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Abstract

Valve disease and particularly calcific aortic valve disease (CAVD) and diabetes (DM) are
progressive diseases constituting a global health burden for all aging societies (Progress
in Cardiovascular Diseases. 2014:56(6):565: Circulation Research. 2021;128(9):1344).
Compared to non-diabetic individuals (The Lancet. 2008;371(9626):1800: The American
Journal of Cardiology. 1983;51(3):403: Journal of the American College of Cardiology.
2017;69(12):1523), the diabetic patients have a significantly greater propensity for
cardiovascular disorders and faster degeneration of implanted bioprosthetic aortic
valves. Previously, using an original experimental model, the diabetic-hyperlipemic
hamsters, we have shown that the earliest alterations induced by these conditions
occur at the level of the aortic valves and, with time these changes lead to calcifi-
cations and CAVD. However, there are no pharmacological treatments available to
reverse or retard the progression of aortic valve disease in diabetes, despite the sig-
nificant advances in the field. Therefore, it is critical to uncover the mechanisms of
valve disease progression, find biomarkers for diagnosis and new targets for thera-
pies. This review aims at presenting an update on the basic research in CAVD in the
context of diabetes. We provide an insight into the accumulated data including our
results on diabetes-induced progressive cell and molecular alterations in the aortic
valve, new potential biomarkers to assess the evolution and therapy of the disease,
advancement in targeted nanotherapies, tissue engineering and the potential use of

circulating endothelial progenitor cells in CAVD.
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1 | INTRODUCTION

propensity for cardiovascular disorders compared to non-diabetic
individuals.®> Accelerated CAVD is predictive of poor prognosis in

Valve diseases and particularly calcific aortic valve disease (CAVD) valve disease and of faster degeneration of implanted bioprosthetic

and diabetes are progressive maladies and a global health burden for aortic valves.® Patients with diabetes mellitus (DM) not only have

all aging societies.>? Diabetic patients have a significantly greater an amplified risk of CAVD but also a significantly increased new
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incidence”® of aortic stenosis, that progresses rapidly from mild
to severe.” Histopathological assessments showed a high degree
of calcification in diseased aortic valves of DM patients compared
to non-diabetic patients.10 Clinical, histological and animal model
experiments revealed the complexity of the processes leading to
CAVD. Using an original experimental model of hyperlipidemia and
hyperglycaemia, we have shown that the aortic valve was the first
vascular territory greatly affected by these two aggressors.!* CAVD
evolves progressively. It is a complex, cellular- driven process in
which the valvular endothelial cells (VECs), valvular interstitial cells
(VICs) and their interaction with the extracellular matrix have the
key roles. VECs are the first cells to be affected by hyperglycaemia,
whereas VICs are the key players in the process of valve calcification
and mineralization.

To date, there are no pharmacological treatments available to
reverse or retard the progression of CAVD. Traditional cardiovas-
cular drugs like cholesterol-lowering therapies (statins) and renin-
angiotensin system blocking drugs have proven to be unsuccessful
in slowing the progression of CAVD in clinical trials.*>*> These find-
ings suggest that despite the similarity of the risk factors that in-
duce calcification of vascular and valvular structures, different
mechanisms underlie the development and progression of their
mineralization.?¢™18

Aortic stenosis (AS), the second most common indication for car-
diac surgery, is most often treated by open-heart or transcatheter
aortic valve replacement!’; both approaches are associated with a
high risk of adverse events and substantial healthcare costs.?® Given
that the burden of diabetes and CAVD will continue to increase
worldwide in the coming decade and that currently, there is no re-
liable method of determining the optimal timing of intervention for
a patient with asymptomatic AS or predicting when a patient will
become symptomatic, a pharmacological method to reverse or slow
the progression of CAVD is greatly needed. To this purpose, it is crit-
ical to continue to uncover the specific mechanisms of valve disease
progression, to reveal accurate biomarkers for diagnosis and find
new targets for therapies.

Despite significant advances in the field, to our knowledge,
there are no specific targets or targeted therapies for the treat-
ment of aortic valve disease in DM, urging for the need of new in-
sights into the underlying cellular and molecular mechanism(s) on
the basis of which new biomarkers, innovative bioengineering ap-
proaches and therapies for diabetes-associated valve disease could
be developed.

We present here an update on diabetes-induced progressive
changes in aortic valve structure and function, the advances in
revealing molecular signatures and the new putative up-regulated
molecules that could be potential accurate biomarkers for diagnosis
and/or targets for CAVD in diabetes. Novel therapeutic strategies,
i.e. targeted nanotherapy addressed to the diseased cells, stem cell
therapy and recent advancements in valvular tissue engineering are
discussed. The recent advances on CAVD in diabetes bring confi-
dence for the prospective progress in the treatment of this disorder
and for the reduction of valve replacement surgery.

2 | AORTIC VALVE STRUCTURE AND
FUNCTION IS ALTERED IN DIABETES
2.1 | Normal aortic valve structure and function
The aortic valve is a tricuspid valve responsible for maintaining the
unidirectional blood flow from the left ventricle into the aorta. The
valve consists of three thin semilunar cusps (thickness of less than
1 mm in humans) i.e. left, right and non-coronary cusps, that are
attached to a crown-shaped annulus at the base.?! The thickness
of the leaflets is not uniform but increases toward the free cusps
margins.22 During the cardiac cycle, the cusps are exposed to vari-
ous stresses, including pressure, tension and bending forces.?® The
peak velocity of the blood flow through aortic valves during each
cardiac systole is approximately 1.35 m/s,* but in a calcified and
thickened valve, the velocity may exceed 4 m/s, which eventually
leads to progressive valvular stenosis. Biomechanical stimuli in-
duce phenotypic and gene expression profile changes in valvular
cells. The ventricular surface of the aortic cusps is exposed to uni-
directional shear stress, while the aortic side is exposed to oscilla-

tory shear stress?®

; as a consequence, the valvular endothelial cells
(VECs) lining the two sides of the leaflets have distinct phenotypes
and gene expression profiles.

