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Abstract: miRNAs have recently attracted investigators’ interest as regulators of valvular diseases
pathogenesis, diagnostic biomarkers, and therapeutical targets. Evidence from in-vivo and in-vitro
studies demonstrated stimulatory or inhibitory roles in mitral valve prolapse development, aortic
leaflet fusion, and calcification pathways, specifically osteoblastic differentiation and transcription
factors modulation. Tissue expression assessment and comparison between physiological and patho-
logical phenotypes of different disease entities, including mitral valve prolapse and mitral chordae
tendineae rupture, emerged as the best strategies to address miRNAs over or under-representation
and thus, their impact on pathogeneses. In this review, we discuss the fundamental intra- and
intercellular signals regulated by miRNAs leading to defects in mitral and aortic valves, congenital
heart diseases, and the possible therapeutic strategies targeting them. These miRNAs inhibitors are
comprised of antisense oligonucleotides and sponge vectors. The miRNA mimics, miRNA expression
vectors, and small molecules are instead possible practical strategies to increase specific miRNA
activity. Advantages and technical limitations of these new drugs, including instability and complex
pharmacokinetics, are also presented. Novel delivery strategies, such as nanoparticles and liposomes,
are described to improve knowledge on future personalized treatment directions.

Keywords: miRNAs; valvular heart diseases; aortic stenosis; calcification; mitral valve prolapse;
aortic valve defect; vectors; delivery systems; nanoparticles

1. miRNAs Effects on Aortic Stenosis and Mitral Prolapse Necessity of Novel Biomarkers
1.1. miRNAs Involvement in Aortic Stenosis Pathogenesis and Calcification Progression

microRNAs (miRNAs) belong to non-coding RNAs and are generally transcribed
from DNA into primary miRNAs and subsequently processed into precursor miRNAs and
mature miRNAs [1]. They usually possess translational regulatory functions, exerted by
interaction with 3′ untranslated region (3′ UTR) of target miRNAs [1]. Aberrant miRNA
levels have been demonstrated in multiple diseases and, therefore, constitute useful mark-
ers of prognostic importance [2–4]. Recently, Carthew et al. investigated the role of two
leading classes of these small RNAs with specific regulatory functions and found direct
implications in biological processes as well as in the etiology and treatment of diseases [5].
Authors identified short interfering RNAs (siRNAs) and miRNAs’ pivotal role in eukary-
otic, somatic, and germ lines. The specific targets of siRNAs and miRNAs were discovered
to be the genome sentinels through the ability to negatively regulate gene expression in the
post-transcriptional phase [5].

In aortic stenosis, miRNAs were also found to be altered in stenotic aortic valve leaflets
compared to insufficient ones by Nigam et al. [6]. The reduced levels of miR-26a, miR-30b,
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and miR-195 reported in stenotic valves, were almost certainly responsible for their higher
risk of developing valvular leaflet fusion. The change of morphology is due to accelerated
calcium accumulation compared to regurgitant aortic valves without morphological fusion
of valve leaflets. These miRNAs were involved in the biological processes that modulate
calcification-related genes in vitro [6]. Other studies have confirmed miRNAs’ involvement
in calcification pathways and will be discussed later.

Several studies have then recorded an important association of miRNAs with post-
transcriptional regulation of gene expression in aortic valve stenosis. miR-141 was found to
be a regulator of the levels of bone morphogenetic protein 2 (BMP-2), whereby unrestrained
activity led to calcification of the aortic valve mediated by a stimulation of osteogenesis.
miR-141 was markedly attenuated in patients with aortic stenosis associated with the
bicuspid aortic valve [7]. Yanagawa et al. proposed this new key role of miR-141 in the
modulation of aortic valve calcification disorders, highlighting the strategic therapeutic
target that emerged in the assessment of progressive calcification in stenotic aortic valve
disease [6,7]. The peculiar morphologic features of the stenotic aortic valve may probably
be explained by the lower expression of miR-30b which is a known repressor of bone
morphogenetic protein 2-mediated osteogenesis [7].

Zhang et al. demonstrated the role of miR-30b in reducing osteoblast differentiation
activity induced by bone morphogenetic protein 2 [8]. The latter was implicated in promot-
ing calcific aortic valve disease. The expression of miR-30b was found effective in reducing
the risk of human aortic valve calcification and apoptosis through direct targeting of Runx2,
Smad1, and caspase-3 [8] (Figure 1).
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Figure 1. The role of miRNAs in aortic stenosis severity and valve calcification. Reduced levels of miR-26a, miR-30b,
and miR-195 contribute to further damage to the valve. The negative regulation exerted on osteoblastic differentiation
by miR-30b favors a better prognosis, in terms of a decrease in valve calcification. On the other hand, reduced levels
of miRna-141 guarantee osteoblastic calcification processes via increasing BMP-2 levels, a relevant factor involved in
bone production. Osteoblasts differentiate from precursors and progenitors through several factors, including Runx2
and Wnt. This differentiative process negatively affects valves elasticity by contributing to their calcification. BMP: bone
morphogenetic protein. Runx2: RUNX Family Transcription Factor 2, OSX: osterix factor, FGF: Fibroblast growth factor,
MITF: Microphthalmia-associated transcription factor.

