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Abstract

As the most prevalent valvular heart disease, calcific aortic valve disease (CAVD) is a major health problem with risk of severe morbidity
and mortality in the absence of effective medical treatment beyond surgical or interventional aortic valve replacement. The pathology
involved in CAVD is multifactorial, including valvular endothelial cells damage, valvular interstitial cells differentiation, extracellular
matrix remodeling, inflammation, fibrosis and calcification. Various risk factors for CAVD have been reported, such as age, gender,
smoking, hyperlipidemia, hypertension, obesity and bicuspid aortic valves. Recently, diabetes mellitus has also been shown to accelerate
the progression of CAVD. CAVD patients complicated with diabetes mellitus may benefit from early aortic valve replacement when
compared with those without diabetes mellitus. Hence, diabetes mellitus is considered as an independent risk factor for CAVD. Therefore,
in-depth understanding of the pathogenesis of these two diseases and their relationship may help us find appropriate prevention and
therapeutic strategies for CAVD patients complicated with diabetes mellitus.
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1. Introduction
With the aging of the population and the increase of

obesity, the prevalence of both calcific aortic valve disease
(CAVD) and diabetes mellitus (DM) has been gradually in-
creasing, and have seriously endangered the public health
burden [1]. The number of patients with CAVD is expected
to increase from 2.5 million in 2000 to 4.5 million in 2030
[2]. In general population, over 30% of individuals beyond
the age of 65 years have echocardiography evidence of cal-
cific aortic valve sclerosis, which is the earliest manifesta-
tion of CAVD. While calcific aortic valve stenosis affects
almost 3% of adults older than 65 years of age, already
8% of adults older than 75 years of age are affected. At
this stage, surgical aortic valve replacement (AVR) or tran-
scatheter aortic valve implantation (TAVI) is the only avail-
able treatment for these patients. As a progressive disease,
the pathogenesis of CAVD includes three stages. In the
early stage, valvular endothelial cells (VECs) injury, lipid
deposition, and inflammation constitute an initiation phase;
in the late stage, valvular interstitial cells (VICs) differen-
tiation, microcalcification, collagen and bone-matrix pro-
teins deposition are promoted; finally, valvular osteogene-
sis occurs through activation of specific molecular signals
[3,4]. Age, gender, smoking, hyperlipidemia, hypertension
and obesity are all contributing factors for the high risk of
CAVD. Recently, numerous studies have verified DM as
an important independent risk factor for CAVD [5,6]. The
prevalence of CAVD and DM is high, and DM has been
shown to accelerate the progress of CAVD [7]. However,

little is understood about the precise nature and underlying
mechanisms of CAVD and DM [8–10]. This review aims to
analyze the association between these two chronic diseases
when present concurrently, and identify possible specific
indicators that may be the therapeutic targets in the future.

2. Methods
PubMed database was searched with the following

keywords: “Calcific aortic valve disease and diabetes mel-
litus”; “Calcific aortic valve disease” and “Diabetes melli-
tus”. We also reviewed articles on the concepts of “Calcific
aortic valve disease and inflammation” and “Calcific aor-
tic valve disease and fibrosis”. Review articles and original
articles published only in English before July 2021 were in-
cluded, especially those reported in the last five years.

3. Overview of calcific aortic valve disease
As the most common heart valvular disease in elderly

patients [11], CAVD is a progressive and multifaceted pro-
cess [12], that includes VECs damage, VICs differentia-
tion, osteoblasts formation, and subsequently valve ossifi-
cation, calcification, and finally aortic valve stenosis [13].
Valve calcification is an active process driven by resident
VICs [14]. These cells are subjected to variety of patholog-
ical stimuli, such as inflammatory mediators, endothelial
injury, low-density lipoprotein (LDL) accumulation, reac-
tive oxygen species (ROS), and fibrosis [3]. Furthermore,
VICs obtain the characteristics of osteogenesis and calcifi-
cation and in turn, increase the level of calcium/phosphorus
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Fig. 1. The histology of aortic valve. (A) Movat’s pentachrome staining of one leaflet of human calcified aortic valve exhibits valve
structure. Three stratified layers are composed of collagen-rich fibrosa layer, the glycosaminoglycan-rich spongiosa layer, and the elastin-
rich ventricularis layer respectively. (B)Masson’s trichrome staining for collagen shows the three layers of another human calcified aortic
valve leaflet.

