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Abstract: The pathogenesis of vascular calcification (VC) in diabetes mellitus (DM) has not been
completely elucidated. VC often occur in patients with DM and chronic kidney disease (CKD).
The incidence of VC in diabetic patients is more frequent than in nondiabetic patients, which is an
important cause of cardiovascular (CV) morbidity and mortality. VC is a progressive transformation
of the vascular wall; it results from an active and complex phenomenon affecting particularly the
vascular smooth muscle cells (VSMCs). It leads to a change in the phenotype of the VSMCs towards an
osteoblastic-like phenotype. DM is associated with specific risk factors in addition to hyperglycemia,
such as increased oxidative stress, proinflammatory state, hypertension, and chronic kidney disease
(CKD) promoting endothelial dysfunction. This article provides an overview and update of the
pathophysiological data on the role of DM in VC progression.
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1. Introduction

DM is characterized by chronic hyperglycemia, impaired carbohydrate metabolism,
and dyslipidemia caused by the partial or total failure of insulin secretion and/or insulin
action. The overall prevalence of diabetes is increasing significantly, which is a cause for
concern. The International Diabetes Federation counts 430 million people associated with
DM, an estimated prevalence of 8.6% among adults; by 2030, 579 million people will develop
DM according to this estimate [1]. VC can occur both in the intimal and medial layers of
arteries. Intimal calcification occurs in the form of calcium crystals. The mechanism extends
progressively from the intima to the media; intimal calcification develops specifically at
sites of atheromatous plaques [2]. The medial calcification (Monckeberg’s medial sclerosis)
is most often associated with vascular stiffening and arteriosclerosis, as compared with
intima calcification. Medial VC occurs more often in response to a metabolic imbalance of
glucose in diabetes, phosphocalcic disorders associated with CKD, and ageing [3]. This
leads to decreased arterial compliance and increased pulse wave velocity. VC is a critical
cause of cardiovascular disease and death; peripheral arterial disease affects more than
8.5 million people in the United States. DM affects one-third of these patients [4]. DM is
an important risk factor for myocardial infarction and ischemic stroke. The rate of stroke
in patients older than 50 years old is estimated to be more than three times higher in
patients with DM than in patients without DM [5]. Recently, it has become clear that VC is
a complex, active, pathophysiological mechanism. Many of the risk factors of VC coincide
in patients with DM. This review will examine the specific mechanisms of DM that are
associated with the rapid progression of VC in this patient group, and it will focus on the
pathophysiology of particular risk factors that are associated with both VC and diabetes [6].

2. Vascular Calcification—General Overview

Deposits of calcium-phosphate in hydroxyapatite form are characteristic of VC [7].
Under normal conditions, valves and vessels are protected from supersaturated

concentrations of serum phosphate and calcium by a number of active inhibitors; these
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inhibitors protect against abnormal mineral deposits in soft tissues and vessels. Several
inhibitors of calcification have been identified, including pyrophosphate, matrix Gla protein
(Gla-MGP), osteopontin, fetuin-A, and osteoprotegerin. Oxidative stress and high glucose
levels stimulate VC, as well as the transformation/transition of VSMCs into an osteoblastic-
like cell phenotype; these osteoblastic-like cells synthesize transcription factors regulating
osteogenesis, such as core-binding factor a1 (Cbfa1), bone morphogenetic protein 2 (BMP-2),
osteocalcin (OCN), and type I collagen; these proteins promote the deposition of calcium
phosphate in the extracellular matrix and lead to VC formation [8].