Song et al. analysed the progression of calcified aortic valve disease and suggested
the crucial role of myofibroblastic and osteoblast-like phenotypes [9]. The authors reported
substantial differences in the levels of two miRNA classes: miR-486 and miR-204. The
levels of miR-486 were increased in calcific aortic valves where myofibroblastic transition
was induced by upregulation of the expression of Runx2 and Osx and miR-204 levels
were deficient, which lead to high cellular and valvular pro-osteogenic activity. This study
demonstrated a sophisticated modulation of the epigenetic mechanisms that support pro-
osteogenic pathways, paving the way for their therapeutic potential [9]. The differential
expression of miRNAs in the bicuspid aortic valve has been proved, with evident calcific-
degenerative changes differentiating the bicuspid morphology from the tricuspid one [9].
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1.2. The Importance of Discovering Diagnostic Biomarkers for Mitral Valve Prolapse

Plasma levels of miRNAs have been used to monitor degenerative disease of the mitral
valve (MV) but have not been widely adopted by the cardiology community [4,6,7,9–11].
The lack of enthusiasm of cardiologists for investigations into degenerative aortic valve
stenosis [6–8,12,13] can be partially deduced from the lack of positive findings in mitral
valve degenerative diseases leading to regurgitation [14–19].

Mitral valve prolapse is a debilitating disease with a worldwide prevalence of
2–3% [20,21]. In younger patients, pathoanatomic features arise because of excessive tissue
formation on mitral valve leaflets leading to Barlow’s syndrome [22] while pathoanatomic
lesions in older patients tend to manifest as fibroelastic degeneration. Both forms of the
disease can lead to leaflet prolapse and chordal elongation or rupture [23–25].

Mitral valve prolapse severity can be assessed by transthoracic echocardiography.
Although the information provided by 2D (bi-dimensional) and 3D (three-dimensional)
echography yields a comprehensive assessment [26–28], the lack of effective medical
therapy makes surgery the only viable treatment option [29–31]. Recently, new techniques
for mitral valve repair have been developed by transcatheter approaches [32–34].

The landmark study by Mayeux et al. has highlighted the emergence of biomarkers as
an important tool but there is still no consensus for using specific circulating biomarkers
for mitral valve prolapse diagnosis in clinical practice [4].

The degenerative process involving the mitral valve has been addressed by several
investigators looking for circumstantial associations between the presence of biomarkers
and the histopathological alteration. Songia et al. suggested the possible association
between osteoprotegerin and mitral valve degeneration in Barlow syndrome without
recording a specific correlation [14,15]. Tan et al. used the proteomics method and evaluated
the presence of selective biomarkers, thus directing the investigation in the same field [16].
Although the investigators have recorded higher levels of haptoglobin, platelet basic
protein, and complement component C4b in individuals with degenerative mitral valve
prolapse, the evidence was not conclusive for a specific correlation between biomarkers
and disease development [16].

2. Pathophysiology of Valvular Calcification Pathways, from Preclinical Models to
Clinical Perspectives
2.1. Complex Interplays between miRNAs and Intracellular Osteogenic Signals

Calcium phosphate crystals are responsible for abnormal accumulation in either native
or prosthetic valves, leading to valvular calcification (VC), loss of elasticity, and ischemic
conditions [35]. Intimal and medial layers of major vessels can display calcifications,
the former being associated with atherosclerotic phenotypes, the latter with common
cardiovascular risk factors including diabetes and osteoporosis. Some authors propose
that vascular smooth muscle cells (VSMCs) begin the process by undergoing phenotypical
changes to an osteoblastic nature and losing contractile markers such as smooth muscle
22 alpha (SM22α) and alpha-smooth muscle actin (α-SMA) [36].

Several coding genes have been studied and linked to the specific development
of calcific valves. Osteopontin (OPN), osteocalcin (OC), bone morphogenetic proteins
(BMPs), alkaline phosphatase (Alp), and transcription factor Runx2 were demonstrated
to be upregulated in calcific processes [35]. Other described signalling pathways include
exosomes crosslinking among the three layers of the vascular wall and Wnt/Beta-catenin,
and advanced glycation end products (AGEs) [37,38]. Osteoprotegerin/receptor activator
of nuclear factor-kB and its ligand (OPG/RANK/RANKL) have also been noted to interact
between either the intima and media layers or the media and adventitial layers [37,38].

Pro-inflammatory activity has also been related to VC. Tumor necrosis factor-alpha
(TNFa), interleukins including IL-1B and IL-6, tumor growth factor-beta 1 (TGFB1), and
other cytokines mediate vascular smooth muscle cells transition into osteoblast-like cells [39].
The phenomenon is known to be enhanced by reactive oxygen species (ROS) production
and determined by the discovery of cytokines and factors expression in the aortic tissue.
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A Canadian preclinical study by Agharazii et al. highlighted the valvular calcification
processes developing from chronic kidney disease, were increased in rats by cytokines [39].
Interleukin-1β, interleukin-6, and tumor necrosis factor were overexpressed in aortic tissues.
Additionally, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase expression
was increased while antioxidant enzymes (SOD1, SOD2, Gpx1, and Prdx1) demonstrated
lower levels than normal [39].

