside Rb1 VSMC. Reduction of calcium deposition as CKD male Wistar rats [27]
Rbl increased the expression of a-SMA well as ALP activity and calcium Dosage: 40 mg/kg/d for 4 weeks
and calponin by activation of peroxisome concentration in CKD rat arteries Intraperitoneal administration
proliferator-activated receptor-y (PPAR-y)
and inhibition of Wnt/B-catenin pathway and
promotion of osteogenic differentiation
Spermidine, a VSMC. Attenuation of calcium and mineral Male Sprague-Dawley (SD) rats [28]
naturally synthesized Reduction in ALP, BMP-2, and RunX2 by deposition in aorta, downregulation of Dosage: 3 mM
polyamine regulation of Sirt-1 and Nrf2 BMP2 and Runx2 in aortic arteries intraperitoneal injection twice a week
for 4 weeks
Dendrobium offici- VSMC. DOP inhibits calcification in aorta Adult male SD rats [29]
nale polysaccharide ~ DOP reduced the expression of NLRP3, Dosage: 50 mg/kg orally daily for 8
(DOP) NF-kB, and IL-1B weeks
TNAP inhibitor, SBI-425 significantly suppressed CKD-mineral and bone disorder [30]
SBI-425 TNAP activities of aortic tissues, (MBD) mouse model
reduced formation of MAC in the Dosage: 30 mg/kg once per day after
abdominal aorta week 14 of normal diet for 6 weeks
Oral administration
SNF472, hexasodium VSMC and osteoblast. [31]
salt of phytate SNF472 inhibited calcification process by
binding to surfaceHAp .
Denosumab Denosumab has shown to reduce the  Eight-month-old mice [32]
calcium content in aorta Dosage: 10 mg/kg twice weekly for
4 weeks
Subcutaneous
EDTA in PLGA Removal of calcium from elastinand ~ Male Sprague—Dawley rats [33]
nanoparticle aorta by chelation without caus- Dosage: Periadventitial administra-
ing vascular damage and change tion of 30 mg of EDTA loaded PLGA
in normal plasma levels of Ca and nanoparticles pellet for 1 week
phosphorus. (injected one time only for 1 week
EDTA binds to metals via four car- duration)
boxylate and two amine groups
EDTA-loaded albu- Reduction in calcium levels by 3 folds Sprague-Dawley (SD) rats (6-8 weeks [34]
min NPs in aorta and reverses calcification. old)
Chelation of EDTA with calcium. Dosage: 5 mg of NP/rat/injection
Injected through the tail vein two
times a week for two weeks
EDTA-loaded albu- Reversal of calcification by decreas- ~ Male Sprague-Dawley rats [35]

min nanoparticles

ing calcium content by 40% in aorta.
Chelation of EDTA with calcium.

Dosage:

3 mg/kg body weight twice a week
after 4th week for the next 2 weeks.
Systemic EDTA injections
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Table 1 (continued)

Therapeutic Cell line, key in vitro finding and In vivo key finding In vivo administration Reference

mechanism

STS Reduction of calcium content in aorta. Male Wistar rats [36]
Chelation with calcium. Dosage: 0.4 g/kg body weight 3 times

a week for 10 weeks
Intraperitoneal injection.

Bisphosphonates Bisphosphonates can directly inhibit ~ Male Sprague-Dawley rats [37]
uremic VC independent of bone Dosage: 0.17, 1.7, and 17 mg/kg per
resorption. day for 28 days
Reduction of ALP and calcium levels. Subcutaneous injection

Bisphosphonates Reduction of calcification in arteries ~ Male Sprague-Dawley rats [38]
and heart valves by 4 folds Dosage: 0.25mg P - kg™ ! - d ! for 4

weeks
Intravenous
Polysuccinimide VSMC. Reduction of calcium in aorta 8weekold male Sprague—Dawley rats ~ [39]
nanoparticle Reduction of ROS levels and calcium by Dosage: 50 mg of NPs/kg twice a
chelation of free calcium ions. week for 6 weeks
Intravenous injection
Melatonin VSMC. [40]
Attenuated calcium deposition and reduced
ALP levels by activation of AMP-activated
protein kinase/mammalian target of rapamy-
cin/Unc-51-like kinase 1 (AMPK/mTOR/
ULK1) signaling pathway in VSMC
Metformin VSMCs. Increased protein expression of Male Sprague-Dawley (SD) rat [41]

Metformin treatment reduced VC, expres-
sion of RUNX2, BMP2, decreased calcium
nodes by activation of AMPK signalling

Nuclear factor E2-related factor 2
(Nrf2) and regulated ferroptosis and
inhibits expression of Keaplin aortic

Dosage: 200 mg/kg/day for 6 weeks
Intragastrical administration

pathway tissue

associated with CKD(CKDs), diabetes, and aging, resulting
in stiffening of the vasculature, and hypertension. Vascular
smooth muscle cells (VSMCs) play a key role in medical
calcification. CKD-induced hypercalcemia and hyperphos-
phatemia drive VSMC differentiation into osteogenic cells,
upregulating bone-forming proteins like ALP and osteocal-
cin while downregulating contractile proteins, impairing
vascular function [44].

Inducers/Promoters

Several inhibitors and promoters for the VC have been
characterized so far [45]. Apart from elevated serum level
of calcium and phosphate which can directly and indepen-
dently lead to precipitation and deposition of calcium phos-
phate, osteocalcin, bone morphogenetic proteins (BMP-2,
4 and 6), ALP, bone sialoprotein, Runx2, apoptotic bodies,
and oxidative stresses, are known to intensify and induce
for calcium deposition. Below, some important inducers are
discussed.

High calcium and phosphate levels in the serum

Hyperphosphatemia and hypercalcemia due to mineral
imbalance caused by kidney dysfunction are considered the
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most important inducers of calcification [46]. Free ions of
calcium and phosphate are only responsible for complex-
ing. The ionized concentrations of calcium and phosphate
in the circulation under healthy conditions are in the range
of 1.1-1.3 mM [47], and 0.8-1.45 mM [48], respectively.
Under healthy conditions, a large amount (approx. 40%
[49]) of total calcium in the serum is complexed, i.e., bound
to proteins (primarily albumin [50]), preventing extensive
salt precipitation and deposition. The inhibitory role of the
proteins synthesized by VSMCs was also demonstrated
when in-vitro calcium deposition was compared with cell-
free conditions [51].

Even small calcium phosphate particles (calciprotein)
have been detected in healthy serum [52]. These tiny par-
ticles were suggested to be cleared by the liver sinusoidal
endothelial cells [53]. Under pathological conditions, how-
ever, the size of these particles greatly increased [54]. The
average sizes of calciprotein particles in the serum of CKD
patients with and without VC were determined to be 370
nm and 212 nm, respectively. The particle size in healthy
volunteers was 168 nm, suggesting a direct correlation
between the calciprotein size and calcium deposition [55].
It has been verified in-vitro, where calciprotein particles
themselves stimulated calcification of VSMCs through dif-
ferent pathways, further highlighting their importance in the
disease etiology [56].
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Fig. 2 Intimal calcification versus medial calcification; the location of
calcium deposition in the former and the latter is intima, medial layer,
respectively

Passive biological calcification closely mirrors cell-free
calcium salt precipitation, with similar influencing fac-
tors. Acidic conditions reduce, while alkaline conditions
enhance, precipitation—paralleling metabolic acidosis and
alkalosis effects [57, 58]. Beyond passive roles, hypercal-
cemia and hyperphosphatemia actively drive calcification
through mechanisms like cell apoptosis and VSMC osteo-
genic trans-differentiation. (Fig. 3).

Trans-differentiation of VSMCs to osteoblast-like
cells

VSMCs maintain vascular elasticity by contracting and
relaxing, regulating lumen diameter and blood pressure.
However, in medial calcification, they may transdifferenti-
ate into osteoblast-like cells, losing their contractile func-
tion. This osteogenic shift is marked by reduced contractile
proteins, increased proliferation and migration, and upregu-
lation of bone-forming proteins (e.g., osteocalcin, ALP,
osterix) alongside decreased inhibitors (e.g., osteopontin,
MGP, pyrophosphates), promoting HAp nucleation and cal-
cification [60, 61].

Hypercalcemia and hyperphosphatemia are primary drivers
of'this transition, as shown in vitro, where 3-glycerophosphate
increases ALP activity, inducing mineral deposition [62].
Interestingly, osteogenic differentiation is reversible under
conditions favoring VSMC phenotype restoration [60].

Fig. 3 Pathogenesis of VC. Collective role of several inducers such as high calcium, high phosphate, trans differentiation to oseto-/chondroblast-
like cells actively accelerate the progression of disease by upregulation of pro-calcification proteins [59]
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{ Fig.4 Effect of chronic inflammation and pro-osteogenic cytokines on
the initiation and progression of VC. Inflammation stimulates release
of matrix vesicles which ae rich in tiny calcium phosphate particles,
leading to micro-calcification. This in turn leads to apoptosis, leaving
phospholipid debris and calcium among other promoters, further inten-
sifying inflammation and accelerating the disease [88]

Inflammation and chronic ROS production further acceler-
ate trans-differentiation, with tissue non-specific alkaline
phosphatase (TNAP) playing a key role. Notably, atheroscle-
rotic plaques exhibit calcification before osteogenic markers
emerge, suggesting inflammation precedes VSMC transition
in late-stage atherosclerosis [63].