3. Vascular Calcification Risk Factors in Patients with Diabetes
3.1. Advanced Glycosylated End Products (AGEs) and Hyperglycemia

Recently, the mechanism by which high plasma glucose levels promote VC has come
to be partially understood. In a high glucose environment, cultured VSMCs synthesize
BMP-2 and OCN at high levels and promote matrix calcification [9]. Decorin (DCN) is a
stromal proteoglycan synthesized by VSMCs [10]. Recent studies in animals and humans
with obesity or glucose intolerance have shown that DCN mRNA expression is increased in
adipose tissue; these results suggest that hyperglycemia may promote the transformation
of VSMCs into osteoblast-like cells [10,11]. In a study performed to characterize DCN
expression in adipose tissue in male subjects, plasma DCN levels were measured while
fasting and 2 h after an oral glucose loading test; DCN levels correlated with waist-to-
hip ratio and glucose levels while fasting and 2 h after an oral glucose tolerance test
(p = 0.027 and p = 0.001, respectively) [9]. DCN enhances matrix deposition and calcification
while inhibiting the activity of extracellular matrix degradative enzymes and collagen
degradation [11,12]. The hyperglycemic environment is even characterized by an increased
production of advanced glycation end products (AGEs). During the hyperglycemic state
of DM, glucose forms covalent adducts with plasma proteins through a nonenzymatic
process known as glycation. AGEs play an important role in the pathogenesis of diabetic
complications by settling in many tissues and organs, such as the kidney and the aortic
wall [13]. AGEs and their receptors for advanced glycation end products (RAGEs) constitute
the AGE/RAGE signaling pathway of reactive oxygen species (ROS) [14]. Hyperglycemia
also stimulates the production of ROS, protein kinase C (PKC), and it leads to the activation
of the polyol pathway and stimulates the production of cytokines, such as IL-6, IL-1β,
and TNF-α, which contribute to VC development and endothelial damage [15]. The S100
family members’ function is to regulate a wide range of cellular processes, including
proliferation, differentiation, inflammation, apoptosis, and Ca2+ homeostasis [16]. S100A9,
a member of the S100 family, is secreted by cells upon stimulation of hyperglycemia,
exerting extracellular cytokine and chemokine activities through RAGEs, stimulating the
release of calcified extracellular vesicles, and promoting microcalcifications in vessels [15].
After the binding of ligands to RAGEs, oxidative stress is increased; the over-expression of
RAGEs contributes to an increase in the expression of BMP-2/4 proteins and the NF-κB
pathway, inducing the osteogenic differentiation of VSMCs [17,18].

3.2. Hypertension and Diabetes

Hypertension is common in patients with DM, and it is thought to reflect the impact
of underlying insulin resistance on the vascular system. Accumulating evidence suggests
that disturbances in carbohydrate metabolism are also more prevalent in hypertensive
patients [19]. Hypertension is present in more than two-thirds of patients with type 2 DM,
and hypertension develops with an increasing risk of hyperglycemia [20]. Different mecha-
nisms related to diabetes may explain the development of hypertension: (a) the effect of
hyperglycemia on the renin-angiotensin-aldosterone system, (b) sodium and fluid retention,
(c) the stimulatory effect of hyperinsulinemia on the sympathetic system, and (d) insulin
resistance in the nitric oxide channel [21–23]. The renin-angiotensin-aldosterone system is
involved in VSMC growth and differentiation, suggesting its potential implication in arte-
rial calcification [24]. Osako et al., demonstrated that angiotensin II significantly promoted
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VC in vitro and in vivo through the activation of the renin-angiotensin system, particularly
the angiotensin II-converting enzyme and Ang II type 1 receptor, through activation of the
receptor activator of nuclear factor kappa-B ligand (RANKL) [25]. In the obese population,
insulin resistance is often accompanied by elevated plasma aldosterone [26]. This eleva-
tion of aldosterone, in turn, has a negative effect on blood vessel function and promotes
inflammation, proliferation, and vascular stress [27]. Klotho protein is the receptor for
fibroblast growth factor-23 (FGF23), which regulates calcium-phosphate homeostasis and
vitamin D metabolism. Klotho-hypomorphic mice (kl/kl mice) exhibit rapid aging, severe
growth development, accelerated VC via hyperphosphatemia, and hyperaldosteronism.
When spironolactone is administered to these mice, it acts as a mineralocorticoid receptor
antagonist: the calcification of vessels and soft tissues is reduced, and the life span of kl/kl
mice is increased [28]. Recent studies suggest a crucial role of the tubular renal type III
sodium-dependent phosphate transporter (Pit-1) in phosphate-induced calcification [6,29].
In calcified tissues of kl−/kl− mice, spironolactone decreased the expression of osteogenic
transcription factors and Pit-1 mRNA formation [28]. In human aortic VSMCs, aldosterone
stimulated Pit-1 mRNA expression in a dose-dependent manner and similarly increased the
expression of osteogenic transcription factors. The effects of aldosterone are counteracted
by both Pit-1 inhibition and spironolactone; this suggests that aldosterone may promote soft
tissue and VC development, in part because of the activation of spironolactone-sensitive
Pit-1-dependent osteo-inductive signaling; finally, spironolactone prevents Pit-1-dependent
vascular osteo-induction, as in klotho-hypomorphic mice [28].