(CA/PI), modify lipids, and stretch circularly that even-
tually leads to valve calcification. However, the mecha-
nism of pathogenesis of aortic valve calcification is still
unclear. Therefore, without effective pharmacological ther-
apy, symptomatic CAVD patients can only benefit from sur-
gical AVR or TAVI. Hence, future studies on the signal-
ing mechanisms underlying the pathogenesis of CAVDmay
have to identify new effective therapeutics targets for the
disease.

4 Pathophysiology of calcific aortic valve
disease
4.1 Normal aortic valve structure and cell type

The normal aortic valve consists of three thin and flex-
ible leaflets, which ensures the unidirectional systemic cir-
culation of blood flow from the left ventricle to the aorta
during the cardiac cycle. Each leaflet is composed of three
layers, i.e., fibrosa, spongiosa and ventricularis (Fig. 1). Fi-
brosa and ventricularis are both external layers, facing the
aorta and the left ventricle, respectively. Fibrosa consists
of collagen and VICs that are responsible for reinforcing
the valvular structure. The ventricularis consists of colla-
gen and elastin fibers, which provides more compliance and
grants the apposition of free edge leaflet regions. Spongiosa
is rich in glycosaminoglycans and responsible for absorbing
some of the mechanical stress generated during the cardiac
cycle. The normal leaflet is avascular and free of inflam-
matory cells infiltration [15–17].

Normal aortic valve is composed of VECs and VICs.
VICs are the major cell population with approximately
5% myofibroblasts and smooth muscle cells (SMCs) [18].
VECs form a continuous monolayer of cells that are ar-
ranged on both sides of the valve, covering the surface of
aorta and ventricle. These cells provide the interface be-
tween blood and valve, adjacent to the endothelial cell layer

of endocardium and adjacent areas of large vessels [19].
As protective barriers for underlying tissues, VECs have
shown to inhibit and regulate the pathological prolifera-
tion and differentiation of VICs, and maintenance of valve
homeostasis through paracrine signals [20]. SMCs only ex-
ist at the bottom of ventricle [19]. VICs are the most abun-
dant cells in the aortic valve, distributed in all three layers.
Within these layers, the role of extracellular matrix (ECM)
is to maintain the proliferation of aortic valve matrix [21].
In healthy adult valves, VECs are mainly of a static fibrob-
last phenotype and have no synthetic or destructive activity
in ECM [19]. The response of VICs to valve injury can
be attributed to pathological conditions, such as abnormal
hemodynamic or mechanical forces [22]. Evidence also
suggests that VICs can also be activated as secretory my-
ofibroblast phenotype [23]. Activated VICs have higher
proliferation and motility. VICs specifically express alpha-
smooth muscle actin protein, which may lead to activated
VICs which play a key role in tissue repair and maintaining
homeostasis [24].

4.2 The progression of calcified aortic valve disease

The progression of CAVD can be divided into three
stages: the early stage characterized by VECs damage, the
late stage presented with VICs activation, and the end stage
indicated with large calcium deposition.

4.2.1 Early lesions of calcified aortic valve disease

In the initial stages of CAVD, it is considered that
the endothelial damage caused by mechanical stress and
shear stress increase. Subsequently, lipids, such as lipopro-
tein and oxidized low-density lipoprotein cholesterol, pen-
etrate the valve. Then, local subendothelial plaque-like le-
sions are reported, including inflammatory cells infiltra-
tion, lipids accumulation, ECM disorder and inferior elas-
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tic layer rupture [25]. These subendothelial plaque-like le-
sions represent the earliest pathological changes, preferen-
tially occurring on the lateral surface of the aortic leaflets
and extending to the adjacent fibrosa [26]. These patho-
logical findings support the hypothesis that CAVD is an ac-
tive inflammatory process similar to atherosclerosis [27].
CAVD is similar to atherosclerosis in the initial stages, in-
cluding early inflammation, macrophage infiltration and
foam cell formation. Different cell environment leads to
downstream process differentiation after the accumulation
of foam cells. CAVD enters the irreversible ossification
process through VICs differentiation, resulting in bone for-
mation, valve stenosis and degeneration [26]. Inflamma-
tory cells in the subendothelial and intrafibrous layers pro-
duce oxidative stress, a process in which ROS accumulate
in cells and cause tissue damage after imbalance of redox
system. When the body is exposed to various harmful stim-
uli can result in oxidative stress, which leads to excessive
production of ROS and reactive nitrogen species free rad-
icals. This exceeds the body’s ability to scavenge oxides,
leading to the imbalance of the oxidative system and an-
tioxidant system, culminating in the functional disorder of
tissues or cells [28,29]. In addition to oxidative stress, there
is release of a variety of growth factors and cytokines, such
as transforming growth factor-β (TGF-β), tumor necro-
sis factor-α (TNF-α), interleukin-1β (IL-1β) and nuclear
factor-kappa B (NFκB) ligand receptor activator [30–32].
These growth factors and cytokines are the main cause of
osteoblast differentiation which occurs through activating a
variety of signaling pathways, such as notch, bone morpho-
genetic protein (BMP), Wnt/β-catenin [33] and creating an
environment conducive to valve osteogenesis.