As mentioned earlier, diabetes is a risk factor for calci-
fication as well. The osteogenic differentiation of VSMCs
in primary human aortic VSMCs was promoted by high
glucose levels through upregulation of glucocorticoid-
inducible kinase 1 (SGK1) [64]. However, treatment of
the cells with an SGK1 inhibitor prevented differentiation.
Likewise, in another study, similar results were observed
in terms of cell differentiation under high glucose condi-
tions which was attributed to IL-1p activation [65]. Recent
in-vitro studies on mouse aortic VSMCs (MOVAS) have
shown that upon glucose treatment, the ALP level, known
as an osteoblast marker, rapidly increased [66]. Apelin-13
attenuated the glucose-induced calcification by suppressing
trans-differentiation through inhibition of ROS generation,
thereby regulating MAPKs and AKT pathways, and pre-
venting DNA damage. In patients with type 2 diabetes, a
direct relationship between plasma hypoxia-inducible fac-
tor 1 (HIF-1a) and calcium deposition has been observed
as well [67]. Activation of HIF-1a has led to the osteogenic
differentiation of pulmonary VSMCs [68]. Overall, one can
also conclude that trans-differentiation is the consequence
of detrimental impacts of other calcification stimulants and
occurs mostly at the latest stages of both CKD and athero-
sclerosis at which the progression of calcification is highly
accelerated [69].

Alkaline phosphatase (ALP)

ALP, an 86 kDa enzyme primarily expressed by osteoblasts,
plays a key role in bone formation and mineralization. Its
activity increases at high pH, releasing phosphate for bone
growth. ALP hydrolyzes pyrophosphates (PPi), potent cal-
cification inhibitors, into inorganic phosphates, promot-
ing mineralization [70]. Pyrophosphates (PPi), which are
potent and natural calcification inhibitors, are hydrolysed
by ALP into inorganic phosphates, which are calcification
inducers [71]. The inverse relationship between ALP and
PPi is well documented. In uremic rat models of calcifica-
tion, as ALP increased, PPi decreased [71]. In contrast, low
ALP level is associated with a high level of PPi [72], and

deficient skeletal mineralization [73]. Serum ALP level of
patients with calciphylaxis in end-stage kidney failure was
found higher than healthy group [74]. Nevertheless, ALP
level of plasma may not be an accurate representation of
PPi hydrolysis because ALP is present in different tissues
at different levels [75].

ALP also dephosphorylates osteopontin (OPN), reducing
its anti-calcification properties [76]. A correlation between
ALP and OPN has been noted in stage 5 CKD patients,
though OPN phosphorylation status remains unexamined
[77]. The osteogenic trans-differentiation of VSMCs is
marked by ALP upregulation, with long-term b-GP expo-
sure in vitro increasing ALP while downregulating VSMC
markers like SM22a and smooth muscle a-actin [78].

Apoptotic bodies and necrotic debris

In addition to other pathological condition such as chronic
inflammation, apoptosis could originate from high calcium
and phosphate levels of serum, thereby contributing to
calcification process [79, 80]. Apoptosis was described as
a process that complements VCrather than being a mutu-
ally exclusive pathway by itself [81]. Apoptotic bodies
and necrotic debris from macrophage and VSMC particu-
larly increase local concentration of Ca and PO,, and initi-
ate nucleation of HAp. Phospholipids from dead cells also
function as nucleation agent for HAp crystallization [82,
83]. Matrix vesicles, which are also rich in Ca and PO, are
released from apoptotic bodies [84].

In chondrocytes, apoptotic bodies contained a signifi-
cant amount of ALP and nucleoside triphosphate pyrophos-
phohydrolase (NTP) as important calcification promoters,
which are typically manifested in osteoarthritis [85]. Accel-
eration of atherosclerotic plaque growth was observed with
chronic apoptosis of VSMC in ApoE deficient mice [86]. In
high phosphate-induced calcification of VSMCs, iron-based
phosphate binders were found to reduce calcification by
preventing apoptosis [87].

Chronic inflammation

Several studies have demonstrated the relationship between
chronic inflammation and osteogenic trans-differentiation of
VSMCs. Inflammation stimulates release of matrix vesicles
which are rich in tiny calcium phosphate particles, leading to
micro-calcification. This in turn leads to apoptosis, leaving
phospholipid debris and calcium among other promoters,
further intensifying inflammation and accelerating the dis-
ease (Fig. 4) [88]. Interleukin-6 (IL-6) upregulation in par-
ticular has been found as an important indicator for chronic
inflammation in VC [89]. Plasma levels of IL-6, TNF-a, and
C-reactive proteins (CRP), as key inflammatory biomarkers,
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were elevated in CKD patients [90]. Among different bio-
markers, IL-6 was found to be a better predictor of mortality
rate in CKD patients under haemodialysis. Increased IL-6
was directly correlated with intimal and medial calcification
in these patients [91]. Noteworthy is the fact that these cyto-
kines could also contribute to downregulation of fetuin-A,
an potent calcium-binding protein in the serum [92]. Fur-
thermore, TNF-a led to a downregulation of Klotho, both
in the kidney and vasculature [93]. The downregulation of
both fetuin-A and Klotho can be indicative of VC.

Human coronary arteries from atheroma type III onwards
exhibited a significant expression of CD68, a highly
expressed protein in chronic inflammation. In the early
stages of atherosclerosis, small calcium depositions in the
lesions were detected, which grew in size with plaque pro-
gression [69]. Increasing CD68 levels were correlated with
microcalcification in the lesion. Furthermore, in-vitro, pro-
inflammatory role of the calcium deposits was also indi-
cated in the same study. Inflammation leads to calcification
and calcification worsens inflammation further. Considering
all the above, inflammation in general, and its biomarkers
such as IL-6 in particular could be targeted for the treatment
VC [94, 95].

Leptin

Leptin is an enzyme found mostly in the small intestine
and blood circulation, whose main function is regulation
of fat storage and energy balance [96]. The leptin level is
elevated due to kidney dysfunction as it cannot be filtered
and cleared from the serum efficiently [97, 98]. Receptors
of leptin were characterized in mouse blood vessels [98].

Fig.5 The effect of vitamin D
dosage on VC [109]
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Leptin increased ALP activity 5—10 times in calcifying vas-
cular cells [98]. Long-term treatment of the cells with leptin
led to their mineralization [97, 98]. Treatment of endothe-
lial cells with leptin resulted in the generation of oxidative
stress, thereby upregulating production of such as BMP-2
[99, 100]. Similarly, in VSMC, leptin increased bone mark-
ers such as BMP-2 and Runx2 [90]. Osteoclast generation
and thus bone resorption were inhibited by leptin [101].
Overall, in-vitro studies suggest osteoblastic differentiation
as a result of leptin, leading to soft tissue calcification.

In different animal models and human trials, the role of
leptin has also been indicated. In ApoE-knockout mice mod-
els of atherosclerosis, leptin treatment led to 8- and 2.5-fold
increase in lesion and valvular calcification as compared
to control mice group, respectively [102]. ALP activity
was also increased by about 5 times in leptin-treated mice,
accompanied with osteogenic differentiation of VSMCs. In
a pilot study in patients with type 2 diabetes mellitus who
had median calcification score of 100 to 300, leptin level in
plasma was found significantly high [90]. In a study involv-
ing 548 men aged 5085 years, high leptin level were asso-
ciated with severe abdominal aortic calcification [103].

Vitamin D

Among other functions, vitamin D is essential for the
absorption of calcium and other minerals. Both low and
high vitamin D levels can contribute toVC. (Fig. 5). Its low
level can induce chronic inflammation in the vasculature
through increasing 1-a hydroxylase activity in endothelial
cells, thereby over-proliferating macrophages, increasing
cytokine level, overexpressing metalloproteinase and in
turn adversely affecting VSMCs [104, 105]. Conversely,
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a high level of vitamin D increases serum calcium levels
significantly and promotes salt deposition [106]. Diets with
high level of vitamin D are utilized to induce VCin animal
models [107, 108].

Statins

Statins, inhibitors of HMG-CoA reductase, are regarded as
the gold standard for the treatment of atherosclerosis and
hypercholesteremia. Statins reduce the cholesterol produced
by the liver through blocking HMG-CoA enzyme. Never-
theless, there have been a number of in-vitro, in-vivo, and
human trials studies showing that statins may serve as a
double-edged sword, as they intensify calcification. Trion
et al. demonstrated that atorvastatin (2-50 pM) increases
calcification of VSMCs in a dose-dependent manner [110].
Atorvastatin at high concentration (50 uM) reduced cell
proliferation, and increased apoptosis, which could be the
reasons for calcification as discussed above. In a study on
197 patients with type 2 diabetes, frequent statin administra-
tion significantly increased the calcification of the abdominal
aortic artery [111]. Despite lowering the risk of cardiovascu-
lar events, statin therapy in other larger clinical studies has
also been associated with increased calcification [111-114].

Matrix metalloproteinase (MMP)

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases that play a crucial role in
extracellular matrix (ECM) remodelling. In VC, MMPs
are increasingly recognized as key regulators due to their
involvement in VSMC phenotypic changes, ECM degrada-
tion, and promotion of mineral deposition. MMP2, MMP9,
MMP13, MMP3 have shown to degrade type 1 and 3 col-
lagen, induce ECM breakdown and inflammation, enhances
VSMC osteogenic differentiation [115, 116]. MMP activity
promotes phenotypic switching of VSMCs from a contrac-
tile to an osteogenic phenotype, characterized by upregu-
lation of Runx2, ALP, and OPN [117]. A recent study by
Xie et al., revealed that deletion of smooth muscle cell-spe-
cific MMP 3 significantly reduced medial calcification and
osteogenic transformation [118]. Tissue inhibitors metallo-
proteinases (TIMPs) such as TIMP-1, -2, -3, and — 4 play
major role in MMP regulation and suppress the expression
of various MMPs and orchestrate ECM remodelling [119].