MicroRNAs, with the exception of miR-29, have been categorized into either activating
or promoting valvular calcification. Some authors claim miR-29a/b repression is a pivotal
factor in calcification generation. A preclinical study by Du et al. revealed how increased
expression of ADAMTS-7 (a disintegrin and metalloproteinase with thrombospondin
motifs-7), caused marked upregulation of calcifying rat vascular smooth muscle cells, and
was linked to miR-29 inhibition [40]. Calcification inhibitors miRNAs, which roles were
revealed by decreasing expression in calcific tissues, have been described by in vitro and
in vivo studies, in both animals and humans. MiR-30b, 30c were found to directly inhibit
Runx2 factors, such as miR-133a, miR-204, and miR-205 [41–44].

Recently, Lin et al. demonstrated miR-34c/5p to be downregulated in calcific tissues
(in vitro high glucose-induced human aorta VSMCs) and inhibiting BMF as the primary
target [45]. In fact, miR-34c from the miR-34 family is reported to participate in osteoblast
differentiation [46,47]. It targets SATB2, a nuclear matrix protein that inhibits the expression
of HOXA2, in turn negatively regulating Runx2 and increasing the activity of Runx2 and
activator transcription factor 4 (ATF4). Runx2 and ATF4 are sophisticated regulators of
osteoblastic differentiation, from osteochondral progenitors. Osterix is another important
involved factor [48]. Investigators also claim miR-34c regulates Osteocalcin and other genes
whose expression is controlled by Runx2 and SATB2 or ATF4 and SATB2 [48].

2.2. Over and Underexpression of miRNAs from In Vivo Animal Experimentations

Recently, investigators have provided proof of upregulated levels of miRNAs in calcific
vessels. An in vitro demonstration of human and murine aortic tissue and, specifically,
of smooth muscle cells expressing miR-29b at increased levels comes from a Japanese
investigation [49] and a Spanish preclinical study [50].

Calcium deposition in human VSMCs favored by phosphorus (Ph) was evaluated
by Sudo et al. to determine the impact of miR-29. Real-time quantitative PCR (RT-qPCR)
analysis on Pi-induced calcific VSMCs was performed and showed decreased levels of
elastin with consequent osteoblast-related genes expression. Of note, miR-29 was found to
elicit elastin suppression, thereby closing the circle [49].

Panizo et al. induced vessel calcification in rats by using the common experimental
method of feeding them a high phosphate diet. They found low levels of miR-133b and miR-
211 alongside high levels of miR-29b [50]. The former correlated with overexpression of
osteogenic RUNX2, the previously described factor, while the latter with lower expression
of inhibitors of osteoblastic differentiation. The reliability of the study is conferred by
in-vitro affirmation of the results: authors analyzed miR-29b, miR-133b, and miR-211 to
demonstrate how they regulated the calcification process [50]. MiR-29-mediated elastin
down-regulation also promotes osteoblastic differentiation [49].

To further evaluate the role of miRNAs in valvular calcification, exosomes from
VSMCs have been evaluated by several authors through RT-qPCR. Interestingly, preclinical
studies show differences in the expression of hundreds of miRNAs when comparing mice
calcific models versus the normal population [51,52].

Pan et al. established a cellular calcification model using the mouse line MOVAS-1 [51].
To search for calcification, Alizarin Red staining was performed and differential miRNAs
profiles were sequenced. Results showed 987 miRNAs to be upregulated in the cellular
calcification model and 92 to be down-regulated, even though not all of them were showing
significant p-values of comparison between the two populations’ expression [51].
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2.3. Diagnostic and Prognostic Relevance of miRNAs in Mitral Valve Diseases

Over the recent years, miRNAs have represented an emerging class of widely labored
circulating biomarkers in various pathological states including degenerative mitral valve
disease [14–16].

Concerning the prolapse of the mitral valve, only a small number of circulating
miRNAs have been studied focusing on the degenerative disorders of the MV. These
findings were limited to the experimental animal models. Hulanicka et al. evaluated
plasma miRNA levels as potential biomarkers of chronic myxomatous mitral disease
(MMVD) in dachshunds. Investigators evaluated the expression of 9 miRNAs that had
already been discovered and were involved in cardiovascular diseases [17]. Using a real-
time PCR method, they found that the plasma levels of two out of nine miRNAs were
significantly downregulated, recording an evident involvement of these molecules in
developing endocardiosis in dogs [17].