4.2.2 Advanced lesions of calcified aortic valve disease

With the progress of CAVD, microcalcification can
be regarded as small spots of amorphous calcium deposits.
These calcified structures are the results of cell death and
extracellular vesicles release [34]. Earlier studies have
reported that apoptotic bodies of dead cells may provide
favorable conditions and starting points for calcification.
Stromal vesicles can also be used as nucleation sites for cal-
cium deposition. These observations provide the evidence
that numerous matrix vesicles are infiltrated into calcified
aortic valves, and participated in the mineralization of nat-
ural and biological valves [27]. This kind of microcalci-
fication is usually co-localized in the area of lipoproteins
accumulation and inflammatory cells infiltration, which in-
dicates that inflammation plays an initial role in CAVD oc-
currence [27].

4.2.3 End stage lesions of calcified aortic valve disease

When CAVD progresses to the end-stage, calcifica-
tion extends through the outflow surface of leaflets which
is almost transmural and irreversible. Increasing evidence
confirmed that valvular calcification in particular is trig-

gered by osteoblasts and osteoblast-like phenotypes related
molecular pathways [21]. Runt-related transcription fac-
tor 2 (RUNX2), osterix and muscle segment homeobox
2 (Msx2) are the initial transcription factors necessary
for the identification of osteoblasts. Once the osteoblasts
have been differentiated and matured, osteogenic regula-
tory pathways including notch, Wnt and BMP2 get acti-
vated. These cells then secrete and mineralize ECM to de-
posit calcium [35]. ECM includes type I collagen, alkaline
phosphatase, gla protein, proteoglycans, osteopontin and
bone sialoprotein. These ECM proteins involved in min-
eralization are upregulated in calcified valves [36].

4.3 Pathogenesis of calcific aortic valve disease
CAVD is a multifactorial disease, affected by envi-

ronmental and genetic factors, immune molecular pathway,
hemodynamic factors and shear stress [15]. The early le-
sion of CAVD is an active inflammatory process, similar
to atherosclerosis, such as lipids deposition, macrophages
and T-lymphocytes infiltration, and subsequent endothelial
damage [37,38]. However, the end stage of CAVD is often
accompanied with heterotopic ossification, including ma-
ture lamellar bone formation and active bone reconstruc-
tion. At present, many steps in the development of CAVD
have been elucidated [39]. Other factors such as the crit-
ical transition from inflammatory fibrosis to osteogenesis,
or the hypothetical role of microbiota, remain unclear [39].

4.3.1 Osteoblasts differentiation
Aortic valve calcification may be related to the os-

teoblasts differentiation from endothelial cells. CAVD is a
closely regulated process similar to bone osteogenesis. Os-
teogenic differentiation is strictly regulated by a variety of
signaling pathways, which is one of the key steps in the
progression of valve calcification. Some studies found a
specific osteocyte phenotype in calcified valves, which sug-
gests that endothelial cells may have the capacity to differ-
entiate into calcified phenotypes [36]. The possible causes
of endothelial cell differentiation include hemodynamic
shear stress, ROS, inflammatory cytokines and metabolic
syndrome. It is well known that cartilage has the potential
to differentiate into calcified phenotypes and has some com-
mon characteristics with valves [40]. Chondromodulin-1 is
an anti-angiogenic factor that maintains cartilage and heart
valves in a vascularized state. Loss of Chondromodulin-1
leads to neovascularization and unusual calcification in the
valve matrix. These results suggest that the endochondral
ossification pathway may be involved in the progression of
aortic valve calcification.