Others
Endoplasmic reticulum (ER) stress promotes calcifica-

tion through various mechanisms involving VSMCs, and
immune cells, and a sudden influx of unfolded proteins

leading to an increase in the unfolded protein response
(UPR) [120]. Primarily, three key ER stress sensors - IRE1
(inositol-requiring enzyme 1), ATF6 (activating transcrip-
tion factor 6), and PERK (PKR-like ER kinase) - mediate
the UPR by detecting the accumulation of misfolded pro-
teins and activating distinct signalling pathways within the
UPR. Activation of UPR leads to a reduction in the entry of
newly synthesized proteins into ER and induces the expres-
sion of genes encoding molecular chaperones - such as
Grp78 (glucose-regulated protein 78), C/EBP homologous
protein (CHOP), and c-Jun N-terminal kinase (JNK) - and
regulate calcification [121, 122].

Hypoxia-inducible factors (HIFs) facilitates the pheno-
typic switch of VSMCs toward an osteoblast-like lineage by
enhancing the expression of osteogenic regulators, includ-
ing Runx2, inducing inflammatory factors such as IL-6 and
TNF-a thereby contributing to the progression of VC [123].
Other studies have also shown that HIF-1 stimulates bone
cell osteogenic differentiation in VSMCs, targets GLUT-1,
VEGFA inducing the expression of RUNX2, SOX9 (Sry-
related HMG box-9), OCN and ALP in CKD conditions
[124-126]. Activation of HIF-1 by Daprodustat, a pro-
lyl hydroxylase inhibitor, has also shown an accelerating
medial calcification in CKD patients with hyperphosphate-
mia [127].

Inhibitors

Even in a healthy body, as noted, the total level of calcium
and phosphate can be high enough for the initiation of its
corresponding salt or crystal. However, due to the pres-
ence of several inhibitors such as MGP, osteopontin (OPN),
fetuin-A and pyrophosphate (PPi), precipitation of calcium
phosphate does not occur. These inhibitors basically bind to
calcium, forming a complex with them, thereby lowering
calcium’s ability to be involved in precipitation and crys-
tallization. From the viewpoint of chemistry, any calcium
complexing agent -also referred to as chelator- should have
an ionized acidic moiety with negative charges (such as
phosphoric and carboxylic acid groups), capable of estab-
lishing electrostatic interaction with free calcium cations,
lowering its physiologically active (un-complexed) concen-
tration [39, 128, 129].

Matrix Gla protein (MGP)

The role of MGP in CVDin general and VC in particular
has been well-understood [130-135]. MGP is a vitamin-K
dependent protein synthesized mainly by VSMCs and accu-
mulates in extracellular vesicles [136]. MGP carboxylation,
called activation, is largely dependent on vitamin K and thus
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its deficiency leads to uncarboxylated MGP as shown in Fig.
6. A high affinity of glutamic acid for calcium and metal
ions causes activated MGP to bind strongly to calcium ions.
Activated MGP also inhibits the synthesis of, BMP-2, a pro-
calcifying protein [137]. While hyperphosphatemia does
not significantly affect MGP levels in vitro, hypercalcemia
downregulates MGP after 48 h [138].

MGP-deficient mice develop severe aortic calcification,
leading to fatal hemorrhage within two months. In end-stage
kidney diseasepatients, elevated dephosphorylated uncar-
boxylated MGP correlates with high calcification scores,
making it a potential biomarker [130]. (Fig. 6)

Osteopontin (OPN)

OPN is a phosphoprotein with molecular weight of 33 KDa
and has a highly negative charge density due mainly to the
presence of large aspartic acid (approx. 15-20%), and glu-
tamic acid resides. OPN is synthesized by a variety of cells
including fibroblasts [139], VSMCs [140] and macrophages
[141]. In bone remodelling, OPN contributes to activation
of osteoclast for initiation of bone resorption (via the a, 35
integrin) [142]. In urine, OPN, referred to as uropontin
(uOPN), is found in large quantities serving as an inhibitor
of calcium oxalate monohydrate which is the main constitu-
ent of kidney stone [143-145].

InVC, the inhibitory role of OPN was demonstrated and
attributed to the prevention of HAp nucleation and growth
[146]. OPN also promoted regression of VCin vivo [144].
In comparison to mice lacking MGP alone (MGP /"), mice
lacking both MGP and OPN (MGP™~, OPN ") exhibited
much more extensive calcium deposition in the vasculature
[147]. Further evidence for the OPN role was obtained in a
later research demonstrating that OPN ™~ mice fed with high
phosphate develops extensive calcification compared to the
control mice [145]. Noteworthy is also the fact that bone

Fig.6 Activation of MGP by vita-
min K leads to its carboxylation
by introduction of y-glutamic
acid
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development in OPN™'~ mice occurs stronger as a higher
mineral content with larger crystal size were detected [148].

Nevertheless, OPN plays a crucial role in chronic inflam-
mation and is thought to be a biomarker for cancer [149,
150]. While acute expression of OPN has protective role in
the vasculature against calcification as explained, chronic
OPN overexpression is regarded as a predictor for CVDand
its related events, and mortality [151, 152]. Several iso-
forms of OPN have been characterized in recent years, each
of which has its own biological function [153].

OPN synthesized from different cells, under different
biological conditions may differ in terms of phosphorylation
[154], glycosylation [155], and transglutamination [156].
For example, osteoblast and fibroblast were respectively
added 21, and 4 phosphate groups into the OPN structure
[154]. Giachelli et al. [76] indicated the considerable role
of phosphorylation in inhibition of calcification of VSMCs
in-vitro. Nevertheless, the role of aspartic acid residue in
OPN should not be neglected or underestimated. Aspartic
acid is known as the strongest amino acid for complexation
with calcium and HAp [157]. Similarly, poly(aspartic acid),
homopolymer of aspartic acid, has shown to inhibit and
even dissolve of calcium oxalate and HAp [158-160].

Fetuin-A

Fetuin-A, as a glycoprotein synthesized in the liver, and
abundant in serum, is considered the main carrier of free fatty
acids in the bloodstream [161, 162]. Fetuin-A can bind cal-
cium and Calcium phosphate precursor, inhibiting nucleation
and growth of HAp [163]. If bound to calcium particles (cal-
ciproteins), Fetuin-A can remove these highly insoluble par-
ticles from the circulation. The function of Fetuin-A has been
attributed to its high negative charge density arising from glu-
tamic acid and aspartic acid residues [164]. The former and
the latter are respectively responsible for inhibition activity of
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MGP and OPN. Fetuin-A is loaded into matrix vesicles, where
local calcium level is high, inhibiting the calcium phosphate
precipitation, and improving VSMC survival [165]. Fetuin-
A-deficient mice fed with a mineral- and vitamin D-rich diet
developed extensive calcification [166]. Rats with calcifica-
tion had detectable fetuin-mineral complexes in their serum,
while those treated with ibandronate without calcification had
no detectable complex [167]. Low level of fetuin-A has been
well documented in dialysis patients and has been associated
with high rate of cardiovascular-related mortality [168]. The
Fetuin-deficient serum was reconstructed by spiking different
amount of Fetuin-A, showing reduced precipitation of cal-
cium in-vitro [166]. Overall, these findings further suggest
calcium binding ability of fetuin-A, its affinity toward HAp
and its role in inhibition of calcification.

Pyrophosphate (PPi)

Pyrophosphates, also referred to as diphosphates, are mol-
ecules that have a P-O-P bond. They are capable of estab-
lishing complexes with metal ions such as calcium and are
natural inhibitors for ectopic calcification and HAp crystal-
lization [169]. PPi is found in plasma and its role in the pre-
vention of VC has been demonstrated in-vitro [170], in-vivo
[171, 172], and in human trials [173].

Ex-vivo studies on the cultured rat aortas ring, showed
endogenous production of PPi. Addition of ALP to the cul-
ture medium led to deactivation of the PPi [174]. It is gener-
ally accepted that ALP level is inversely related to PPi level.
Through VSMCs trans-differentiation, ALP is upregulated,
leading to the hydrolysis of PPi into inorganic phosphate.
In other words, one can deduce that ALP converts a strong
inhibitor (PPi) into an inducer (inorganic free phosphate).

In another study, the aorta of mice lacking ectonucleo-
tide pyrophosphate phosphodiesterase (ENPP1), an enzyme
that produces PPi, developed extensive calcification. Addi-
tionally, there is evidence that the loss of ENPP1 func-
tion in infantile genetic diseases can also lead to VC in
humans [175]. ENPP1-deficient children usually die within
six months after birth due to heart failure. PPi level of the
patients’ serum with CKD after hemodialysis was found to
be lower than that of healthy group because it is removed by
the dialysis process [75].

These studies collectively demonstrate the inhibitory role
of pyrophposphates based on therapeutic strategies could be
designed. However, PPi is typically degraded in the stom-
ach, necessitating their parental infusion. PPi’s half-time
in the circulation is shorter than 30 min, which limits its
clinical use. The synthetic analogues of PPi, i.e., bisphos-
phonates could address these challenges which will be dis-
cussed below. Overall, one can conclude that maintaining
high PPi level in the circulation by targeting its metabolism

(e.g., use of ALP inhibitors), rather than its administration
could have promising prospects.