Each leaflet has a trilaminar structure (fibrosa, spongiosa, and
ventricularis), vital for the biomechanical properties of the aor-
tic valve.?® The fibrosa, facing the aorta, is exposed to low shear
stress secondary to diastolic, low velocity and disturbed blood
flow. The fibrosa, containing mainly type | and type Ill collagen
fibres, provides most of the tensile strength to the valve. The
central layer, spongiosa, which represents about 60%-70% of
the thickness of the cusp is rich in glycosaminoglycans (GAGs),
components of proteoglycans that are highly hydrated, and act
as “shock absorbers” during the cardiac cycle. The ventricularis,
the layer facing the left ventricle, contains collagen and elastin
fibres, providing more compliance; it grants the apposition of free
edge leaflet regions and prevents the backward blood flow into
the left ventricle during diastole.?”-?® The ventricular side of the
cusps is exposed to high-shear stress due to a systolic, high veloc-
ity and laminar blood flow. The normal valve leaflet is avascular?’
but innervated by afferent and efferent nerves which contribute
to valve function.%°

As the entire cardiovascular system, the aortic valve surfaces
are lined by endothelial cells that regulate vascular tone, inflam-
mation, thrombosis and remodelling. They sense changes in shear
stress and translate these mechanical stimuli into biological re-
sponses.>! There is evidence that VECs express von Willebrand
factor, exhibit angiotensin converting enzyme activity and syn-
thesize a rich extracellular matrix®?; moreover, the cells are cou-
pled by functional communicating (gap) junctions. VECs produce
fibronectin, prostacyclin, hyaluronic acid and heparin-like GAGs
and are metabolically active taking up LDL.33:34 Although VECs
were shown to share many functions similar to endothelial cells

(ECs) from other locations,®® they also display valve-specific
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alignment, with a perpendicular orientation to flow, as compared
to aortic ECs which respond to flow by aligning parallel to the
direction of flow. Moreover, VECs response to shear stress was
shown to be different when compared to aortic EC,%>%¢ and the
responses were found to be dependent on cytoskeletal reorienta-
tion. Interestingly, VECs display a different transcriptional profile
compared to aortic EC.%!

The predominant cell population that resides in the valve in-
terstitium are the valvular interstitial cells (VICs), which serve to
maintain tissue homeostasis and structural integrity. As shown in
Figure 1, these cells are embedded within the valve extracellular
matrix (ECM), lack an organized basal lamina and present numerous
slender extensions that establish contact with VECs and the neigh-
bouring VICs.? These cells are responsible for the generation, main-
tenance and repair of the ECM which is mainly composed of elastin,
collagen and proteoglycans.zé'38 We have reported that VICs display
both fibroblasts and vascular smooth muscle cells characteristics.’
Interactions between mechanical forces, valvular cells and the ECM
influence remodelling potential and therefore durability of heart
valves.

In addition to VICs, the valvular stroma is populated with some
resident macrophages and very rare smooth muscle cells.®° A pop-
ulation of resident stem cells lying within the cusps has recently
been identified.** They appear to originate from the mobilization of
hematopoietic-derived stem cells towards cardiac valves,*? poten-

tially contributing to normal or abnormal valve repair.

FIGURE 1 Electron micrograph depicting a fragment of a
bicuspid valve (hamster). Valvular endothelial cells (VEC) with thick
and thin segments line the ventricular side of the valve. Within

the rich extracellular matrix, a valvular interstitial cell (VIC) lacking
a basal lamina, exhibits numerous extensions that establish focal
close apposition with VECs (arrowhead) and with neighboring VIC
(arrows). x13,500. By permission from Circulation Research, 59, 3,
1986, p.13, Figure 2

WiILEY-L2®

2.2 | Diabetes-induced changes in the aortic valve
structure and function

Experimental and clinical studies have shown that the aortic valve
root is a lesion-prone area for atherosclerotic plaque development
one of the first and faster affected areas in animal models of com-
bined diabetes and atherosclerosis.!* Notably, the changes were
most consistently observed on the aortic aspect of the valve (fi-
brosa), the surface exposed to low shear forces and high hydrostatic
pressures. In these areas, VECs acquire a synthetic phenotype and
these changes are detected as early as 2 weeks after the onset of
experimental diabetes. They are associated with a significant hy-
perplasia of the basal lamina which appeared in multiple intercon-
nected layers in the meshes of which trapped oxidatively modified
lipoproteins (initially called extracellular liposomes) were detected.™
These modified lipoproteins (mLp) were further demonstrated to be
transcytosed from the plasma across VECs and accumulate within
the subendothelial hyperplasic basal lamina.*®> The VECs exposed
on both sides to the hostile microenvironment, i.e. plasma hyper-
glycaemia/hyperlipidemia and subendothelial mLp, initiate a robust
inflammatory reaction, displaying more and new cell adhesion mol-
ecules that induce adherence and diapedesis of blood monocytes
(Figure 2). The activated VECs in hyperglycaemic-hyperlipemic con-
ditions also favour platelet adhesion.** This is followed by the ac-
cumulation of lipid inclusions in VECs and in VICs and of lipid-laden
macrophages, the appearance of small calcification cores scattered
throughout the valve ECM, all enclosed in an abundant collagen and
microfibrils-rich subendothelial matrix (Figure 3). With time, choles-
terol crystals appear in VECs, VICs and in macrophage-derived foam
cells together with large calcification centres within an extensively
proliferated stroma. All these changes occur at a much faster rate in
experimental hyperlipidemia/hyperglycaemia than in experimental
hyperlipidemia, alone.! The onset and progression of the diabetes—
accelerated aortic valve lesion is depicted in Figure 4.