4.3.2 Lipids
Aortic valve calcification may also be caused by lipid

accumulation, including lipoprotein (a) and its associated
oxidized phospholipids [41]. Histological studies revealed
lipids accumulation in calcified aortic valve, suggesting that
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lipids could promote the osteogenic differentiation from
endothelial cells [42]. As lipids promote chronic inflam-
matory processes, lipids accumulation may lead to the os-
teogenic process of aortic valves. It is believed that oxi-
dized lipids mediate valve calcification through the induc-
tion of BMP2 [43]. BMP2 exists in aortic valve and up-
regulates the osteogenic pathway including Msx2, a posi-
tive regulator of Wnt pathway. In addition, Wnt expression
is elevated in the stenosed aortic valve, subsequently co-
receptor formed by low density lipoprotein receptor protein
5/Wnt is activated, which then leads to osteoblasts differen-
tiation. BMP2 also upregulates the osteogenic pathway of
cartilage which is involved in RUNX2/core binding factor
α1 [44]. Oxidative stress is also associated with inflamma-
tion and calcification in surgically resected human aortic
valves [45]. ROS mediate the increase of glycogen syn-
thase kinase-3β (GSK-3β), protein kinase B (AKT), p38
mitogen-activated protein kinase (P38MAPK) expression
and signal transduction, which is conducive to osteogen-
esis [46]. In the previous studies, the relationship between
ROS and the rapid progress of CAVDhas also been reported
[47]. In addition, oxidative stress has been shown to pro-
mote calcification [46]. Hence, lipid accumulation and oxi-
dation may induce aortic valve osteogenesis through BMP2
related pathways.

4.3.3 Inflammation

Inflammation may be associated with remodeling
of calcified aortic valve. There are relatively few
macrophages in normal aortic valve, but a large number
of leukocytes and macrophages can be found in the cal-
cified valve [48]. Inflammatory factors are secreted by
these inflammatory cells, such as IL-1β and NFκB, pro-
mote extracellular matrix remodeling, lipid deposition, fi-
brosis [49], ossification and calcification [50]. Toll-like re-
ceptors are expressed by VICs. They promote osteogenic
phenotype of VICs [51,52]. NFκB is activated by TNF-
α from T-lymphocytes and macrophages [53]. Interleukin-
6 (IL-6) is known to be secreted by VECs. In vitro stud-
ies have shown that IL-6 promotes the mineralization of
VECs through BMP2 signaling [14], which plays an im-
portant role in the process of aortic valve osteogenesis. In
addition, IL-6, a member of NFκB ligand superfamily, can
also induce the expression of receptor activator for NFκB
ligand (RANKL). It is also observed that RANKL can af-
fect the immune system and control bone regeneration and
remodeling [54].

4.3.4 Angiogenesis and bleeding

Normal heart valves are avascular and absorb oxygen
mainly through blood diffusion. During the onset of the
disease, the expression of angiogenic factors leading to neo-
vascularization affects the progress of valvular disease. In
other studies, it has been shown that neovascularization oc-
curs in the diseased valve of CAVD patients who undergo

surgical AVR [18]. In addition, it has also been observed
that the intralobular hemorrhage mainly occurred in the ad-
jacent area of neovascularization, which indicated that the
intralobular hemorrhage is caused by these new vessels’
rapture [55]. The accumulation of hemoglobin leads to iron
overload, oxidative stress, and activates proinflammatory
transcription factors. This leads to inflammation and addi-
tional angiogenesis. The crosstalk between angiogenesis,
oxidative stress and inflammation may play a key role in
the progression of CAVD.

5. Underlying mechanisms of calcified aortic
valve disease concomitant with diabetes
mellitus

Previous studies have shown that diabetes can not only
accelerate the initiation of CAVD, but also promote the
progress of CAVD (Fig. 2) [56]. However, the mecha-
nisms of DM inducing and promoting CAVD remain un-
clear. Various studies have shown that a series of patho-
physiological changes due to diabetes are involved in the
pathogenesis of atherosclerosis [57,58]. Studies have also
confirmed that CAVD is similar to atherosclerosis in the
early pathological process [59], including endothelial dam-
age, lipid deposition, macrophages and T-lymphocytes in-
filtration [60]. Therefore, we speculate that the early patho-
genesis of CAVD complicated with DM may be similar to
that of atherosclerosis induced by diabetes. In subsequent
sections we review contemporary studies on the pathogene-
sis of CAVD and DM and the hypothesis of the relationship
between these two diseases.