Treatments

In contrast to lipid-laden plaques, calcified plaques are
known to be irreversible. One of the most vulnerable and
at-risk populations to VC is CKD patients whose kidneys
are not able to remove excess minerals. Other at-risk popu-
lations include those with atherosclerosis, post-menopausal
women, as well as elderly people. Therefore, managing the
underlying conditions such as CKDs, hypertension, and
diabetes is the first main treatment prescribed. While they
could be beneficial in the early stages of calcification, at
the latest stages, when major vascular blockage happens,
invasive interventions such as percutaneous angioplasty,
and metal stenting are adopted. Although such interven-
tions are successful in atherosclerotic plaques, they could
be associated with serious complications in the calcified
plaques, due to vessel rigidity, posing the vessel dissection
risk, and severe haemorrhage A novel method has recently
been adopted that uses the principle applied in the fragmen-
tation of kidney stones with strong shockwaves, referred
to as lithotripsy, where high-pressure shocks (50 atm, for
short pulses) disintegrate large calcium deposits, facilitat-
ing further angioplasty and deploying drug-coated balloons
[176]. Despite the progress in invasive methods, there is
still no clinically approved non-invasive treatment for VC
and thus much attention is paid to the underlying causes
as stated above to decelerate the disease progression.
Understanding the disease, and the mechanism of action of
inducers and inhibitors however have led to the develop-
ment of several therapies examined in-vitro, in-vivo, and in
clinical trials. Some of these therapies include but are not
limited to phosphate binders, vitamin K supplementation,
sodium thiosulfate, etc. which will be discussed as follows.
Of note, however, is that none of these therapies have yet
been approved or established although prescribed by some
practitioners.

Undoubtedly, there is close interface between bone
remodelling and VC which should be considered in the
design and development of drugs. Off-target action of the
drug could potentially lead to bone resorption and osteo-
porosis, in addition to being ineffective in the prevention
of VC. This highlights the utmost importance of drug tar-
geting to the vasculature, and other at-risk organs. Never-
theless, scrutinizing the literature revealed only a few case
studies where the active compound was loaded into a nano-
carrier and conjugated with elastin antibody. The antibody
improved targeting and thus the treatment efficacy which
will be further discussed below.
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Phosphate binders

Phosphate binders are a class of orally-administered drugs
that reduce dietary phosphate absorption by forming an
insoluble complex with it in the gastrointestinal tract,
thereby lowering the serum phosphate level [177, 178].
Their effect has been studied in several animal and human
studies [179]. Based on the chemical structure, phosphate
binders can be divided into two: (i) calcium-containing and
(i1) calcium-free [180]. The most notable examples for the
former and the latter are calcium acetate and Sevelamer car-
bonate (Renagel), respectively (Fig. 7).
Calcium-containing binders, while effective in lower-
ing Pi level, have been shown to even intensify calcifica-
tion in human trials [181]. However, calcium-free binders
effectively inhibited or delayed calcium deposition [182,
183]. A recent human trial compared calcium acetate with

Sevelamer, further verifying the superiority of the latter
for reducing coronary artery calcification scores, as well as
prevalence of hypercalcemia [184]. Sevelamer was also sig-
nificantly more effective than calcium-containing binders in
improving survival rate in haemodialysis patients [185].
From the polymer chemistry viewpoint, Sevelamer is
poly(allylamine), a cationic polymer, cross-linked with epi-
chlorohydrin. The amine groups of the polymer are fully, and
partially protonated under acidic media of the stomach, and
neutral conditions of the small intestine, respectively. The
protonated groups form strong electrostatic complexes with
free dietary phosphate anions which are then excreted from
the body without absorption. Sevelamer should be adminis-
tered orally 3 times a day for each meal (0.8—1.6 gr depend-
ing on the diet). Its expensiveness as well as gastrointestinal
side effects restrict its clinical use. A randomized controlled
trial on CKD patients to study the effect of sevelamer was

Fig. 7 Chemical structure of (a) sevelamer (a cross-linked poly(allyl amine) in which carbonate ion is introduced for neutralization, and (b) cal-
cium acetate as two phosphate binders used for lowering serum level of phosphate
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performed. The study showed that sevelamer reduced the
reduction in systemic, vascular, and bone-related inflam-
matory markers such as IL-6, IL-8, IL-10, CRP, TNFa,
and IFN-y from treatment with sevelamer in CKD patients.
Sevelamer treatment also resulted in a significant decrease in
levels of FGF-23, calcidiol, and calcitriol, whereas FGF-23
and calcitriol remained unchanged [186]. Also, as suggested,
a well-designed randomized clinical trial is required to con-
firm whether phosphate binders compared to placebo do
indeed attenuate the clinical end point in CKD patients [187].

Magnesium

Recently, there have been a great deal of attention to mag-
nesium (Mg”"), as many reports have shown its link to car-
diovascular mortality in patients with ESRF [188]. Ex-vivo,
the synthesis of HAp is inhibited by the presence of Mg ions
in the solution [189, 190]. In-vitro, magnesium prevented
VSMC calcification, reduced BMP-2 activity and downreg-
ulated osteocalcin expression, whereas OPN and MGP were
upregulated [12]. VSMCs incubated with Mg?" (2 mM) and
Pi (3 mM) exhibited much better cell viability and lower
level of calcification. The preventive effect of Mg?" was
observed in live cells, but in fixed cells extensive calcifica-
tion was detected [13]. BGP-induced calcification of VSMC
was prevented by 2 mM of magnesium, and explained by
a simple passive process; extracellular inhibition of apatite
crystallization as free magnesium cations binds phosphate
anions, disturbing calcium phosphate salt formation (Fig. 8)
[191]. Transient receptor potential melastatin 7 (TRPM?7) is
regarded as the main magnesium channel in VSMCs [192].
Blocking such channels by 2-aminoethyl diphenylborinate

Fig. 8 Mg prevents HAp crystallization in the presence of high Pi
concentrations. Quantitative and qualitative evaluation of calcifica-
tion induced by B-glycerophosphate (BGP) at 2 (white bars), 8 (striped

(2-APB) did not prevent the anti-calcification role of mag-
nesium, suggesting its intracellular-independent activity.

In vivo, high phosphate and low Mg?* diet in mice model
of DBA/2 promoted extensive calcification in heart, kidney,
and other organs [14]. Treatment of uremia rat induced by
vitamin D and nicotine with magnesium sulfate led to a
lower ALP activity and lower calcium content in soft tis-
sues [15]. In adenine-fed rats, magnesium citrate also pre-
vented calcification [16]. A 5-year randomized clinical trial
study commenced on 2017 will soon reveal the effect of oral
Mg supplementation on coronary artery calcification [193].
The same group also showed that by increasing Mg level
of the dialysate, the calcification propensity in hemodialysis
patients is decreased [194].

Vitamin K supplementation

Vitamin K is a well-known enzyme cofactor involved in
coagulation as well as other signalling pathways and is
mainly found in green vegetables such as spinach. Direct cor-
relation between vitamin K uptake and carboxylation of MGP
has been well documented. As discussed, activated MGP is
a potent inhibitor for calcification due to the presence of
v-glutamic acid residues. Vitamin K antagonists such as war-
farin strongly prevent MGP carboxylation and lead to calci-
fication [195, 196]. MGP activation is carried out in VSMCs
and the role of warfarin on calcium deposition in VSMCs was
corroborated in-vitro [51]. In ApoE ™~ mice, warfarin resulted
in valvular calcification [196]. In warfarin-induced uremic
rats, a high dosage of Vitamin K1 intake was required to
reverse VCand improve the elasticity of blood vessels [197].

bars) and 14 (black bars) days after BGP supplementation (a) and
Alizarin Red staining of BVSMCs (b) [191]
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Anti-inflammatory compounds

As mentioned, pathological oxidative stress both intracel-
lularly and extracellularly can contribute to calcification
through a variety of mechanism including apoptosis, dif-
ferentiation of smooth muscle cells to osteoblast-like cells.
Such oxidative stresses can be counteracted and neutralized
by potent antioxidants which are either synthetic or natu-
rally occurring. The mechanisms of action of most of these
compounds are similar, primarily involving the scavenging
of ROS, such as hydroxyl radicals (the most reactive form
of ROS), or the prevention of their formation altogether. Of
noteworthy is that ROS, due to their high reactivity, can also
interrupt normal cell function by damaging DNA, lipids of
cell membrane, proteins, etc. Therefore, considering the
important role ROS plays in the initiation and progression
of calcification, antioxidants could be regarded as effective
treatment options [198].

Curcumin, a polyphenol from Curcuma longa and tur-
meric, has well-documented anti-inflammatory and antioxi-
dant properties [199-201]. Hou et al. [17] demonstrated its
dose-dependent inhibition of B-glycerophosphate-induced
VSMC calcification, reducing ALP, BMP2, Osterix, and
Runx2 levels while preventing apoptosis. Curcumin also
suppressed ectopic calcium deposition and promoted tendon
regeneration by downregulating inflammatory proteins [17].
In another study, it was shown that curcumin can suppress
the ectopic calcium deposition in-vitro and in-vivo in ten-
don. Moreover, curcumin effectively contributed to tendon
regeneration through downregulation of inflammatory pro-
teins under stimulated condition [18]. Liu et al. employed
curcumin as a crosslinking agent to fix acellular bovine peri-
cardium in bioprosthetic valves, which effectively reduced
calcification due to curcumin’s anti-inflammatory effects
[202]. Zhou et al. [19] found curcumin inhibited aortic
valve cell trans-differentiation, with RNA sequencing link-
ing its effects to NF-xB, TNF, MAPK, and PI3K-AKT path-
ways. Overall, all these findings highlight the importance
of chronic inflammation, and the potential antioxidant can
offer in the treatment of not only calcification but also gen-
erally cardiovascular complication.