3.3. Diabetes, Lipid Metabolism Disorder, and VC

As a result of hyperglycemia, oxidized low-density lipoprotein (Ox-LDL) further
enhances medial VC and atherosclerosis [30]. By stimulating foam cell formation via in-
creased CD36 expression on macrophages, increased plasma LDL concentrations become
pro-atherogenic when oxidized to LDL (Ox-LDL) [31]. In addition, hyperglycemia, low
HDL cholesterol, insulin resistance, and increased free fatty acid levels contribute to in-
timal VC associated with DM [32]. In aortic valves, in areas in which lipoproteins have
been retained, progressive microscopic calcifications appear [33]. Using a model of VSMC
calcification in which postconfluent VSMCs form nodules that calcify within 4 weeks, the
authors demonstrated that lipid accumulation occurred spontaneously in the nodules;
conversely, in the absence of lipoproteins, less lipid accumulated and fewer calcification
nodules occurred [34]. Other studies have shown that HDL cholesterol which is not oxi-
dized by free radicals could limit the phenomenon of vascular calcification in favor of an
anti-atherogenic effect [35]. These results reinforce the hypothesis of a complex mechanism
linking VC, osteogenic gene expression, and dyslipidemia. A low HDL cholesterol concen-
tration is often associated with increased leptin serum concentration [36]. Adipokines, such
as leptin, play an important role in the osteoblastic trans-differentiation and calcification of
vascular cells [37]. A high concentration of leptin stimulates the action of BMP. BMP has
an osteogenic function; it promotes ossification processes in bones, cartilage, and also in
VSMC into osteoblast-like cells and increases VC [38,39]. Alkaline phosphatase activity
(ALP) is a marker of osteoblast differentiation, and its concentration indirectly reflects its
osteogenic activity. When VSMC are treated with HDL, a decrease in the concentration of
APL is observed [40]. Prolonged treatment with HDL also inhibits calcification of VSMCs,
further supporting the anti-osteogenic differentiation role of HDL on vascular cells. In ad-
dition, dyslipidemia increases oxidative stress and accelerates VC process [40,41]. Despite
convincing data showing a link between triglycerides (TG) and VC, the extent to which TG
mediates VC has not been fully elucidated. Hypertriglyceridemia is often associated with
risk factors, such as obesity, hypertension, and insulin resistance, and it may increase the
risk of developing VC. Epidemiological studies suggest that TGs independently predict the
formation of coronary artery calcification in DM patients [42]. TG may be more appropriate
to LDL-C in predicting diabetic nephropathy and cardiovascular complications [43,44].
The Wnt/β-catenin pathway plays a key role in VC pathogenesis via increased Runx2
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transcription and facilitates the expression of osteoblastic markers and calcifications [45].
Recent studies also suggest that dyslipidemia is related to the Wnt/β-catenin pathway,
which plays a central role in bone formation and calcification through the activation of an
LDL-receptor-related protein in Wnt signal transduction [46,47].