5.1 Hyperglycemia and advanced glycation end products
(AGEs)

One of the common features of DM is chronic hyper-
glycemia which has been related to vascular and inflam-
matory cell interactions with AGEs. AGEs are a heteroge-
neous group ofmolecules generated through non-enzymatic
glycation and oxidation of proteins such as collagen, elastin,
lipids, and nucleic acids which can alter tissue function and
its mechanical properties [61]. Hyperglycemia could also
increase oxidative stress, destroy protein kinase C (PKC),
intracellular signal transduction, and promote inflamma-
tion. Thus, hyperglycemia-related AGEs play a deleteri-
ous role in cardiovascular diseases. Recent studies have
shown that the activation of AGEs can induce endothelial-
mesenchymal transition and promote the early progression
of aortic valve calcification [62].

5.2 Inflammation
DM is a kind of chronic and low-grade inflamma-

tory reaction [63]. Numerous clinical studies have shown
that DM is often accompanied with upregulation of mul-
tiple inflammatory factors [64]. These inflammatory fac-
tors mainly include: immune inflammatory response fac-
tors, acute reactive proteins, cytokines, and coagulation
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Fig. 2. Underlying mechanisms of calcified aortic valve disease concomitant with diabetes mellitus. ROS, reactive oxygen species;
TNF-α, tumor necrosis factor α; IL-1β, interleukin-1 β; TGF-β1, transforming growth factor-β1; BMP2, bone morphogenetic protein
2; NOX2, NADPH oxidase 2; NFκB, nuclear factor kappa B; EndMT, endothelial mesenchymal transformation; GSK-3β, glycogen
synthase kinase 3 β; RUNX2, runt-related transcription factor 2.

factors [63]. Normal aortic valves consist of relatively
few macrophages, while on the other hand, calcified aortic
valves consist of a considerably higher number of leuko-
cytes and macrophages. Inflammatory reaction plays an
important role in the initiation of CAVD. The inflamma-
tory factors include IL-1β and NFκB, which promote ex-
tracellular matrix remodeling, lipid deposition, fibrosis, os-
sification and calcification [65]. However, Mosch et al.
[4] conducted quantitative histological analysis of aortic
valve in patients undergoing AVR, and found CAVD pa-
tients convoluted with diabetes may have more advanced
disease stage and higher degree of calcification than non-
diabetic patients. The early calcification markers were in-
creased in patients with CAVD concomitant with diabetes,
but their inflammatory and immune responses were not in-
creased. Therefore, we need to investigate more to explore
whether diabetes can induce and aggravate the initiation and
progression of CAVD through inflammatory response.

5.3 Oxidative stress

ROSmediated oxidative stress plays an important role
in the pathophysiology of CAVD. Studies show that over-
production of ROS is associated with hyperglycemia and
metabolic disorders [66]. Hyperglycemia and insulin re-
sistance are found in DM patients along with higher lev-
els of various inflammatory factors and growth factors se-
cretion. These factors stimulate the production of oxygen
free radicals, increase oxidative stress, and upregulate the

level of ROS in calcified aortic valve. Long term exposure
to oxidative stress in diabetic patients can induce chronic
inflammation and fibrosis in a series of tissues. This pro-
motes the differentiation of valvularmesenchymal cells into
myofibroblasts which further differentiate into osteoblasts
[47]. ROS can promote aortic valve fibrosis and calcifica-
tion through NADPH oxidase 2 (NOX2). Specific knock-
out of NOX2 can significantly inhibit GSK-3β signal and
effectively alleviate the progression of CAVD [46]. ROS
also mediates the increase of BMP2 expression and its sig-
nal transduction, which contributes to osteogenic differen-
tiation and promotes aortic valve calcification [67].