Apocynin, also referred to as dogbane, is a herbal medi-
cine and has potent anti-inflammation activity as reported in
several animal studies [203]. It inhibits Nox and decreases
superoxide generation [20, 21, 203]. It was shown that
Apocynin administration to diabetic rats with VC substan-
tially alleviated arterial calcium deposition [20]. In vitro, it
has been suggested that apocynin prevents calcification by
down-regulation of bone forming proteins such as BMP-2
and runt-related transcription factor 2 (RUNX2) [21].

Diosgenin as another natural antioxidants, is extracted
from fenugreek (Trigonella foenum-graeccum). Besides its
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anti-inflammation activity, Diosgenin has been shown to
have a high efficiency in reducing the level of lipid and
glucose in circulation [204]. Diosgenin strongly reduced
calcification in uremic rat which was attributed to high anti-
oxidant levels, and in turn low lipid peroxidation, thereby
increasing endothelial nitric oxide synthase (eNOS) activi-
ties [22, 23]. Vitamin E, as another strong antioxidant, as
well as its derivatives has shown to prevent osteogenic
trans-differentiation of VSMCs induced by oxidized LDL
[205], increases antioxidant level in circulation, and reduces
calcification in uremic rats [206].

Puerarin, another herbal medicine, is extracted from
Pueraria lobata, bears multiple active sites of isoflavone
glycoside and is used for treating acute ischemic stroke.
Puerarin reduces calcification by lowering ROS, reduction
of NF-xB, and down-regulation of BMP-2 IL-1§ levels [24].
Likewise, resveratrol and its derivatives which have similar
active sites and found mostly in grapes and wines, has dem-
onstrated positive impact on prevention of calcification as
they increase Klotho level which are known as important
inhibitors [25, 207].

Quercetin is another potent anti-inflammatory com-
pound which is mostly found in variety of fruits and veg-
etables [208]. Its protective effects on vasculature have been
demonstrated in several in vitro and in vivo studies [209].
Quercetin prevented heat shock proteins and thus reduced
calcification in vitro [210]. It prevented VC in warfarin-fed
animal models by downregulating transglutaminase 2 and
B-catenin, reducing ROS production [211]. In a uremic rat
model, quercetin increased superoxide dismutase 2 (SOD2)
levels, preventing calcification via the iNOS/MAPK path-
way [26]. In vitro, quercetin protects VSMCs stimulated by
ox-LDL- from differentiation by down regulation of BMP-2
and toll-like receptor (TLR) — 4 [212].

Ginsenosides are one of the major components of tradi-
tional herbal medicine which are classified into panaxadiols
and panaxatriols and also have potent anti-inflammatory
properties. Rb1, a most abundant component of panaxadiols
has reported protective properties for vascular and kidney
diseases, alleviated creatine and inflammatory cytokine lev-
els in CKD patients [213]. Rb1 has shown to reduce calcium
deposition in vitro and in vivo. In vitro results have indi-
cated the protective role of Rbl in calcium deposition. Rbl
has reduced calcium deposition as well as ALP activity and
calcium concentration in vivo. This protective effect of Rbl
is attributed to downregulation of Wnt/B-catenin pathway
through the activation of nuclear receptor PPAR-y [27].

Spermidine, a naturally synthesized polyamine, have
been found to have anti-inflammatory properties and pro-
vides protection against CVD, reduce reduces lipid accumu-
lation to retard the progression of atherosclerosis [214]. Liu
et al. indicated similar results in attenuating calcification in
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VSMC and arterial rings in vitro and in vivo respectively.
Spermidine has shown to activate Sirtulin 1(SIRT1) which
inhibits vascular calcification in vitro resulted in the down-
regulation of endoplasmic reticulum (ER) stress signaling
components, such as activating transcription factor 4 (ATF4)
and CCAAT/enhancer-binding protein homologous protein
(CHOP) [28]. Clinical trials on the application of spermi-
dine for vascular calcification has not been investigated yet.
Dendrobium officinale polysaccharide (DOP) is a valu-
able herbal medicine and has been shown to enhance
humoral and cellular immunity, anticancer, anti-inflamma-
tory, antioxidant, and antidiabetic effects [215]. DOP has
shown to inhibit VC in vitro and in vivo. DOP significantly
stimulated the activation of HMOX-1 and responsible for
anti-apoptotic and anti-inflammatory functions. Moreover,
DOP has shown a reduced expression of inflammatory
markers such as NLRP3, NF-kB, and IL-13 in VSMCs [29].
Clinical trials on the effect of antioxidants are yet to be
investigated to determine their treatment efficacy. Currently
there is little information in the literature in this regard.
Sodium thiosulfate (STS) which is regarded both as a cal-
cium chelator and an antioxidant has been the subject of a
number of clinical trials [216-219] which will be discussed
in the following section (chelation therapy). The positive
impact of STS has been indicated in the treatment of VC.
However, it is still unclear whether this is attributed to its che-
lation, anti-oxidation or both properties. Another antioxidant
cerium nitrate-silver sulfadiazine was topically administered
in France to patients with calciphylaxis whose mechanisms is
comparable to VC [220]. The positive outcome of the com-
pound was indicated and attributed to ROS scavenging, pre-
vention of infection, as well as its decalcification ability.

Antagonists

ALP inhibitors (e.g., 1,2-diphenyl-2-(1 H-1,2,4-triazol-5-yl-
thio)athanone) have been found to to prevent VSMC calci-
fication in-vitro [221]. Therefore, therapeutic approaches
could be devised to reduce the activity of ALP while main-
taining normal bone formation/resorption [222, 223]. It has
been found that Sortilin (SORT1) is responsible for ALP
loading into the matrix vesicles during VC in-vivo. Sorti-
lin deficiency in mice successfully attenuatedVC, without
affecting bone calcification [224]. A study in 2019 showed
that SBI-425, an ALP inhibitor, prevents medial arterial cal-
cification in CKD mice models, while maintaining normal
skeletal mineralization [30]. To verify its activity, Opde-
beeck et al. [225], later in 2021 studied different dosages
of SBI-425 to treat adenine-fed CKD rat model of calcifica-
tion. Low dosages failed to reduce calcification, while high
doses reduced bone mineralization. Overall, further studies

could be directed on the ALP inhibitors that can merely tar-
get calcification in the vasculature not the hard tissues.

SNF472, hexasodium salt of phytate, developed as an
intravenously administered form of phytate, is a calcifica-
tion inhibitor by binding to HAp crystals without chelating
free calcium. In vitro results suggest that SNF472 binds eas-
ily to HAp and not to free calcium. SNF472 also reduces the
levels of calcium deposition in rodent VSMCwithout induc-
ing apoptosis and restoring expression of genes that main-
tain the contractile phenotype of these cells [31]. Clinical
trials in phase 1 and 2 have also shown that SNF472 inhib-
ited HAp crystal formation and deposition without chelating
the circulating calcium and hypocalcaemia [226].

Denosumab is a human monoclonal antibody that can
bind to and suppress human receptor activator of nuclear
factor kappa-B ligand (RANKL), mimicking osteoprote-
gerin natural bone-protecting activities. It is currently in
development. Clinical trials in patients with bone metastases
in multiple myeloma or breast cancer found that an injec-
tion of denosumab caused immediate and prolonged inhibi-
tion of bone turnover indicators [227]. A study with human
RANKL knock-in (huRANKL-KT) mice demonstrated that
there was a reduction of aortic calcium deposits of pred-
nisolone-treated huRANKL-KI mice by up to 50% when
treated with denosumab, based on calcium measurement
[32]. The potential effectiveness of denosumab on coronary
and abdominal aortic calcification in the elderly female
population with osteoporotic chronic renal disease is being
assessed in a clinical trial undergoing in France. An impor-
tant factor in VC is the TNAP iso-enzyme, which can inac-
tivate pyrophosphate, creating sites for bone mineralization
and an increase in phosphate ions. Trials are in underway
to create an oral medication that may function as a TNAP
inhibitor and slow the onset and progression of calcification
[228]. These trials’ outcomes will provide more insight into
how ALP affects the calcification of coronaryVSMCs.

Chelation therapy

In chemistry, chelation is the bonding of molecules with
metal ions including transition metals (e.g., Cu*") and earth
metals (e.g., Ca>"). The specific chemical structure and con-
figuration of the chelating material allow the formation of
a strong complex with the metal ion. Chelation is of out-
most importance not only in biology, where a chelant can
be employed for the treatment of heavy metal poisoning,
but also in industry where its small amount can effectively
suppress mineral deposition [39, 128, 129, 229]. For com-
plexation with calcium, the chemical structure of the chela-
tor typically contains acidic residues such as phosphoric or
carboxylic acid groups.
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Ethylenediaminetetraacetic Acid (EDTA)

Ethylenediaminetetraacetic acid (EDTA) is one of the most
efficient calcium chelators. EDTA can effectively disinte-
grate and dissolve highly insoluble HAp. Its ability in HAp
dissolution was found to be superior to citric acid, Fostex
(a commercial phosphate-based chelator) [230], DTPA, and
STS [231]. On this basis, EDTA may possess the potential
to reverse calcification, and thus, despite not being approved
by the Food and Drug Administration, it is still prescribed
by some practitioners for vascular diseases and calcification
[232]. However, clinical studies on the systemic administra-
tion of EDTA has not shown promising outcomes. The use of
IV-administered EDTA therapy on 1708 patients with a his-
tory of MI showed a modest reduction in the risk of adverse
cardiovascular events [233]. The study which is called the
Trial to Assess Chelation Therapy (TACT) was not convinc-
ing enough according to the authors to suggest its routine
application as a clinical treatment for those with previous
MI. Another small study on the combined use of EDTA/tet-
racycline on human trial (77 patients) showed reduction in
coronary artery calcium score [234]. However, 43% of the
patients did not respond to the therapy. Additionally, the trial
did not have a control group for comparison. Another study
on 47 patients with the history of coronary artery disease
(CAD) treated with EDTA did not show significant change
in flow-mediated vasodilation compared to placebo [235].