In a mouse model of combined dyslipidemia and type 2 diabetes
mellitus (the metabolic syndrome), the authors showed that within
6 months the model could reproduce pathophysiology of human
AS, including inflammatory infiltrates, aortic valve fibrosis and up-
regulation of osteogenic genes, mineralization of the aortic leaflets,
left ventricular dysfunction and the development of calcified aortic
valve disease.*®

Recently, we have reported that early diabetes induces aortic
valve dysfunction in diabetic ApoE-/- mice fed with a hyperlipemic
diet as detected by echography during the first week after the onset
of diabetes. As importantly, we detected changes in the expression
of molecules associated with inflammation, remodelling and osteo-
genesis. Remarkably, the peak aortic jet velocity (a marker of valve
dysfunction) was highly correlated with an inflammatory biomarker
(VCAM-1), with pro-osteogenic markers osteocalcin and alkaline
phosphatase (ALP) with remodelling enzymes (MMP9) and with the
myofibroblastic marker aSMA. These findings suggest that valvular
dysfunction could develop even before clinical signs of AS and may
be highly correlated with the specific molecular changes in valvular
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tissues. These highly expressed molecules may possibly become ac-
curate biomarkers for diagnosis and targets for therapy.*¢

A comparison of the evolution of CAVD between diabetic and
non-diabetic subjects10 showed that the aortic valve leaflet mac-
rocalcification was significantly enhanced in diabetic patients,
whereas inflammation was similar in diabetic and non-diabetic indi-
viduals. Moreover, Runx2 and ALP were detected to be significantly
higher in diabetic patients suggesting that many valvular cells may
undergo osteogenic differentiation. These studies, however, were
restricted to surgically removed valve leaflets from patients with
end-stage disease and only highlight a snapshot in time of late-stage
events.**® Future investigations involving comparative proteomics
and transcriptomics analyses with larger sample sizes are warranted.

In another recent study,*’ the role of small leucine-rich proteo-
glycans in degenerative aortic valve disease and the influence of
diabetes and hyperglycaemia on human aortic valves and valvular
interstitial cells were examined. The results showed that biglycan,
but not decorin or lumican was upregulated in degenerated human
aortic valve cusps, hypothesizing that biglycan represents a poten-
tial link between degenerative aortic valve disease and diabetes.*’

It was also shown that in patients diabetes is associated with
increased valvular inflammation, measured by C-reactive protein
expression in patients’ valvular tissue.”® It was also demonstrated
in diabetic patients that advanced glycation end products (AGEs)
and AGE receptors (RAGE) accumulation is associated with AS se-
verity; indeed, AGE-related valvular collagen cross-linking leads to
enhanced inflammation, oxidative stress and calcification of the
leaflets.”!

Lately, a prospective cohort study has confirmed that DM is as-
sociated with an increased risk of AS.>25% However, other studies
failed to demonstrate an association between AS progression and
metabolic syndrome or diabetes during 3 years follow-up; it was
claimed that, in AS patients with well-controlled DM, the effect of
hyperglycaemia on AS severity is minor.>* More extensive clinical

trials are needed to clarify this issue.

3 | AORTIC VALVULAR CELLS
PHENOTYPE IS PROGRESSIVELY MODIFIED
IN DIABETES

3.1 | Inearly diabetes valvular endothelial cells
switch to a secretory and adhesive phenotype

As mentioned above, in a diabetic animal model, pathological
changes occur particularly on VECs lining the aortic side of the
valve, which is exposed to low shear forces and high hydrostatic
pressure.!! Two weeks after onset of diabetes, VECs switched to a
secretory phenotype, exhibiting an increased number of the rough
endoplasmic reticulum elements, Golgi apparatus, and caveolae,
features that correlate well with the progressive development
of a multilayered basal lamina. Moreover, VECs exhibit a dra-
matic abundance of microfilaments, microtubules, centrioles and
Weibel-Palade bodies.!! This is followed by the VECs switch to an
adhesive (pro-inflammatory) phenotype, a process characterized
by the expression of more and new surface adhesion molecules,
that attract and induce adherence followed by diapedesis of blood
monocytes (Figure 2). We have reported that short exposure of
cultured VEC (24 h) to high glucose induces enhanced monocyte
adhesion by mechanisms involving ICAM-1, VCAM-1, E-selectin
and CD18.% Interestingly, the adhesivity of VEC for monocytes
was higher than that of aortic ECs, results which may explain, in
part, the propensity of cardiac valves for accelerated atheroscle-

rosis in diabetes.>®

3.2 | Valvular endothelial cells undergo
endothelial-to-mesenchymal transition

In diabetes in the aortic valve disease, an early event occurring in
VECs in the aortic valve disease is the hyperglycaemia-induced in-
creased number of intermediary filaments and microtubules and