In greater detail, according to the American College of Veterinary Internal Medicine
(ACVIM), the plasma levels of miRNAs were compared in three groups of dogs. The
authors recorded that miR-30b expression differed between dogs of the ACVIM group in
stage B (asymptomatic n = 8) and those that were included in the unaffected stage A group
(control N = 8) [17]. The expression of miR-133b was unlike in the ACVIM stage C group,
in which mild to moderate heart failure occurred, as compared to that of stage A group of
dogs. 9 miRNAs (including miR-125, miR-126, miR-21, miR-29b, and miR-30b) showed a
downregulation trend only in the ACVIM stage C group recording non-significance for
the expression of these classes of miRNA [17]. The levels of miR-423 were similar between
healthy and sick dogs. The expression of miR-208a and 208b was not detected, suggesting
they were completely downregulated. The plasma level of miR-30b could be correlated
as a potential biomarker of ACVIM stage B heart failure in Dachshunds who developed
endocardiosis while miR-133b expression could be correlated as a potential biomarker
of ACVIM stage C. It should be noted that the lack of expression or notable change in
expression in 7 miRNAs which were potential biomarkers for the development of heart
disease in humans highlight the lack of transferability from animal models to clinical
applicability [17].

A second study reported the miRNA expression profile in dogs suffering from MMVD
(myxomatous mitral valve disease [18]). Li et al. quantified 277 miRNAs using RT-qPCR
and compared three groups of 6 dogs [18]. The first group enrolled asymptomatic ani-
mals with no disease (ACVIM stage A control group). The second group included dogs
exhibiting MMVD with mild to moderate enlargement of the heart chambers (ACVIM
Stage B1/B2). The third group included animals with MMVD and congestive heart failure
(ACVIM Phase C/D). For eleven miRNAs, the study results showed a different expression
with a False Discovery Rate < 0.05. Dogs enrolled in group B who had stage B1/B2 dis-
ease or those included in group C who had stage C/D myxomatous mitral valve disease
(MMVD) recorded four upregulated miRNAs. These two groups included three cfa-let-
7/cfa-miR-98 family members with upregulation, while seven others were downregulated
when compared to the stage A control group. The evidence suggested significant differ-
ences in the expression of six of the 11 miRNAs when comparing animals belonging to
stage C/D and those that were included in stage B1/B2. Furthermore, the most marked
changes in miRNA expression were associated with an increase in the severity of MMVD.
The significance of this study relates to the fact that these miRNAs can be candidates
biomarkers, providing further insights into specific gene regulation pathways in MMVD
that developed in dogs [18] (Table 1).

The major concern with the use of animal models to evaluate the expression of miRNA
is the increased risk of discrepancy with human pathoanatomic conditions. Bulent et al.
worked around this problem by investigating the expression profile of circulating miRNAs
in the development of mitral chordae tendineae rupture in humans [19]. 22 miRNAs were
studied in patients who developed mitral regurgitation due to progressive degeneration
of the connective structure of the chordae tendineae leading to rupture. Evidence has



Int. J. Mol. Sci. 2021, 22, 12132 6 of 18

suggested that the downregulation of various miRNA classes in patients with mitral
valve degenerative disease led to rupture of chordae tendineae [19]. Using bioinformatics
analysis, the authors indicated the following target genes involved in MCTR (MMPs, TIMP-
2, TGFBR2, VEGFA, PIK3R2, NRAS, PPP3CA, PPP3R1, PTGS 2) which were regulated by
13 miRNAs [19].

Table 1. The main results from preclinical studies testing miRNAs are tabulated. Stages B and C from Hulanicka et al. [17]
respectively stand for asymptomatic and mild/moderate heart failure. Group B and C from Li et al. [18] represent
myxomatous mitral valve disease (MMVD) stages B1 and B2 for group B, stages C and D for group C. ACVIM; American
College of Veterinary Internal Medicine, mi-R: microRNA.

Study Groups
Hulanicka et al. [13],

Li et al. [14]
miR-30b, miR-29b

miR-133b, miR-21,
miR-126, miR-423,
miR-125, miR-208a,

miR-208b

cfa-miR-302d,
cfa-miR-380, cfa-miR-874,
cfa-miR-582, cfa-miR-490,

cfa-miR-329b, and
cfa-miR-487b

cfa-miR-103,
cfa-miR-98, cfa-let-7b,

and cfa-let-7c

ACVIM stage B HF [17] downregulated normal not tested not tested

ACVIM stage C HF [17] downregulated downregulated not tested not tested

Group B (stage B1, B2)
[18] not tested not tested downregulated upregulated

Group C (stage C, D)
[18] not tested not tested downregulated upregulated

Songia et al. performed the first study using human plasma from patients with degen-
erative mitral valve prolapse and noted a strong correlation between several circulating
miRNAs and mitral valves with myxomatous prolapse [53]. Some of the tested miRNAs
were also overlapping with those from Bulent et al. [19] and a similarity emerged: lower
levels of miRNA 223-3p were found in both patients suffering from the prolapse of the MV
and patients who developed MCTR [53] (Table 2).