The considerable difference between human trial and dis-
solution ability of EDTA ex-vivo may be explained by sev-
eral factors such as its low bioavailability in calcified plaque,
its premature action upon injection, and its non-specificity
(i.e., chelation other essential ions rather than calcium).
Therefore, targeting EDTA to the calcified plaque could be
an effective solution to address its low efficacy. EDTA was
loaded into poly(lactide-co-glycolic acid) (PLGA) nanopar-
ticles (NPs), which exhibited a sustained release within 3
days [231]. The NPs were delivered locally to a rat model
with abdominal aortic calcification induced by CaCl, injury.
Calcification was reversed in the aorta while calcium and
phosphate levels of the serum did not change. Another study
loaded EDTA into albumin NPs onto which rabbit anti-rat
elastin antibody was conjugated to target the calcified aortas
[34]. The NPs were accumulated in the aorta significantly
by conjugating the antibody, while in other organs (e.g.,
kidney, lung, and spleen), less NPs were detected. In-vivo
studies on CaCl, induced calcification showed efficacy of
the prepared NPs on the regression of calcification as shown
in Fig. 9. Targeted therapy had no effect on serum or urine
calcium levels, while with systemic delivery, the former and
the latter greatly decreased and increased, respectively. In a
recent research, similar result were obtained with the same
NPs on adenine-fed rat models of calcification [35].

@ Springer

Sodium thiosulfate (STS)

STS is an efficient chelating agent for transition metals as
well as earth metal cations such as calcium. STS is a gold
standard widely used for treating cyanide poisoning [236]
and calciphylaxis (referred to as calcific uremic arteriolopa-
thy) [237]. The latter involves calcification of small blood
vessels in the fatty tissues and skin, which is often associ-
ated with renal failure and results in ulceration, infection,
and death. STS has strong chelation properties, which let it
sequester calcium from HAp, convert it to calcium thiosul-
fate, and excrete it from the body [231, 238]. Additionally,
STS is known to have antioxidant properties [239]. Pasch
et al. also studied the effects of STS on uremic adenine-fed
rat models of calcification and found that STS inhibited cal-
cification by lowering ionized calcium in plasma [36]. On
87 haemodialysis patients (IV injection, twice weekly post-
haemodialysis for 4 months), STS inhibited the progression
of coronary artery calcification. However, the bone mineral
density of the total hip decreased [240]. Mathews et al. also
indicated similar results in terms of inhibition of calcifica-
tion (IV injection, 22 haemodialysis patients, 3 times a week
for 5 months), however, no change in vertebral bone density
was observed [219]. A recent study on 50 haemodialysis
patients showed that intravenously-administered STS could
effectively reduce the arterial stiffness [241]. However,
bone mineral density was not studied. In summary, while
STS is beneficial in inhibition of calcification, bone mineral
density could be compromised, hindering its use clinically.

Bisphosphonates

Bisphosphonates (BPs) or diphosphonates are a class of
drug used for treating osteoporosis by suppression of bone
resorption. Although their half-life in circulation is very
short, when absorbed by bone, they can remain in the bone
up to several years [242]. BPs are also called pyrophosphate
analogous since the only difference is the central atom of
the molecule, an oxygen in pyrophosphate and a carbon in
BPs. Based on chemical structure as shown in Fig. 10, there
are two types of BPs: nitrogen-containing (e.g. pamidronic
acid) and nitrogen-free (etidronic acid).

In general, BPs have a strong affinity for HAp and cal-
cium. Accordingly, a dual role has been proposed for BPs;
they bind to the growing HAp crystals, preventing its further
growth. On the other hand, the attached BPs on the HAp
surface protect it from dissolution [242, 243]. In adenine-
fed rat models of CKD, both types of BPs prevented aortic
calcification but did not reverse it [37]. A low dosage of BP
therapy did not adversely affect serum calcium or phospho-
rus levels despite preventing calcification. The inhibitory
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Fig.9 Treatment of vascular
calcification by EDTA-loaded
NPs. The NPs were conjugated
with IgG or elastin antibody for
targeting. (A) The explanted aor-
tas were stained by Alizarin red
to reveal calcium deposits in red
colour. As seen the NPs coated
with elastin antibody has a very
less intense red colour, indicat-
ing efficacy of the NPs. (B)
Histological staining by the same
dye shows insignificant calcium
in the aorta. (C) Quantification
of calcium further confirms the
efficiency of the targeting by
elastin antibody

role of BPs thus appears to originate largely from inhibiting
HAp nucleation/growth, rather than treating hypercalcemia
or hyperphosphatemia. In other models of CKD, such as
vitamin D5 [244], and warfarin-treated rats [38], BPs have
prevented calcification.

While BPs have shown promising results in animal
models, there is still no convincing human study suggest-
ing their efficacy for calcification. The use of nitrogen-free
etidronate (200 mg/day, orally, for 14 days, 3 times every 3
months) on 35 CKD patients prevented calcification (26/35
responded positively) [245]. However, another study on 42

CKD patients with the nitrogen-containing alendronate (18
months, 70 mg/week orally) did not reveal any significant
positive outcome [246]. In addition, certain BPs may have
adverse effects on the renal function when taken in high
doses. For instance, nitrogen-containing pamidronate at a
dosage of higher than 90 mg/month intravenously caused
renal toxicity [247]. Of noteworthy is that BPs are more
effective when administered intravenously rather than
orally as observed in the treatment of osteoporosis [248].
The latter delivery route may also lead to gastrointestinal
toxicity. Oral administration of BPs was not effective in the
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Fig. 10 Chemical structure of bisphosphonates (nitrogen-free and nitrogen containing) employed in clinical treatment of bone diseases [243]

attenuation of calcification in patients with CKD and kidney
transplants [246, 249]. However, they can potentially con-
tribute to regression of atherosclerotic plaque by lowering
serum lipid, LDL, and increasing high density lipoproteins
(HDL) level [250, 251].

@ Springer

Polysuccinimide (PSI)

PSI, a hydrophobic polymer, is a precursor of polyaspar-
tic acid [252-254] and acts as a strong chelating agent for
different metal ions [129, 255, 256]. Several studies have
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been performed confirming the effectiveness of polyaspar-
tic acid for inhibition and dissolution of calcium oxalate by
the chelation effect of polyaspartic acid [158, 159]. A recent
study explored the anticalcification and anti -ROS activity
of PSI modified with oleylamine nanoparticle which also
serves as a carrier for curcumin for the treatment of vascular
calcification [39]. The application of curcumin loaded PSI-
oleylamine nanoparticles have shown reduced calcification
in the aorta without adversely affecting bone integrity after
performing in vivo and in vitro studies (Fig. 11).

Collectively, despite the promising positive effects of cal-
cium chelators, and despite being prescribed by some prac-
titioners, its wide clinical use is still limited due to its side
effects especially on the bone integrity. Improving the bio-
availability of the chelator in the vasculature, while reduc-
ing its accumulation in bone could effectively address this

Fig. 11 Treatment of Curcumin loaded PSI OA resulting in reduced
calcium levels. (A) Quantitative measurement of calcium showing
resulting in reduced calcium deposition in vivo. (B) Alizarin red
staining on aorta indicating reduced calcium expression in curcumin

issue. Targeting the chelator to the vasculature by employ-
ing an appropriate antibody such as elastin antibody was
shown to significantly improve the treatment efficacy while
not adversely affecting the bone integrity. Furthermore, the
efficacy of chelation therapy could be further enhanced
through the development of the chelators that specifically
chelate calcium, rather than non-specific complexation with
other essential ions such as iron, and magnesium.

Others

Melatonin is an important indoleamine produced by pineal
gland which has anti-inflammatory, anti-cancer, and antioxi-
dant activities [257]. Many studies report the role of mela-
tonin in regulating inflammation, apoptosis, and oxidative
stress [258]. Melatonin attenuates VCby regulating autoph-
agy via the AMP-activated protein kinase/mammalian target

loaded PSI OA nanoparticles (C) Histological analysis of the aor-
tas and staining with alizarin red and H&E harvested from animals
indicating a reduced calcium deposition for curcumin loaded PSI OA
nanoparticles [39]
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Table 2 Clinical trials of VC treatments (those where trial registration ID was not stated)

Therapeutics

Study group

Treatment protocol

Observation indicators

Results

Reference/Publica-
tion year

STS

STS

STS

Magnesium

Magnesium

Vitamin K12

(EDTA)- tetracyline

Hemodialysis sec-
ondary hyperpara-
thyroidism patients

Adult hyperparathy-
roidism patients

Haemodialysis
(HD) patients with
calcific uraemic
arteriolopathy

CKD patients

CKD patients

End stage kidney
disease patients on
haemodialysis

Coronary atheroscle-
rotic heart disease
patient

Control and treatment group had
no limit in calcium intake, phos-
phate intake 800—1,000 mg/day.
Treatment group given STS
0.18 g/kg in 100 ml saline three
times a week for 6 months

Control and treatment group both
received conventional bicarbon-
ate haemodylasis (HD) twice or
three times per week (4 h per
session). Dialysate calcium con-
centration (2.0 to 3.5 mEq/L).
Treatment group given STS
(12.5 g intravenously, 15-20 min
after HD treatment twice a week

for at least 4 months)

Randomized control trial.
Patients received conventional
bicarbonate haemodylasis (HD)
twice or three times per week