FIGURE 2 Early-stage ultrastructural
modifications of the aortic valve
lesion occurred in a hyperlipemic/
diabetic hamsters. Under a continuous
endothelium (E) having thin areas
intercalated within zones in which the
cell is highly enriched in biosynthetic
organelles, there is a characteristic
hyperplasic, multilayered basal lamina
(BL). The proliferated matrix contains
numerous calcification cores (arrow).
A plasma monocyte (M) insinuates

a pseudopod between two valvular
endothelial cells. (AL), aortic lumen.
x7000. By permission from American
Journal of Pathology, 148, 3, 1996, p.
1004, Figure 8



MANDUTEANU ET AL.

WiLEY- L2

attenuation of intercellular junctions.!! These features are associ-
ated with a switch of endothelial cells to a mesenchymal phenotype.

Endothelial-to-mesenchymal transition (EndMT) is a process by
which the endothelial cells progressively acquire the phenotypic and
functional characteristics of mesenchymal cells and express both
endothelial and mesenchymal cell markers. In the heart valves devel-
opment, EndMT is a physiological process. However, in the adult or-
ganisms when activated in the adult organisms, EndMT contributes
to the progression of different diseases including diabetic nephrop-
athy, diabetic renal fibrosis, cardiac fibrosis and atherosclerosis®™>?
and has been shown to play a role in the pathogenesis of CAVD.**
Numerous in vivo and in vitro studies identified the EndMT-related
stimulants, such as inflammatory cytokines (TNF, IL-6 and TGF), cel-
lular transition features and underlying signalling pathways.¢%¢!

Although evidence of EndMT in VEC accumulated with time,65
the precise role of this process in the early- and end-stage phases of
CAVD is still unclear. Current data suggest that EndMT precedes os-
teogenic changes in VECs®! but more studies are needed to uncover
the links between the process of EndMT and calcification.

Hyperglycaemia was shown to induce EndMT in several endo-
thelia such as aortic EC, HUVECs, human retinal EC and glomerular
EC. The process involves various mediators, for instance Ephrin B2,
TGF-p, angiotensin I, miR-328 and signalling pathways, as FAK path-
way, MAPK pathways and ROS/ERK1/2/MAPK-dependent mecha-
nisms.6%¢2 Future, intensive investigations should focus on the role
of these potential risk factors in mediating EndMT in CAVD.

3.3 | Chronic hyperglycaemia induces an
inflammatory phenotype of valvular endothelial cells

In search for the mechanism(s) of CAVD in diabetic environments,
we developed a 3D model of human aortic valve leaflet, based on
methacrylate gelatin populated with human VECs and VICs. The con-
struct was exposed to chronic high glucose (HG) for 7 and 14 days,
and the phenotypic changes of VECs and VICs were assessed.®*%°

As shown in Figure 5, after 7 days of exposure to HG, VECs ex-
hibit an increased expression of inflammatory molecules, cytokines
and cell adhesion molecule. Moreover, VECs display an increase ex-
pression of BMP-2, BMP-4 and RUNX2. The canonical mediators
of TGF-beta signalling, SMAD 2/3 proteins and PKC-alpha are ac-
tivated by HG (increased phosphorylation). In addition, HG induces
modifications of the interaction between VEC and ECM as sug-
gested by the increased expression of the integrin chains, a4, aV and
B1. Particularly, the increase in g1 integrin expression, the main in-
tegrin localized at the level of focal adhesions complexes interacting
with collagen, suggests also changes in the pattern of focal adhesion
complexes and their interaction with ECM.

After 14 days of cell exposure to HG, compared to controls, VEC
exhibit an increased expression of cell adhesion molecules:VCAM-1
and E-selectin and of integrins av, a4, 3 and 65‘65 Interestingly, at
this time, from the TGF-beta family, only BMP-4 expression is in-
creased in VECs.%*

Collectively, these data suggest that chronic HG induces in VEC
mainly an inflammatory phenotype, but could have the capacity to
adjust and control the expression of several pro-inflammatory and
pro-osteogenic molecules. More studies will reveal the involvement

of these cells in CAVD during the progression of diabetes.

3.4 | Chronic hyperglycaemia induces an
inflammatory and osteoblastic phenotype in valvular
interstitial cells

As mentioned above, VICs, the predominant cell population found
within the rich ECM of the aortic valve, are a heterogeneous pop-
ulation. Some VICs, like those found in porcine valves, exhibit a
pericyte-like behavior.®® Others, like VICs isolated from patients with

|67

CAVD, have angiogenic potential® and in pathological conditions

differentiate into osteoblast-like cells and promote calcification.®?¢’
Recently, using single-cell RNA sequencing for the high-throughput
evaluation of heterogeneity in cells isolated from healthy human
aortic valves, three subpopulations of VICs were defined by com-
bining their developmental origin, localization, physical properties,
morphology and molecular functions.®® VICs highly expressed the
previously confirmed markers, collagen type IA1 (COL1A1) and type
I1IA1 (COL3A1), substantiating that VICs are the primary resident
cells in aortic valve tissues.