6. Relation of calcified aortic valve disease
and diabetes mellitus

Aortic valve calcification in diabetic patients may be
accomplished through different pathways. In the pathologi-
cal process of diabetes, there are manymetabolic abnormal-
ities, such as hyperinsulinemia, abnormal lipid metabolism,
and inflammation [68]. These may also participate in the
pathogenesis of CAVD. Diabetes with insulin resistance re-
sults in hyperinsulinemia, which is a risk factor for cardio-
vascular disease [69]. Insulin can also dilate blood ves-
sels. Insulin resistance can weaken the vasodilation ef-
fect, it can affect the function of the whole vascular sys-
tem, and eventually lead to endothelial cells dysfunction
[70]. In aortic valve, VECs act as the protective barrier
of underlying tissues. These tissues act by regulating per-
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meability, mediating inflammatory cell adhesion, prevent-
ing thrombosis, and inhibiting and regulating the patholog-
ical proliferation and differentiation of VICs. These cells
also maintain the valve homeostasis through paracrine sig-
nals. Thus, hyperinsulinemia may induce aortic valve cal-
cification by impairing the function of VECs in diabetic pa-
tients. Moreover, Selig et al. [71] have found that hyperin-
sulinemia combined with hyperglycemia induces impaired
AKT- and GSK-3α/β-phosphorylation in VICs, which pro-
motes VICs fibrosis. In addition, DM glycosylates lipopro-
tein and might further trigger formation of immune com-
plexes. LDL as potential antigen can form in situ immune
complex in case of severe glycosylation [68]. The immune
complexes can stimulate the release of growth factors, cy-
tokines and regulatory factors, which can further accelerate
calcification of aortic valves. Growth factors and cytokines
are also involved in the pathogenesis of CAVD. In this case
diabetes may promote the occurrence and progression of
CAVD through the formation of immune complexes. Over-
all, it is certain that molecules and pathways under CAVD
and DM are numerous [71,72]. Many studies have proved
that valvular cells cultured with high glucose can increase
the expression of TNF-α, matrixmetalloproteinases, IL-1β,
extracellular matrix protein. It also activates PKC signal
pathway, BMP signal pathway and TGF-β signal pathway,
promoting valve remodeling and increasing calcium depo-
sition [73,74]. However, additional experimental studies
are still needed to confirm and clarify the combined mech-
anism between the two common diseases.

7. Future directions
Confronting the expensive operation cost and poor

prognosis of CAVD patients complicated with DM, explor-
ing new medical treatment is crucial. DM induces and ag-
gravates the initiation and progression of CAVD through
a variety of pathological processes, such as inflammation
and oxidative stress. Inhibition of related pathways by spe-
cific drugs may decrease the development and progression
of CAVD. Metformin and other drugs may carry out im-
mune regulation through the lipid products of intestinal mi-
crobiota, inhibit insulin resistance and hyperglycemia [75],
alleviate the chronic inflammatory state of DM and delay
the occurrence and progression of CAVD. As a new ther-
apeutic target of CAVD, glucagon-like peptide-1 (GLP-1)
down-regulates the expression of RUNX2, Msx2, BMP2
and BMP4, but up-regulates the expression of SRY (sex
determining region Y)-box 9 (Sox9) and participates in the
mineralization of valve cells [76]. GLP-1 agonist, a new
type of DM drug, may become an effective drug interven-
tion to inhibit the progression of CAVD.

8. Conclusions
CAVD and DM are both progressive chronic diseases

with high morbidity and mortality. Diabetes accelerates
the development and progress of aortic valve calcification

[77]. Patients with both of these chronic diseases have
a higher risk of adverse events. At present, the effective
treatments are surgical AVR or TAVI for CAVD patients.
However, diabetic patients have higher risk of thoracotomy,
more postoperative complications andworse prognosis, and
the implanted bio-artificial aortic valve may degenerate at
a younger age [78,79]. The progress of CAVD is an ac-
tive regulatory process, but the key molecular and signal
pathways involved in the process are still unclear, and no
effective drug intervention or potential impact on CAVD
progress has been identified.

Therefore, in-depth understanding of the pathogene-
sis of CAVD complicated with DM and the relationship be-
tween these two common chronic diseases can help us find
appropriate prevention and effective therapy. It will also be
beneficial to interrupt the occurrence, delay the progress of
calcification, and improve the prognosis of CAVD patients
concomitant with diabetes.
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