(4 h per session). Dialysate
calcium concentration (1.25 to
1.5mmol/L). Treatment group
given 25 g/1.73 m? (area of aorta
based on abdominal aorta agatson
calcification score) dissolved in
100 mL saline intravenously dur-

ing the last 15 min

Double-blinded placebo-con-
trolled multicenter clinical trial.
Treatment group provided with
52 weeks of treatment with oral
slow-release MgOH twice daily
(30 mmol of Mg per day)
Double-blinded placebo-con-
trolled multicenter clinical trial.
Treatment group provided with
52 weeks of treatment with either
oral slow-release Mg OH twice
daily (30 mmol of Mg per day)
200 pg of vitamin 12 orally

everyday for 1 year

EDTA (1500 mg)- tetracycline
(500 mg) taken orally once a

week for 4 months

Parathyroid hormone
(PTH), calcium, phos-
phorus, and calcium-
phosphorus, coronary
artery calcification
(CAC) score

Coronary artery calcifi-

cation (CAC) score, bone

mineral density (BMD)

Abdominal aortic calcifi-

cation score (AACS)

Coronary artery calcifi-
cation (CAC) score

CAC score, bone mineral

density (BMD)

Calcification of the
abdominal aorta, MGP

Coronary artery calci-
fication (CAC) score,

hs-CRP, Complete Blood
Count (CBC), Metabolic

Panel (CMP), Liver
Functions Tests (LFT),
Lipid Profile (LP), and
NB ELISA antigen
and NB IgG antibody
serology

Levels of C-RP and CAC
scores were significantly
decreased in the treatment
group (354.72+45.22) than

control (489.54+65.47)

Decrease in proportion of
skin pruritus, myasthenia,

bone pain, insomnia

Increase in serum sodium
and chloride, a decline in

serum bicarbonate and

calcium, significant decline

in BMD in treatment
groups. However, CAC

score unchanged in treat-

ment group (904 (range
307-3399), 1014 (range
317-2178)

Parathyroid hormone
significantly increased
in treatment group (189
(69.1-403.8) vs. 129.7
(59.8-256.1). AACS

significantly increased after
6 months of therapy (4823

vs. 3879)

No significant change in
CAC between treatment and
control placebo group. No
effect in plasma phosphate,
parathyroid, and potassium

levels in plasma.

Randomized control trials

on human subjects have

shown magnesium reduces
coronary artery calcification

after 52 week study

Decrease in MGP by 53%

in treatment group after
3 months. Calcification

score showed no significant

difference

A significant decrease by
57% in CAC scores (1753.8
vs. 2033), improvement in
lipid profile with a decrease
in LDL (2.6 mmol/l vs. 2.1
mmol/l), triglycerides (2.5

mmol/l vs. 1.9 mmol/l),

cholesterol (4.9 mmol/l vs.
4.2 mmol/l), and increase

HDL

[261]
Published in 2022

[240]
Published in 2010

[262]
Published in 2020

[263]
Published in 2023

[193]
Published in 2017

[264]
Published in 2019

[234]
Published in 2004
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Table 2 (continued)

Observation indicators

Results

Reference/Publica-
tion year

Therapeutics Study group Treatment protocol
Bisphosphonates Patients with CKD 70 mg alendronate administered
(alendronate) orally once weekly for 18 months
Denosumab Patients with calcific Denosumab 60 mg every 6

aortic stenosis months, placebo injection every
6 months, oral alendronic acid
70 mg once weekly.

Trial end points after 12 and 24

months

Pulse wave velocity
(PWV), BMD, Bio-
chemical parametersC
RP, and lipid profile

Aortic valve calcium
scoring, biochemical
parameters

Increase in BMD of lumbar

spine (0.84 = 1.38 vs.
0.54 £ 1.89) and better
PWYV, no significant dif-

ference in kidney function

however no significant
difference in VCprogres-

sion between placebo and

treatment

[246]
Published in 2010

[265]
Published in 2021

of rapamycin/Unc-51-like kinase 1 (AMPK/mTOR/ULK1)
signaling pathway. In vitro results have revealed that mela-
tonin activated AMPK protein expression, inhibited mTOR
expression, and reduced VSMC calcification [40]. The
effect of melatonin on VC was only studied in vitro, and in
vivo studies of the effect of melatonin are not reported yet.
Metformin is an anti-diabetic and anti-hyperglycaemic
agent which inhibit complex I of the mitochondrial elec-
tron transport chain and contribute to a decrease in the cell
energy charge, thereby activating AMPK signalling. Metfor-
min inhibits hyperlipidaemia-associated VC through anti-
ferroptosis effects in vitro and in vivo. Ferroptosis is form
of regulated cell death that involves metabolic dysfunction
resulting from iron-dependent excessive lipid peroxidation
and also involved in VC. Metformin have shown to inhibit
ferroptosis in VSMCs, as evidenced by the upregulation
of the anti-ferroptosis factors Gpx4, GSH, and SLC7A11
concomitant with the downregulation of lipid peroxidation.
Moreover, metformin enhances antioxidative capacity in
VC by promoting translocation of Nrf2 from the cytoplasm
to the nucleus, which in turn promote transcription of genes
encoding antioxidant proteins. In vivo study have shown a
decrease in calcium deposition in aortic tissue [41].

Clinical trials of VC treatments

Various therapeutics for VC were tested for various diseases
as enlisted in Table 2. Sodium thiosulfate (STS) is a chelat-
ing agent which has proved to be successful in preclinical
studies of VCby acting as a chelating agent. By removing
calcium from precipitated minerals, STS improves endothe-
lial function and produces more soluble calcium thiosulfate
[259, 260]. Sodium thiosulfate in majority of the clini-
cal trials have shown a positive effect in the treatment of
VC at phase 2 clinical trials. Coronary artery calcification
(CAQ) score is one important parameter which determines

the progression of calcification. Clinical trials of STS for
VC have shown a decreased CAC along with reduced
inflammatory markers core correlating to an improvement
of calcification. Some studies have shown a non-persistent
in serum calcium levels throughout the study and few side
effects such as anorexia, nausea and vomiting were observed
in few subjects [240, 261, 262]. Magnesium was shown to
inhibit phosphate-induced VC in vitro and in animal models
and reduce the progression of VC. However, clinical studies
for magnesium in improvement of calcification have shown
no significant change [193, 263]. Similarly EDTA -tetracy-
cline have shown a significant decline in calcification pro-
gression during preclinical studies but its therapeutic effect
hasn’t been proved in clinical studies yet as they are still in
recruitment phase [234]. Bisphosphonates have also shown
promising results in decreased calcification, improvement
in BMD score for CKD patients and have completed phase
4 in 2009. Denosumab and Sevelamer carbonate though
have shown promising results in the in vitro preclinical
studies with reduced CAC score, and decreased level of cal-
cification markers, clinical studies were terminated at phase
4 due to adverse events occurring during the entire study
along with variation in calcification scores, phosphorous
and Morbi-mortality during the fixed time frame [32, 186].
From the above observation, STS and bisphosphonates are
potential lead candidates for further human studies and
could potentially be approved by the regulatory agencies for
human application. Tables 2 and 3 describes the therapeu-
tics for VCin clinical trials and its current status.

Conclusion
VC refers to the ectopic deposition of HAp in the vasculature,

leading to a high rate of cardiovascular mortality, especially
in patients with kidney diseases. This paper reviews VC in
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Table 3 Current progress of the clinical trials of vctreatments (those found from clinical trial Database)

Therapeutic Study type and phase  Study group Treatment protocol Results Side effects/ Clinical trial reference
limitations
STS Interventional 18 years and older (Adult, Drug: 25% intravenous ~ High serum phosphate, ClinicalTrials.gov ID
Completed Phase 2 older Adult) coronary cal- (IV) sodium thiosulfate  calcium containing phos- NCT00720772
cification on hemodialysis 50 ml IV drip twice/ phate binder associated Published in 2009
(n=50) week post hemodialysis ~ with increasing CAC.
Inclusion Criteria: intravenous STS reduced
CAC score>300 the calcium burden in
Life expectancy>6 months calcific uremic arteri-
Dialysis vintage>6 months opathy and soft tissue
Exclusion Criteria: calcification
Non-compliance to
hemodialysis
STS Interventional 18 Years and older (Adult, Drug: Sodium thiosul- Not provided ClinicalTrials.gov ID
Terminated at Phase  older Adult) Calcific Uremic fate at 25 g in 100 ml NCT02527213
3 due to Company Arteriolopathy (n=40) normal sterile saline for Published in 2017
decision 28 days treatment phase
Drug: Placebo
Magnesium Interventional 18 Years and older with Dietary Supplement: Magnesium supplementa- ClinicalTrials.gov ID
Completed Phase 2 Chronic Kidney Disease Mablet 360 mg twice tion reduced VCin CKD NCT02542319
(n=250) daily for 12 months by increasing calcium/ Published in 2022
Inclusion criteria: Dietary Supplement: phosphate solubility in
Glomerular filtration rate Placebo twice daily for ~ serum, by inhibiting cal-
between 45 and 15 mL/min 12 months. cium influx into VSMC,
for >3 months by inhibiting intracellular
Serum total magne- pro-calcification enzymes
sium<0,82 mmol/L and in VSMC and by increas-
serum phosphate>1,15 ing activity of intracellular
mmol/L anti-calcification enzymes
Exclusion criteria: in VSMC
Kidney donor recipient,
Parathyroid hormone> 600
pmol/L, active malignancy
Magnesium Interventional 18 Years to 111 Years calci-  Receives MgCI2 first, Results not provided ClinicalTrials.gov ID
(completed) nosis patients MgCI2 and Bicarbonate NCT02621762
Phase: Not Applicable Inclusion criteria: in second phase for 7 Published in 2017
Male or female hemodialysis weeks
patients> 18 years, HCO3-
in venous plasma<23
mmol/L
Exclusion criteria:
Pregnant or lactating
subjects, History of alcohol
abuse, illicit drug use
Warfarin Interventional 18 Years to 80 Years Rivaroxaban 15 MG Resolution of left ClinicalTrials.gov ID
Rivaroxabam  Completed Phase 3 Coronary arterial fibrillation once daily orally+Dual  ventricular thrombus at 3 NCTO05705089
patients (n=>50) anti-platelet therapy months, the proportion of Published in 2023
(clopidogrel (75 mg patients with adjudicated
daily, orally)+aspirin stroke and systemic
(80 mg once daily, emboli
orally))
Warfarin (to reach
an INR goal of
2-2.5)+Dual anti-
platelet therapy (clopi-
dogrel (75 mg daily,
orally)+aspirin (80 mg
once daily, orally))
EDTA- tetra-  Observational 18 Years to 80 Years isch- Diagnostic Test: Blood ClinicalTrials.gov ID
cyline Currently in recruit-  emic heart disease (IHD) samples NCT04533282

ment phase

(n=200)