Activation of VICs is a normal regenerative process in the heart
valve, but under pathological conditions, i.e. hyperlipidemia, dia-
betes or atherosclerosis, their activation leads to the inception of
CAVD.>! There is evidence that elevated glucose levels, similar to
those found in DM, enhance mineralization of cultured VICs.®’

To uncover the mechanisms and the molecules implicated in the
aortic valve calcification in diabetes, interesting data were obtained
on VICs cultured in a 2D and 3D systems. Employing a 2D culture
system, VICs did not show morphological changes and did not ac-
quire an osteogenic phenotype in hyperglycaemia or hyperinsulinae-
mia.”® However, using a 3D model of human aortic valve, with VECs
seeded on the surface of the construct previously encapsulated with
VICs, we identified the inflammatory, remodelling and osteogenic
changes induced by chronic HG in these cells.6+65

As shown in Figure 5, VICs exposed for 7 days to HG exhibit
an enhanced expression of pro-inflammatory and osteogenic mol-
ecules. Importantly, HG increases the expression of RUNX2 tran-
scription factor and activation of SMAD 2/3 and 1/5/8. In addition,
HG increases the remodelling activity in VICs, as shown by the en-
hanced expression of MMP13 (Figure 5). Since HG induce also an
increase in the level of reactive oxygen species (ROS), we assume
that ROS could play an important role in the switch of VICs to an in-
flammatory and osteogenic phenotype. Together these results also
demonstrate that a 3D valve model containing both VECs and VICs
is closer to the in vivo conditions where communication between
valvular cells is essential.

Compared to controls, after 14 days of HG exposure, VICs exhibit
an increased gene expression of cytokines, cell adhesion molecules,
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integrins, remodelling and pro-osteogenic molecules. In addition,
the elevated level of the phosphorylated form of PKC-a could be
involved in the production of IL-1p (Figure 5).

In summary, the above data indicate that chronic hg (that mimics
diabetes conditions) induces in human vics co-cultured with human
vecs (in a 3d system), a concomitant inflammatory and osteoblastic
phenotype and an increase in their remodelling activity. exposure of
vecs and vics to osteogenic conditions leads to the development of
calcium deposits, indicating that the 3d model is suitable to study

valve calcification in diabetes.®*

4 | NEW THERAPEUTIC APPROACHES
FOR AORTIC VALVE DISEASE IN DIABETES

Currently, there are no efficient pharmacological treatments to
prevent or reverse CAVD. Lately potential medical approaches to
circumvent this disease include nanotherapies, which are now be-
ginning to be explored, stem cell therapies and more generally tis-
sue engineering. Some of the advancement in these fields is briefly

described below.

4.1 | Nanotherapies

Interventions aiming to stop or reverse the osteoblastic transition
of VIC may represent a therapeutic option for CAVD. A master
transcription factor implicated in osteoblast differentiation is Runt-
related transcription factor 2 (Runx2) that regulates transcription
and determines the increased expression of osteogenic genes such
as collagen |, alkaline phosphatase (ALP), osteopontin (OSP), bone
sialoprotein (BSP) and osteocalcin (OCN).”! Runx2 is not expressed
in normal aortic valves, but its expression is induced in CAVD.’?74

Anincreased mRNA Runx2 level was determined in the aortic tis-
sues of mice with combined dyslipidemia and type 2 diabetes com-
pared to non-diabetic and control mice.*> We have also detected an
increased expression of Runx2 in VICs exposed to HG in a 3D model
of human aortic valve.®* Thus, Runx2 is an important contributor to
CAVD in diabetes/diabetic conditions.

Considering that the osteoblastic differentiation of VICs leads
to aortic valve calcification and the role of Runx2 in the process, we
have developed a nanotherapeutic strategy targeted to prevent the
phenotipic differentiation of human aortic VICs into osteoblast-like
cells in diabetic and pro-osteogenic conditions.”> We designed nano-
carriers to silence Runx2, namely fullerene (C60)-polyethyleneimine
(PEl)/short hairpin (sh)RNA-Runx2. We reported that these nanocar-
rriers efficiently downregulate Runx2 mRNA and protein expression
leading subsequently to a significant reduction in the expression of
osteogenic proteins (i.e. ALP, BSP, OSP and BMP4) in osteoblast-
committed VICs. These data indicated that silencing of Runx2 could
represent a novel strategy to impede the osteoblastic phenotypic
shift of VICs and the ensuing progress of CAVD. These results mo-
tivate further in vivo testing of this proof of concept. The efficient

FIGURE 3 Ultrastructure of a lesion of the aortic valve in
experimental hyperglycemia/hyperlipemia (4 weeks). The pathology
progresses rapidly and the alterations include thickened VECs rich
in organelles, microfilaments (MF), cytoplasmic lipid inclusions

(LI), a multilayered basal lamina (BL) and the presence of valvular
interstitial cell (VIC)- containing numerous lipid inclusions. X
24,000. By permission from American Journal of Pathology, 148, 3,
1996, p.1005, Figure 9

targeting of RUNX2, together with the advances in uncovering the
significant molecules/pathways involved in VECs and VICs pheno-
typic alterations in diabetes, opens new avenues for developing in-

novative nanotherapeutics for the aortic valve disease in diabetes.

4.2 | Stem cell therapy

In general, stem cell therapy was developed to correct the dysfunc-
tional recruitment and homing of progenitor cells.?’> The most stud-
ied sources of stem cells are the endothelial progenitor cells (EPCs)
and the adipose-derived stem cells (ADSCs).