Table 2. Concordant results from Bulent et al. [19] and Songia et al. [53]. Patients affected by MTCR were found to have
lower levels of miRNA 150-5p with respect to controls while miR-223-3p in MVP and MTCR groups was found to be lower
than controls. (Slashes indicate that some results of miRNA testing on MCTR were not available). MVP: mitral valve
prolapse, MCTR: mitral chordae tendineae rupture.

Cardiovascular Diseases 140-3p 150-5p 210-3p 451a 487a-3p 223-3p 323a-3p 361-5p 340-5p

MVP versus controls ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↓
MCTR versus controls / ↓ / / / ↓ / / /

The authors working on circulating biomarkers have provided valuable informa-
tion on the etiology of degeneration and prolapse of MV alongside the possibility of
stratifying patients affected by the disease [53]. Deroyer et al. investigated the role of
apolipoprotein-A1 in fibroelastic disorders of MV revealing that the biomarker was indi-
cated as an independent predictor of MR gravity [54].

In another study, Tan et al. performed an analysis using proteomic evaluation on
two pooled plasma samples from 24 individuals affected by mitral valve prolapse and MR
compared to 24 individuals with no MV prolapse and failure [16]. All enrolled patients
received combinatorial peptide ligand library (CPLL) beads prior to iTRAQ labeling and
ESI-MS/MS. The investigators noted a decrease in circulating levels of plasma haptoglobin,
basic platelet protein, and complement component C4b in patients who developed MR
due to fibroelastic deficiency compared to those without degenerative MV disorders. The
results were confirmed with the ELISA test which was performed in all 48 patients enrolled
in the study and matched 48 additional individual ELISA tests [16].



Int. J. Mol. Sci. 2021, 22, 12132 7 of 18

Unlike the studies cited above, the results reported in the analysis by Songia et al.
were supported by solid statistical evidence, underlined by a marked change in plasma
level of the miRNAs (miR-150-5p, miR-451a, and miR-487a-3p) studied using AUROC
curves [53]. The keynote of the study was the fact that the authors assessed a cell-type
enrichment analysis, based on validated miRNAs, revealing the existence of specific cell
populations morphogenetically linked to different cardiovascular tissues, including the
morphogenetic specificity of the mitral valve tissue. This suggested a link between ERBB
and JAK-STAT signaling pathways as potentially relevant to understanding the recently
discovered mechanisms involved in the evolution of mitral valve prolapse [53].

Among other things, the study of Songia et al. confirmed the existence of well-
characterized signaling pathways involved in cell migration and proliferation of endothe-
lial cells [15,16,55,56] as well as in the deregulation of homeostasis of the extracellular
matrix [57–59]. In particular, the authors demonstrated that patients who develop degener-
ative disease of the mitral valve, either in the fibroelastic or myxomatous form, recorded
a different expression of miR-150-5p leading to several pathological processes including
fibrosis and neoplastic proliferation [60–62].

Although the report of Songia et al. claimed that specific circulating biomarkers could
be interpreted as molecular signatures, the study has some critical points [53]. The study
lacks numerically validated data in the different miRNA expressions between patients
who had fibroelastic degenerative disease of MV and those who instead presented a
myxomatous degeneration typically related to Barlow syndrome. In addition, the cohort of
patients studied concerns those with degenerative prolapse of the MV with severe MR and
eligible for surgical treatment. In fact, the study did not report any evaluation of the plasma
levels of miRNAs capable of identifying a larger cohort of individuals with a prolapse of
the MV coexisting with a mild or moderate mitral insufficiency [53].

However, given the reported evidence, the future direction postulates that miRNAs
identified in plasma could be used soon and is an inexpensive screening tool for patients
with progressive degenerative mitral valve disease and severe mitral regurgitation.

3. Altered miRNAs Expression in Congenital Valve Disorders and
Cardiogenetic Processes

Congenital heart diseases (CHD) comprise a large group of functional and structural
disorders, namely atrial septal defects (ASD), ventricular septal defects (VSD), pulmonary
valve atresia (PVA), coarctation of the aorta (CoA), tricuspid atresia (TA), tetralogy of
Fallot (TOF) and several others [63–65]. miRNAs play a pivotal role in heart development.
The process of cardiac tissue formation and expression requires precise regulation and
single miRNAs studies have been addressed in past decades. miR-1 and miR-133 are
transcribed in a tissue-specific manner during development [66]. MiR-1 targets HDAC4,
histone deacetylase 4 which is a repressor for muscle gene expression, thereby stimulating
myogenesis. miR-133 inhibits serum response factor (SRF) and promotes the differentiating
process [66].

Several other preclinical studies, conducted on zebrafish ventricles, denoted the role of
miR-133 to diminish cardiac regenerating processes [67]. Following resection of zebrafish
ventricular apex, a reduced expression of miR-133, coupled with increased regenerative
potential, has led to this concept [67].

Cardiogenesis is also suppressed by the miR-15 family, which, specifically inhibited,
has shown to promote myocyte proliferation after myocardial infarction [68]. On the
contrary, miR-199 and miR-590 have been found to promote the re-entry of cardiomyocytes
in the cell cycle. An interesting therapeutical strategy, supported by preclinical mice studies,
would be to inject these molecules into the border zones of infarcted hearts. Positive results
and stimulation of cardiomyocytes proliferation have been demonstrated [69,70].