3.4. Insulin Resistance, Diabetes, and VC

Insulin resistance can be defined as a stage prior to diabetes where the action of insulin
on the muscles and liver decreases, reducing intracellular glucose uptake and promoting
hyperglycemia. A few years ago, the Coronary Artery Calcification in Type 1 Diabetes
study evaluated the progression of cardiovascular disease and the degree of coronary
artery calcification (CAC) in a cohort of diabetic patients and nondiabetic controls using
electron beam tomography (EBCT). Shauer et al., found that high levels of insulin resistance
were associated not only with poorer glycemic control, but also with higher calcification
scores [48]. Insulin resistance appears to predict the extent of CAC and may be associated
with a higher risk of CVD, particularly in patients with diabetes; in contrast, insulin appears
to exert a protective effect on CV [49]. In vitro, glucose promotes a phenotypic transition of
VSMCs to osteogenic cells; numerous studies have suggested that NO decreases platelet
activation and counteracts the proliferation and migration of VSMCs [50–52]. Under
physiological conditions, insulin enhances the secretion of NO from the endothelium of
arteries, leading to the oxidization of lipoproteins, reducing the mechanism of VC, and
inhibiting the proliferation of VSMC [53]. The insulin-resistant state is associated with the
migration of more free fatty acids into the liver, which stimulates hepatic TG uptake, as
well as VLDL production and secretion. Thus, the risk of VC also increases. Higher states
of insulin resistance are also associated with a higher risk of the accelerated formation
of VC; this suggests that coronary plaque vulnerability may be associated with insulin
resistance [54]. Other studies suggest that insulin resistance accelerates VC, inducing the
inflammatory activity of immune cells and blood vessels [48]. Additionally, recent studies
suggest a possible link between circulating VC, CVD, and osteoprotegerin (OPG), such
that OPG appears to be a candidate marker for CVD [55]. In clinical studies, OPG appears
to be a strong predictor of CV in dialysis patients [56,57]. OPG is a soluble receptor that
binds to the nuclear factor kappa-B activating receptor RANK-ligand (RANKL) produced
by osteoblasts. RANKL/RANK binding then stimulates osteoclast differentiation [58].
The RANKL/RANK/OPG system plays an active role in inflammation and pathological
angiogenesis; insulin resistance is significantly correlated with OPG levels [59].

Plasma OPG concentration was elevated in DM patients with microvascular com-
plications; hyperinsulinemia increases ALP and CBFA-1 concentrations and decreases
MGP and OPG levels, resulting in the bone transformation of interstitial cells [60]. BMP
is an osteogenic factor that promotes the differentiation of mesenchymal stem cells into
chondroblasts and fibroblasts; MGP is produced by VSMC and endothelial cells and is
considered as one of the major inhibitors of tissue and VC [61,62]. When hyperinsulinemia
occurs, the clearance of Kupffer cells in the liver decreases [59]. Kupffer cells are resident
macrophages in the liver and play an important function in maintaining liver function [63].

This change results in an increase in plasma insulin and glycolipid concentration due
to a decrease in the clearance of glycolipids absorbed from the gastrointestinal tract [64].

3.5. Obesity and VC

Obesity is strongly associated with comorbidities, such as hypertension and insulin
resistance [65]. Obesity is frequent in DM patients and is considered to be an independent
risk factor for the development of CVD. Throughout the natural history of DM, endothelial
dysfunction is accompanied with obesity/insulin resistance [66]. The prevalence of diabetes
secondary to obesity will increase to 783 million people by 2045 according to the Interna-
tional Diabetes Federation Atlas, 10th edition, 2021 (IDF.org). The molecular mechanisms of
obesity-induced vascular disease in the diabetic state are the subject of intense research.
Several studies consider that cytokines and adipose-derived hormones express molecular
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links between CVD and adiposity [67]. The volume of adipose cardiac tissue increases
with obesity, especially around coronary arteries [68]. The effects of adipokines (resistin,
adiponectin, and leptin) on atherosclerosis and vascular function/insulin sensitivity and in-
flammation (leptin, monocyte chemotactic protein 1, and IL-8) are under evaluation [69,70].
Recent studies have demonstrated that coronary calcifications are related to epicardial fat;
epicardial tissue is located between the visceral layer of the pericardium and the myocardial
surface. Epicardial adipose tissue interacts with the coronary artery via complex paracrine
mechanisms involving adipokines and inflammatory markers, which may promote VC [71].
Other studies suggest that epicardial fat volume is correlated with VC, insulin resistance,
dyslipidemia, and abdominal obesity [71–73]. It is possible in the future, that the presence
of epicardial fat in the area of the coronary arteries could be considered as a predictive
risk for CV.