EPCs represent a small fraction of the circulatory cells that are
involved in vascular repair and angiogenesis. There are data that
support the involvement of the aVp3 and aV5 integrins in the ad-
herence of EPC to denuded vessels.”® In patients with aortic ste-
nosis, valvular endothelium regeneration is impaired not only by an
increased senescence of VECs but also by a reduced number and
function of circulating EPCs. It is generally accepted that diabetes
reduces the number of EPCs and induces dysfunction in circulating
EPCs, by mechanisms still uncovered.

In a recent study on streptozotocin-induced diabetes in ApoE-/-
mice, we showed that early-stage diabetes superimposed on ath-
erosclerosis generates alterations in EPC number, phenotype and
homing.”® Importantly, in atherosclerosis-prone mice, lower recruit-
ment of EPCs in the aortic valve in early diabetes is the result of
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FIGURE 4 Diagram portraying diabetes-induced accelerated progression of aortic valve atherosclerotic lesion. A. In normal conditions,
valvular endothelial cells (VEC) and valvular interstitial cells (VIC) are quiescent ensuring valve homeostasis. B. The early lesion is
characterized by the activation of normal VECs and the shift to a pro-inflammatory phenotype (aVEC), the expression of new cell adhesion
molecules (CAM) and subsequent monocyte (M) adhesion. VICs switch from the quiescent phenotype (qVIC) to an activated, myofibroblastic
phenotype (aVIC) and an osteoblastic phenotype (oVIC). Moreover, calcification centers develop in the valvular stroma (CC). These
alterations determine the onset of valvular dysfunction. C. With lesion progression, monocyte adhere and transmigrate through chronically
inflamed VECs and switch to activated macrophages (MAC). Sometimes VECs undergo endothelial-to-mesenchymal transition (EndMT).
There is an increased number of aVICs and oVICs and MAC in the valvular stroma. Chronic fibrosis develops and additional calcification

centers appear, ultimately affecting valvular function

reduced EPC number and the decreased expression of a4f1 and
aVp3integrins on EPCs; these results point to a4p1 and «VA3 as new
potential biomarkers and targets for therapy of the aortic valve in
diabetes.”

It has been shown that PKA-mediated phosphorylation of «
4plintegrin induced by high glucose plays a role in the bone marrow
retention of EPCs.”” These results suggested two possible thera-
peutic interventions: a) bone marrow PKA inhibition that would help
EPC mobilization, and b) administration of autologous or allogeneic
EPCs modified to express higher levels of a4p1 and aVB3 that will
increase their adhesion at sites of vascular and valvular lesions.

Human ADSCs are another source of stem cell, often used in
heart valve tissue engineering. Pluripotent mesenchymal stem cells
found in relatively high number in the adipose tissue have the ca-
pacity to self-renew and differentiate into many different types of
cells; also, these cells synthesize collagen and elastin.”® Due to their
relatively easy isolation and propagation in culture and their differ-
entiation capacity, ADSCs are being employed now in preclinical
studies. Currently, extracellular vehicles (EV) derived from ADSCs

emerge as both diagnostic biomarkers and therapeutic tools in
diabetes.”’

4.3 | Valvular tissue repair or regeneration
employing biomaterials

Since heart valve tissues cannot regenerate spontaneously, re-
placement with artificial biological or mechanical heart valves,
repair via reconstructive surgery or interventional catheteriza-
tion is the current treatment option for management of advanced
heart valve diseases.? Artificial valves have a limited lifespan of
~10-15 years after implantation due to degeneration, calcification
and thrombosis.®® Moreover, durability of artificial valves is fur-
ther reduced to only 5-7 years in diabetic patients®® pointing to
the need for further mechanistic studies. Recently, the group of
Ferrari et al. have shown that oxidation and glycation contribute
to the early demise of bioprosthetic heart valves in diabetic condi-
tions.®2 Tissue-Engineered Heart Valves (TEHVs) might offer a new
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FIGURE 5 Diagram illustrating the high glucose (HG)-induced progresive changes (at 7 and 14 days) of the expression of molecules

in human VECs and VICs, as detected by an original 3D construct populated with valvular cells. At 7 days, the gene expression of von
Willebrand factor (VWF), cytokines, cell adhesion molecules, integrins chains, laminin, pro-osteogenic molecules: bone morphogenetic
protein -2(BMP-2), bone morphogenetic protein-4 (BMP-4) and RUNT-related transcription factor 2 (RUNX2) is increased. SMAD2/3 and
protein kinase K (PCK) proteins are activated. In VIC, note the enhanced expression of different cytokines, integrins, osteogenic molecules,
and of RUNX2, matrix metalloproteinase 13 (MMP13) and laminin (LAM). HG activates SMAD1/5/8 and SMAD2/3 proteins and increases
reactive oxygen species (ROS). Moreover, VEC and VIC in the 3D construct secrete in the conditioned media increased levels of transforming
growth factor beta (TGF-p) and bone morphogenetic protein-2 (BMP-2). At 14 days, in VEC, the gene expression of cell adhesion molecules,
integrins and bone morphogenetic protein-4 (BMP-4) increases. Note that in VIC, HG increases the expression of numerous inflammatory
molecules, cell adhesion molecules, pro-osteogenic molecules: BMP-2 and BMP-4, matrix metalloproteinase (MMP), and of extracellular
matrix protein collagen Il (Col Il1). Phosphorylated protein kinase C (PKC) protein is activated. In addition, VEC and VIC in the 3D construct,
in the conditioned media, secrete increased levels of interleukin-1 f (II-1 p) and monocyte chemotactic protein-1 (MCP-1). Chronic HG
induces in VEC mainly an inflammatory phenotype (aVEC), and in VIC, a mixed inflammatory (iVIC) and osteoblastic (phenotype (oVIC).
Abbreviations: cytokines—tumor necrosis factor alpha (TNF-a), interleukin 8 (11-8), cell adhesion molecules—vascular cell adhesion molecule 1
(VCAM-1), e-selectin (E-sel), IC-integrins chains, matrix metalloproteinase (MMP), laminin gamma chain (LAM), osteocalcin (OC), osteopontin