Several miRNAs also regulate the signals of insulin-growth factor 1 (IGF-1) in skeletal
muscle, contributing to muscle development or atrophy [71]. Several other studies have
noted their regenerative role by observing common cardiovascular pathologies and the sub-
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sequent structural remodeling [72]. Long non-coding RNAs are implied in hypertension-
related vascular remodeling, post-ischemic recovery, and myocardial hypertrophy [72].

Specific miRNAs are also differentially expressed in bicuspid aortic valve (BAV), the
most common congenital heart disease. Aortic valve endothelial cells on the ventricular
side are frequently exposed to high shear forces while on the aortic side turbulent blood
flow and high levels of antioxidant enzymes are present [73]. Conversely, on the ventricular
side, factors inhibiting calcification are more abundant [73,74].

MiR-133 can be used for guiding the therapeutic management of aortic stenosis,
due to its potential role in predicting left ventricular hypertrophy [75–77]. Sabatino et al.
performed a bioinformatic analysis to identify the most commonly regulated miRNAs
in normal and stenotic bicuspid aortic valves and compared results with normal and
stenotic tricuspid valves for calcium metabolism, blood coagulation, phosphate metabolism,
and inflammatory pathways [13]. The authors’ noted that the levels were differentially
expressed in bicuspid versus tricuspid aortic valves and were also correlated with the
degree of stenosis, as previously discussed. The investigators claim it will be used as a
biomarker as it reflects the degree of myocardial fibrosis [13].

The key factor involved in calcium metabolism and inflammatory pathways was found
to be pidermal growth factor receptor (EGFR) [78]. Several miRNAs, also associated with
calcification, were associated with stenotic tricuspid aortic valves (TAVs) and BAVs, namely
miR-100, -130a, -181a/181b, -199a-5p, -199a-3p, and -214 which have been investigated by
other authors to display higher expression levels in VECs of the fibrosa on the aortic side,
compared to the ventricular side [79].

miR-181 is another important miRNA. Aortic valve endothelial cells were associ-
ated with its increased expression but decreased levels of targets, including SIRT1 and
GATA6 that negatively affect vascular SMCs elastin production [80]. Several other studies
confirmed that its inhibition increases the expression of elastin and collagen while its
stimulation, through direct administration, inhibits atherosclerotic lesion formation [81].

4. Novel Therapeutical Strategies: miRNAs Targeting to Suppress or Activate Them
4.1. Results from In-Vivo and In-Vitro Testing for Aortic Valvular Stenosis

Regulating miRNAs expression is an attractive therapeutic challenge. Valvular cal-
cification is currently not a direct target for pharmacological action. Endothelin receptor
antagonists have emerged as possible molecules of interest in preclinical studies [81,82].
Chronic kidney disease-induced valvular calcification was demonstrated to be slowed by
administration of endothelin type A (ETA) receptor atransentan (10 mg/kg/day) which
reduced SMC differentiation, calcification, and stiffness [81].

Concerning statin treatment, several studies reported increased rates of calcifica-
tion [83]. Possible strategies for miRNAs overexpression include miRNA mimics, miRNA
expression vectors, and small molecules [52,84]. Instead, negatively regulating mi-RNAs
seems to encompass different strategies. Antisense oligonucleotides including locked nu-
cleic acid (LNA)-modified anti-miR, or miRNA sponge vectors can be used to specifically
bind to miRNAs [52]. Toshima et al. demonstrated miR-34a as a potential therapeutic target.
Its inhibition in human aortic tissue exhibiting either calcific aortic valve stenosis (CAVS)
or aortic regurgitation (AR) attenuated calcification signals in porcine aortic valve inter-
stitial cells (AVICs) compared with miR-control [85]. After performing RNA pull-down
assays, miR-34a was demonstrated to directly target Notch1 by binding to Notch1 mRNA
3′ untranslated region [85]. Additionally, miR-34a inhibitor suppressed calcium deposition
of aortic valves and cardiac hypertrophy, both mechanisms involved in decreased Runx2
and increased Notch1 expressions [85].

Another possible strategy recently proposed, involves melatonin administration.
In vitro studies confirmed melatonin reduces the level of CircRIC3, a circular RNA with
procalcific effects. It acts as a miR-204-5p sponge to stimulate and increase expression levels
of the procalcification gene dipeptidyl peptidase-4 (DPP4). A preclinical in vivo study [86]
involving high cholesterol diet (HCD)-treated ApoE−/− mice with aortic valve calcification
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demonstrated that the intragastric administration of melatonin for 24 weeks improved
aortic valvular parameters. It reduced thickness and calcium deposition in the leaflets and
ameliorated echocardiographic markers, namely transvalvular peak jet velocity and aortic
valve area [86]. At the molecular level, it decreased Runx2, osteocalcin, and osterix factors
which are involved in osteogenic differentiation, as we discussed above (Figure 2).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 19 
 

 

(CAVS) or aortic regurgitation (AR) attenuated calcification signals in porcine aortic valve 
interstitial cells (AVICs) compared with miR-control [85]. After performing RNA pull-
down assays, miR-34a was demonstrated to directly target Notch1 by binding to Notch1 
mRNA 3’ untranslated region [85]. Additionally, miR-34a inhibitor suppressed calcium 
deposition of aortic valves and cardiac hypertrophy, both mechanisms involved in de-
creased Runx2 and increased Notch1 expressions [85]. 