3.6. Chronic Kidney Disease-Bone Disorder (CKD-MBD), microRNAs, Calciprotein Particles,
and Diabetes

Diabetic patients have a 30% risk of developing CKD, as compared to nondiabetic
patients [74].

Several factors other than glycemic control influence the progression of CKD in di-
abetes, such as blood pressure control, dyslipidemia, degree of proteinuria, and certain
genetic factors, such as the APOL1 variant [75]. The presence of renal failure in DM may
therefore also be related to nephroangiosclerosis or other glomerulopathy. The study in-
cluded a cohort of 371 diabetic patients with a renal biopsy and a median duration of DM
of 10 years: 37% of patients had diabetic nephropathy (DN) alone, 36% had nondiabetic
nephropathy (NDN), and 27% had both DN and NDN [76]. Patients with CKD and DM
can have (1) true DN, (2) nondiabetic kidney disease with DM, or (3) a combination of
both DN and NDN [77]. Compared to the general population, VCs in CKD patients are a
strong predictor of increased cardiovascular mortality and morbidity [78,79]. As mentioned
previously, media calcification is more prevalent in CKD patients; calcification of the intima
is associated with atherosclerosis in particular, with the formation of atheroma plaques re-
sponsible for emboli and arterial stenosis [80]. In CKD patients, medial calcification is often
compared to an osteogenic process similar to intramembranous ossification, which is inde-
pendent of atherosclerosis and leads to a decrease in vessel wall elasticity and an increase in
pulse wave velocity [81]. Arterial layers are more intensively and more frequently calcified
in CKD patients than in nonuremic patients; medial calcification appears earlier in CKD
patients compared to nonuremic patients [78,82]. CKD patients have a higher prevalence of
VC as kidney function decreases, which results in increased morbidity and mortality [83].
The progressive loss of renal function is associated with the reduced clearance of toxic
compounds, called uremic toxins, which play a crucial role in the progression of CKD and
CVD pathophysiology; the uremic toxins stimulate multiple signaling pathways in different
cell types, including VSMCs and endothelial cells [84]. Gradually, during chronic renal
failure, phosphate clearance decreases, and phosphate, FGF23, and PTH increase, which is
associated with a low vitamin D level. Disturbances of phospho-calcium balance secondary
to chronic renal failure are grouped under the concept of chronic renal disease-mineral and
bone disorder (CKD-MBD) [85]. These disturbances of the phospho-calcic balance lead to
uremic osteopathy with a high risk of fracture characterized by rapid or slow bone turnover.
In vitro and in vivo studies highlight the deleterious role of the disturbances of calcium
phosphate metabolism and their impact on the differentiation of VSMCs into osteoblast-like
cells [86,87]. There is probably a link between the pathophysiological process of VC and
the degree of bone turnover (CKD-MBD) depending on the ability of the bone to bind or
not circulate calcium, which accelerates the calcification process [84]. There is a state of
micro-inflammation associated with CKD; this micro-inflammation results in the presence
of other inflammation phase proteins, called cytokines, which aggravate endothelial dys-
function and also promote the transformation of VSMCs into osteoblast like cells [88,89].
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This micro-inflammation state, similar to the disorders of phospho-calcium metabolism,
thus promotes the process of VC [90].