(OP)

generation of cardiac valves aiming to overcome the limitations of
the existing biological and mechanical heart valves®® Living TEHV
could be capable of self-regeneration and growth, with greater life
span and better biocompatibility. Overall, TEHVs are still in their in-
fancy period, and the translation to the clinic still faces many chal-
lenges.?> Notably, it is not known what the effect of diabetes would
be on implanted TEHYV, specifically on the scaffolds or directly on
the cells. We have shown earlier that pre-implantation treatment
of the scaffolds with an antioxidant (penta galloyl glucose), a ma-
trix binding polyphenol, reduces aortic valve scaffold biodegrada-
tion and calcification,® thus opening avenues for development of
TEHV resistant to diabetes.

5 | FUTURE CHALLENGES AND
OPPORTUNITIES

First believed that the aortic valve calcification is a passive degen-
erative process, it is now recognized that is a cell-driven active pro-
cess accomplished by resident cells, plasma-recruited cells and the
molecules they produce.

However, CAVD is still an enigma. To devise therapies (currently
non-existent), it is mandatory to uncover the molecular mechanisms

underlying the implication of the valvular cells in the pathology of

CAVD, in particular in diabetes, where hyperglycaemia deeply af-
fects valvular cells and accelerates the disease.

The process is complex and multifactorial, involving, besides the
valvular cells, cytokines, growth factors, matrix proteins, cell adhe-
sion molecules, cytoskeletal components, transcription factors and
signal transducers. A list of molecules exhibiting an enhanced gene
and protein expression in the aortic valve in diabetes is shown in
Table 1.

The pioneering studies performed in experimental hyperlipid-
emia/hyperglycaemia by Dr Maya Simionescu's group identified the
aortic valve as the first vascular territory affected by diabetes.!!
Recently, employing murine models and in vitro studies using 3D
valve scaffolds we have shown that early diabetes induces almost
concurrently inflammatory and osteogenic modifications of the val-
vular interstitial cells leading to increased calcium deposition and
overall valve dysfunction.‘“‘"“""65 Notably, our studies suggest that, in
diabetic conditions, a significant inflammatory process occurs in the
valve even in the absence of macrophage infiltration. Interestingly,
the aortic valve dysfunction takes place at very early stages in di-
abetes, without detection of a statistically significant aortic valve
thickening.

Recent studies focused on CAVD mechanisms led to the identi-
fication of new biomarkers for diagnosis and therapies. For exam-
ple, Lipoprotein A was reported to correlate with the aortic valve
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TABLE 1 Molecules exhibiting an enhanced gene and protein expression in the aortic valve in diabetes/diabetic conditions

Gene and proteins

Family Name Increased expression Cell Location Condition Model Ref.
Cytokines MCP-1 MCP-1 gene VECs, VICs HG 3D model of the 60
Soluble MCP-1 protein CM human aortic
valve
TNF-a TNF-a gene VECs, VICs
IL8 IL8 gene ™
ILI-B ILI-B gene
ILI-B Soluble ILI-B protein
Cell adhesion molecules VCAM-1 VCAM-1 protein VECs HG 2D 50
VCAM-1 gene VECs, VICs HG 3D 60
VCAM-1 protein Aortic valve Early DM HLD mouse 41
ICAM-1 ICAM-1 protein
P-selectin P-selectin protein
E-selectin E-selectin protein VECs HG 2D 60
E-selectin gene VECs, VICs HG 3D 60
IC ad IC a4 gene VECs
IC av IC av gene
IC p1 IC B1 gene
IC B3 IC B3 gene VECs, VICs
IC B5 IC B5 gene
TGF-B family members TGF-B Soluble TGF- protein CcM HG 3D
TGF-p protein Aortic valve Early DM HLD mouse 41
BMP-2 BMP-2 protein
Soluble BMP-2 CM HG 3D 59
BMP-2 gene VECs, VICs
BMP-4 BMP-4 protein Aortic valve Early DM HLD mouse
BMP-4 gene VECs, VICs HG 3D 60
Osteogenic molecules ocC OC protein Aortic valve Early DM HLD mouse 41
OC gene VICs HG 3D 59
OoP OP protein Aortic valve Early DM HLD mouse 41
OP protein 6-mo DM LAl mouse 40
OP protein VICs BGP 2D 44
OP gene HG 3D 59
ALP ALP protein Aortic valve DM DM patients 60
ALP protein Early DM HLD mouse
ECM proteins FN FN protein Aortic valve Early DM HLD mouse 41
LAM LAM gene VECs HG 3D 60
coLln COL Il gene VICs
MMPs MMP-2 MMP-2 protein Aortic valve Early DM HLD mouse 41
MMP-9 MMP-9 protein
MMP-1 MMP-1gene VICs HG 3D 59
MMP-13 MMP-13 gene
SLPGs BYG BYG gene Aortic valve DM DM patients 44
BYG protein
BYG protein VICs pGP 2D
AGEs AGEs AGEs Aortic valve DM DM patients 46
Plasma