Another possible strategy recently proposed, involves melatonin administration. In 
vitro studies confirmed melatonin reduces the level of CircRIC3, a circular RNA with pro-
calcific effects. It acts as a miR-204-5p sponge to stimulate and increase expression levels 
of the procalcification gene dipeptidyl peptidase-4 (DPP4). A preclinical in vivo study [86] 
involving high cholesterol diet (HCD)-treated ApoE-/- mice with aortic valve calcification 
demonstrated that the intragastric administration of melatonin for 24 weeks improved 
aortic valvular parameters. It reduced thickness and calcium deposition in the leaflets and 
ameliorated echocardiographic markers, namely transvalvular peak jet velocity and aortic 
valve area [86]. At the molecular level, it decreased Runx2, osteocalcin, and osterix factors 
which are involved in osteogenic differentiation, as we discussed above (Figure 2). 

 
Figure 2. Possible therapeutic strategies and in vitro/in vivo effects of miRNAs targeting. Techno-
logical approaches of suppressing and overexpressing miRNAs are displayed at the top of the fig-
ure. The subsequent reduction in calcification clinical parameters and molecular pathways is 
achieved. 

The authors also demonstrated melatonin caused in vitro suppression of calcification 
in human valvular interstitial cells (hIVICs) [86]. 

4.2. Technical Concerns on Stability and Efficacy of miRNAs as Therapeutical Targets 
The primary concerns in utilizing miRNAs as therapeutic targets, either to positively 

or to negatively affect them, arise from the need of achieving stability and resistance to 
degradation enzymes. We named expression vectors, antisense nucleotides (ASOs), small 
molecules and miR-mimics as novel approaches under current experimentation. Expres-
sion vectors are also defined as miRNAs sponges and constitute artificial binding sites for 

Figure 2. Possible therapeutic strategies and in vitro/in vivo effects of miRNAs targeting. Techno-
logical approaches of suppressing and overexpressing miRNAs are displayed at the top of the figure.
The subsequent reduction in calcification clinical parameters and molecular pathways is achieved.

The authors also demonstrated melatonin caused in vitro suppression of calcification
in human valvular interstitial cells (hIVICs) [86].

4.2. Technical Concerns on Stability and Efficacy of miRNAs as Therapeutical Targets

The primary concerns in utilizing miRNAs as therapeutic targets, either to positively
or to negatively affect them, arise from the need of achieving stability and resistance
to degradation enzymes. We named expression vectors, antisense nucleotides (ASOs),
small molecules and miR-mimics as novel approaches under current experimentation.
Expression vectors are also defined as miRNAs sponges and constitute artificial binding
sites for miRNAs to reduce their effect on miRNAs [87,88]. Oligonucleotides also bind
miRNAs but are regarded as anti-miR for their sequence complementarity. With this
strategy, they relieve miRNA targets from degradation or transcriptional blockage. Small
molecules serve as translational regulators instead, but specific targets have not been
revealed yet.

A possible strategy to improve stability is the modification with 2-O-methyl (2-
OMe) [89]. This can be then further stabilized with sulfur atoms in place of non-bridging
oxygen atoms in the phosphate backbone. Serum nucleases, deputed to degradation of mi-
RNAs, would find it difficult to cleave phosphorothioate bonds, given that they normally
cleave phosphate bonds [89,90]. The adding of a 3′ cholesterol tail is another approach to
ameliorate stability and efficacy.

To decrease nuclease degradation, modifications including 2-O-methoxyethyl (2-
MOE), 2-fluoro (2-F), and locked nucleic acid (LNA) have also been tested [84]. In particular,
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2′-F-modifications yield resistant nucleotides only in combination with phosphorothioate
modifications and proved to be the most effective one [91].

4.3. Disadvantages in Pharmacokinetics and Proposed Mechanisms for Delivery Vehicles

In vitro studies conducted on oligonucleotides had limited pharmacological effects
due to unfavorable kinetic characteristics, notably poor tissue distribution and fast excre-
tion. Thus, appropriate delivery systems have been developed, functioning as carriers for
in vivo molecular directing [87].