MicroRNAs (miRNAs) are part of small noncoding RNAs; they seem to contribute both
to bone pathophysiology and vascular damage [91]. In the case of renal insufficiency, the
function of miRNAs seems to be disrupted. During VC, the initiation of VSMC apoptosis is
partly regulated by the activity of mitochondria [92]. In case of overexpression, miRNAs,
such as the miR-34 family, seem to stimulate the process of VSMC apoptosis [93]. On
the contrary, hyperglycemia is reported to down-regulate the expression of miR-133a,
and then it worsens the apoptotic susceptibility of VSMCs via the inhibition of insulin
growth factor 1 receptor (IGFR-1R) activity and the activation of NF-κB. This suggests
that miR-133a may have a protective function against VSMC apoptosis in DM [94]. The
extracellular vesicles contain a different type of miRNA; they are considered to be mediators
of cell-to-cell communication [95]. Extracellular vesicles from plasma uremic patients
on hemodialysis stimulate the expression of certain mRNAs, such as miR-223, which
stimulate the transformation of VSMCs into osteoblast-like cells compared with nonuremic
controls [95].

Recently, a new player has been described in the assessment of VC severity in CKD
patients with and without DM. Colloidal nanoparticles, called serum calciprotein particles
(CPPs), are composed of calcification inhibitors (mainly Gla-MGP protein and fetuin-A)
and Ca2+ compounds; CPPs regulate calcification process according to their concentrations,
which vary from patient to patient [96,97]. There are two types of CPP nanoparticles; type I
CCPs are composed of amorphous salt of calcium and phosphate, type II CCPs contains
mainly phosphate calcium crystals [98]. The formation of these crystals is the origin of
the process of the formation of tissue and vascular calcification. The transformation from
CPP I to CPP II takes place under several mineral metabolism factors, such as the serum
concentration of phosphorus, fetuin-A, Ca2+, and Mg2+ [99]. The transition from CPP I
to CPP II takes place naturally in serum, and the time needed for this transition can be
evaluated. Additionally, in order to measure the risk of calcification for a given patient,
Pash et al., established that half the time required for the transition in serum from CPP
I to CPP II, designated by T50, could significantly predict this risk [100]. In addition, if
the concentration of calcification inhibitors (such as fetuin-A or Gla-MGP protein) is high
in the serum, or if the concentration of phosphate in the serum is low, the T50 should
be high and may limit the risk of calcification. In renal insufficiency or in patients on
hemodialysis, T50 is significantly lower than it is in the general population, probably due
to hyperphosphatemia and to a lower level of fetuin-A/Gla-MGP protein concentration
(Figure 1). T50 has been assessed in type 2 diabetes mellitus: A retrospective analysis
could not establish an association between a history of macro-vascular events and T50,
even if T50 were independently associated with glycemic control, suggesting that a lower
HbA1c is associated with better cardiovascular outcomes [101]. The authors of another
study examined T50 levels with abnormalities in phospho-calcium metabolism (APCM)
and macro-vascular complications in DM patients with a follow-up period of more than
10 years [102]. T50 was associated with APCM, but not with the development of long-term
macro-vascular complications. There are also some conflicting results regarding whether
cardiovascular morbidity and/or mortality are associated with a lower T50; prospective
studies will clarify the use of T50 to allow for the individualization of the therapeutic
management of VC [103].
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4. Conclusions and Perspectives

Many pathways come together in DM patients with CKD, and they partially reinforce
one another, which explains why DM patients are prone to both intimal and medial vas-
cular calcifications. On the one hand, this multitude of pathways explains the extremely
high CV risk of this population, but this interplay also offers treatment opportunities. An
in-depth discussion on how to halt the process of accelerated VC is beyond the scope of
this article, but new treatment options are arising, besides lifestyle interventions, diabetes
treatment such as SGLT2 inhibitors, statins, and calcium-phosphate control, such as the
use of a selective inhibitor of hydroxyapatite crystallization [7,104]. It has recently been
reported that SNF472, an intravenous formulation of the hexasodium salt of myo-inositol
hexaphosphate, is highly effective in vitro and in vivo in the inhibition of hydroxyapatite
nucleation and crystal formation [104]. Moreover, SNF472 significantly reduced the pro-
gression of coronary calcification, as compared with placebo, in the phase 2b CaLIPSO trial
of patients receiving maintenance hemodialysis [105]. Future studies will determine the
impact of hydroxyapatite formation inhibitor on cardiovascular events in DM patients,
with or without CKD.
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