(Continues)
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TABLE 1 (Continued)

Gene and proteins

Family Name Increased expression
AGEs receptors RAGE RAGE
GPs VWF VWF gene
Actin protein family a-SMA o-SMA protein
$100 family S5100-A4 S$100-A4 protein
Annexins ANXII ANXII protein
TX factors RUNX-2 RUNX-2 protein
RUNX-2 gene
RUNX-2 protein
Signal transducers pSMAD1/5/8/9 pSMAD1/5/8/9 protein
pSMAD 2/3 pSMAD 2/3protein
pPKC pPKC protein

Cell Location Condition Model Ref.
Human Aortic DM DM patients 46
valve

Plasma
VECs HG 3D 60
Aortic valve Early DM HLD mouse 41
Aortic valve Early DM HLD mouse 41
Aortic valve DM DM patients 5
Aortic valve DM DM patients 5
VECs, VICs HG 3D
VICs 59
VICs HG 3D 59
VECs, VICs

60

Abbreviations: 2D, Two-dimensional model; 3D, Three-dimensional model; AGEs, Advanced glycation end products; ALP, Alkaline phosphatase;

ANX, Annexin; BMP, Bone morphogenetic protein; BYG, Biglycan; CM, Conditioned media; COL Ill, Type Il collagen; DM, Diabetes mellitus; FN,
Fibronectin; HG, High-glucose media; HLD, Hyperlipemic diabetic; IC, Integrin chain; ICAM-1, Intercellular adhesion molecule 1; IL-1f, Interleukin 1
beta; IL-8, Interleukin 8; LAI, Diabetes mellitus-prone LDLr-/-/ApoB100/100/1GF-1l; LAM, Laminin gamma chain; MCP-1, Monocyte chemoattractant
proteinl; MMP, Matrix metalloproteinase; OC, Osteocalcin; OP, Osteopontin; pPKC, Phosphorylated protein kinase C; pSMAD, Phosphorylated
SMAD; RAGE, AGE receptor; Ref, Reference cited; RUNX-2, Runt-related transcription factor 2; S100-A4, S100 calcium-binding protein A4; SLPGs,
Small leucine-rich proteoglycans; TGF-B, Transforming growth factor beta; TNF-a, Tumor necrosis factor alpha; TX, Transcription; VCAM-1, Vascular
cell adhesion molecule 1; VECs, Valvular endothelial cells; VICs, Valvular interstitial cells; vVWF, Von Willebrand factor; a-SMA, «- smooth muscle

actin; pGP, B-Glycero-phosphate stimulation.

calcification. Matrix-remodelling-associated protein 5 (MXRAD5)
and a fibronectin type Ill domain containing 1 (FNDC1), associated
with ECM, were revealed as novel biomarkers of calcified valves.85
Lately, miRNAs were proposed as innovative biomarkers and thera-
peutic strategies for aortic valve stenosis, as revealed in a ground-
breaking pre-clinical study using inhibitors of miR-34a.8¢-88

However, there are few data that identify biomarkers in CAVD
in diabetes. Several differentially expressed “early” molecules which
could serve as putative biomarkers for diagnosis and therapeutic tar-
gets in aortic valve disease in diabetes are presented in Table 1. Still,
it remains a future challenge to identify accurate biomarkers to be
employed for diagnosis and therapy for this disease.

Importantly, new nanocarriers aiming to block the shift of VICs
to an osteoblastic phenotype were tested and found to be efficient
in vitro; these results pave the way to the development of nanother-
apies for CAVD.”® Another potential promise for treatment of CAVD
is the recently emerged stem cell therapy. In addition, tissue engi-
neering of AV attains continuously new improvements. A challenge
for the future of valve replacement is to provide a viable valve popu-
lated with cells capable of self-regeneration and growth, with greater
life span, better biocompatibility and resistance to diabetes.®?%2

Meanwhile complex emerging technologies such as the next-
generation ‘omics’ techniques allows the study of the miRNAome,
transcriptome, proteome and secretome”®?%; these big data will re-
quire analysis by improved bioinformatics tools which will lead to
identification of the most relevant targets and the best therapeutic
option. Transcriptional analyses of human aortic valves all focused

on aortic stenosis were recently reported. Notably, a cell-type tran-
scriptome atlas of human aortic valves was elaborated showing the
cell heterogeneity and the involvement of endothelial to mesenchy-
mal transition in the evolution of calcific aortic valve disease.”® The
study is an opportunity to understand the implication and the inter-
action of different valvular cells in CAVD in diabetes.

Another emerging perspective to be explored for the diagnosis
and therapy of CAVD in diabetes are the extracellular vesicles (EV).
There is evidence of the potential role of ADSC-derived EVs in dif-
ferent pathologic conditions, either as biomarkers or as a direct ef-
fector or as a delivery system to target miRNAs to cells.”’

Finally, to find relevant targets for therapy, new animal mod-

e|S96,97

which could recapitulate the evolution of human AV disease
need to be developed. Once obtained, the newly found therapeu-
tical targets need to be further validated in 3D-human aortic valve

models,®*?8

as well as in large animals, for evaluation of safety and
efficacy, before testing in clinical trials.?” These new data together
with the present achievements in the biomedical science warrant
a good perspective to find ways to prevent, slow-down or reverse

CAVD in diabetes.'®°
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