Diagnostic Test: Col-
lection of right atrial
appendage tissue sample

Estimated completion 2025
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Table 3 (continued)

Therapeutic Study type and phase ~ Study group Treatment protocol Results Side effects/ Clinical trial reference
limitations
Bisphos- Interventional 18 Years to 85 Years Drug: Alendronate Change in degree of Symptoms and  ClinicalTrials.gov ID
phonate Completed phase 4 CKD(n=50) 70 mg weekly orally for arterial stiffness, VC of severity of side  NCT00395382
(Alendronate) Inclusion criteria: Subjects 18 months superficial femoral artery  effects from published 2009
with CKD Stage 3 (GFR Drug: Placebo and aorta, bone mineral alendronate,
between 30 and 59 ml/min)  weekly orally density, serum calcium Episodes of
Subjects 18 years of age and phosphate levels hypocalcemia
or older
Exclusion:
Pregnant, Subjects already
taking bisphosphonates
Denosumab Interventional 65 Years to 95 Years CKD Denosumab Relative variation of Adverse events ClinicalTrials.gov ID
Terminated phase 4 Inclusion Patients receive femoral bone mineral occuring dur-  NCT02792413
due to modified study CKD stage 5 patient, Patient ~subcutaneous injection  density after 24 months of ing the entire  Published in 2023
with osteoporosis of Denosumab (60 mg)  follow-up. study, Relative
Exclusion: Patient with a every 6 months for 24 Relative variation of lum-  variation
cancer or myeloma, HIV months bar bone mineral density,  of coronary
NaCl (0.9%, 1 ml) coronary calcification calcification,
(placebo) scores after 24 months of  abdomi-
Patients receive a sub- follow-up nal aorta
cutaneous injection of calcification
NaCl every 6 months for scores after 24
24 months months
Denosumab Double-Blind Ran- Patients>50 years of age Denosumab 60 mg every Reduced levels of Serum [265]
domized Controlled  with calcific aortic stenosis 6 months, placebo injec- C-terminal telopeptide by ClinicalTrials.gov ID
Trial Inclusion: Patients>50 years tion every 6 months, oral 50% ( 0.1 mcg/l vs. 0.25 NCT02132026
with peak aortic jet veloc- alendronic acid 70 mg mcg/l) but no difference Published in 2021
ity>2.5 m/s and grade 2 to 4 once weekly. in calcium score between
aortic valve calcification Trial end points after 12 treatment and control
Exclusion: Aortic valve sur- and 24 months
gery in the next 6 months;
life expectancy <2 years;
inability to undergo scan-
ning; treatment for osteopo-
rosis with bisphosphonates
or denosumab
Sevelamer Interventional 18 Years and older CKD Sevelamer carbonate The primary outcome Change in ClinicalTrials.gov ID
carbonate Terminated stage 4 patients 1,600 mg three times measure will be the VCbiomarker ~ NCT01277497
due to low enrolment  Inclusion: CKD stage 3 or  daily with meals for 12 change in fibroblast levels, endo- Published 2016
4, Serum intact PTH<500 weeks growth factor FGF-23 thelial dysfunc-
pg/mL concentrations tion biomarker
Exclusion: HIV positive or levels, inflam-
AIDS, matory bio-
Pregnant or breastfeeding, marker levels
MI within the last 6 months [Time frame:
12 weeks]
Sevelamer Randomized, pro- Fifty patients with CKD Treatment groups treated Sevelamer treatment Limited base-  [186]
carbonate spective, open-label,  (stages 3 and 4) with SC 1600 mg three  resulted in a significant lines param- ClinicalTrials.gov ID
parallel group study  Inclusion: Age more than times a day for 12 weeks decrease in levels of eters due to NCT01277497

18 years,

CKD stage 3 or 4 (¢GFR
15-60 ml/min/1.73 m?), not
expected to start dialysis for
8 months, serum intact PTH
less than 500 pg/ml
Exclusion: Patients with
diabetes, taking oral
steroids, chemotherapy, and
radiotherapy, and children
below the age of 16 years

by oral route

FGF-23, calcidiol, and
calcitriol, whereas FGF-
23 and calcitriol remained
unchanged, significantly
reduced the inflammatory
markers IL-6, IL-8, IL-10,
CRP, TNFa, and IFN-y

discontinuation Published 2021
of phosphate
binder therapy
in study
subjects, who
had stopped
receiving it
three weeks
before starting
the current
study medica-
tions as part
of a washout
period
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terms of mechanism, inducers, inhibitors, and the treatments
examined in vivo, in vitro, and in clinical studies. Although a
considerable effort has been devoted to seeking and develop-
ing an efficacious treatment, none has yet been established
due to the complex and diverse characteristics of the disease.
Nevertheless, several studies have successfully identified
the role of important players, which further contributes to
understanding the disease pathology, thereby paving the way
for advancing the treatment efficacy. For example, chronic
inflammation and its characteristic biomarkers such as IL-6
have been suggested as a promising target.

A plethora of studies has indicated the utmost importance
of inflammation as it contributes to the initiation and pro-
gression of calcification. Aside from apoptosis, inflamma-
tion results in the osteogenic trans-differentiation of VSMCs,
upregulating ALP, the most considerable promoter of calci-
fication. Therapeutic approaches, including phosphate bind-
ers, magnesium, vitamin K supplementation, antioxidants,
chelation therapy with compounds like EDTA and STS, as
well as inhibitors such as bisphosphonates and denosumab,
offer potential strategies for addressingVC. Furthermore,
ongoing research on novel treatments, including melatonin,
metformin, and other interventions, suggests a promising
avenue for future therapeutic development. In addition to
the therapeutic options that target inflammation, the positive
role of calcium chelators has also been indicated as they can
greatly alleviate oxidative stresses by reducing the calcium
activity for apoptosis and salt deposition. Clinical trials of
few lead therapeutics have shown potential applications for
VCsuch as STS and bisphosphonates with minimal side
effects. However, regulatory approval needs to be provided
by regulatory agencies for human application.

In summary, understanding the mechanisms and poten-
tial treatment modalities for VC underscores the need for
comprehensive approaches that target both the underlying
pathological processes and the intricate regulatory pathways
involved. Further research and clinical trials are warranted
to validate and optimize these potential treatments, paving
the way for more effective management and prevention of
VC in various clinical contexts.

Abbreviations

2-APB 2-aminoethyl diphenylborinate
ALP Alkaline phosphatase

AMPk AMP-activated protein kinase
Apo E Apolipoprotein E

BGP B-glycerophosphate

BMD Bone mineral density

BMP Bone morphogenetic proteins

BP Bisphosphonates
BVSMC Bovine vascular smooth muscle cells
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CAC Coronary artery calcification

CKD Chronic kidney disease

CRP C reactive protein

CVD Cardiovascular diseases

DOP Dendrobium officinale polysaccharide
DTPA Diethylenetriaminepentaacetic acid
EDTA Ethylenediaminetetraacetic acid
ESRF End stage renal failure

FGF Fibroblast growth factor

GSH Glutathione

HAp Hydroxyapatite

HDL High density lipoproteins

HIFs Hypoxia-inducible factors

IFN Interferon

IL Interleukin

INK jun N-terminal kinases

LDL Low density lipoproteins

MAPK  Mitogen-activated protein kinase
MGP Matrix-Gla protein

MI Myocardial infarction

MIP-1a.  Macrophage inflammatory protein-1 alpha

MMP Matrix metalloproteinase

MOVAS Mouse aortic vascular smooth muscle cells

NPs Nanoparticles

NTP Nucleoside triphosphate pyrophosphohydrolase

OPN Osteopontin

PLGA Poly(lactic-co-glycolic acid)

PPAR-y  Peroxisome proliferator-activated receptor-y

PPi Pyrophosphates

PSI Poly succinimide

RANKL Receptor activator of nuclear factor kappa-B
ligand

ROS Reactive oxygen species

Runx 2 Runt-related transcription factor 2

SGK1 Glucocorticoid-inducible kinase 1

SMA Smooth muscle actin

STS Sodium thiosulfate

TIMPs Tissue inhibitors metalloproteinases

TNAP Tissue non-specific alkaline phosphatase

TNF o Tumour necrosis factor-o

TRPM 7 Transient receptor potential melastatin 7

vVC Vascular calcification
VSMC Vascular smooth muscle cells
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