A good delivery system should achieve the following features: evading the immune
system response, avoiding nucleases degradation, directed to target cells, and releasing the
content for incorporation into RNA processing machinery [92–95]. The main combination
strategies include polymers, lipids, conjugation, antibodies, nanoparticles, and microbub-
bles [87]. In particular, nanoparticles can deliver anti-miRNAs and small molecules with a
greater degree of multi-functionality [96]. The advantages of nanoparticles include large
surface-to-volume ratios, hence, controlling their surface properties is crucial [97]. Surface
charges also appear fundamental: macrophage scavenging is increased when the charge
increases in number (either positive or negative) [96,98,99]. So, minimizing interactions to
non-target sites via, as an instance, steric stabilization, would prevent nanoparticles from
directing the molecules to undesired locations, and evading the immune system.

Other emerging technologies to improve kinetic parameters are nanoscale drug deliv-
ery systems using liposomes [100]. Lower systemic toxicity has also been proved, especially
in achieving high efficacies for anticancer therapies [101–103]. Microbubbles, instead, have
been used in combination with ultrasound to deliver anti-miRNAs after ischemia towards
myocardiocytes of mice models. Molecular structure of microbubbles includes mixing of
1,2-distearoyl-sn-glycero-3-phosphocholine, 1,2-stearoyl-3-trimethylammonnium-propane
and polyoxyethylene-40-stearate in H2O, glycerol, and propylene glycol, in the presence of
perfluorobutane gas [87,104–107].

Local miRNA delivery results have been published and discussed in an Israeli study
for metastatic breast cancer prevention by miR-96 and miR-182 treatment [108]. In vivo,
local targeting was achieved by coating breast tumor cells with adhesive hydrogel scaf-
fold covered in nanoparticles carrying the miRNAs of interest [108]. Nanoparticle stabil-
ity achieved with hydrogel was also described for drug delivery in several other stud-
ies [109–111].

5. Conclusions: Future Directions and Clinical Relevance of Preclinical Studies

An Italian group discussed the potential use of miRNAs for mitral valve diseases.
In fact, miRNAs appear as predictive diagnostic and prognostic biomarkers but, most
promisingly, as potential targets for personalized treatments [112].

With regards to the structural and molecular changes in extracellular matrix compo-
sition, the miRNA investigations may be relevant in knowing the progression of altered
ECM during aging. This process leads to calcification or myxomatous degeneration of
cardiac valves and a preventive diagnosis based on miRNA might establish a pharmaco-
logical therapeutic target or a basis to improve existing prosthetic devices and treatment
options [113–115]. An important role could be played by miRna in tissue remodelling
secondary to pressure stressors [116,117]. Another impetus from the miRNA study can be
given to shed light on the early calcification of cryopreserved tissues [118] (Figure 3).

At present, no clinical data on therapeutic approaches targeting miRNAs are available
and hypotheses formulation for future miRNAs practical use remains difficult.

A preclinical study [119] investigated the use of recombinant adeno-associated virus
(AAV-miR155-inhibitor) to inhibit the expression of miR-155-5p for valvular damage caused
by rheumatic heart disease (RHD) in rat models. The different method, comprising an
adenoviral delivery, enabled promising results to be demonstrated. The authors demon-
strated how the administration of a miR-155-5p inhibitor prevented activation of the
SOCS1/STAT3 signal pathway and this resulted in suppression of valvular inflammation.
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The authors utilized dual-luciferase assays to display targeting by miR-155-5p of S1PR1
and SOCS1 [118].
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Additionally, the reduction in valvular inflammation was detected as decreased tissue
levels of Il-6 and Il-17 and fibrosis, both in valves and rat serum.

Unfortunately, even though preclinical studies are very promising, further evidence is
needed to understand how signaling pathways directly modulate the pathophysiology of
degenerative mitral and aortic valve diseases. Furthermore, with regard to degenerative
disease of the mitral valve, more in-depth investigations are needed to clarify the possible
role of circulating miR-150-5p and define its causal relationship with the different patho-
physiological expressions of degenerative mitral valve prolapse. The main objective is to
direct both the early diagnosis and the most suitable therapies through the design and
application of clinical experimental and observational studies.

New insights into circulating miRNAs may open up new scenarios for treatment and
diagnostic screening. About the therapy, the possibility of identifying different possible
pharmacological targets able to slow down or even stop the progression of aortic and mitral
degenerative diseases is outlined. Instead, regarding the new diagnostic procedures, miR-
NAs can be useful as specific circulating molecular signatures to be used as a rapid first line
and less expensive screening tool for the identification of severe aortic and mitral disease.

We hope that in the coming years, further emphasis, interest, and funding will be
allocated for these fascinating molecular approaches.
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Abbreviations

AAV adeno-associated virus
ACP5 acid phosphatase 5
ACVIM American College of Veterinary Internal Medicine
ADAMTS-7 a disintegrin and metalloproteinase with thrombospondin motifs-7
AGEs advanced glycation end products
Ap alkaline phosphatase
APF autophagy promoting factor
APPAT atherosclerotic plaque pathogenesis associated transcript
AR aortic regurgitation
ASD atrial septal defects
ASOs antisense nucleotides
ATF4 activator transcription factor 4
AUROC Area Under the Receiver Operating Characteristics
AVICS aortic valve interstitial cells
BAV bicuspid aortic valve
BMPs bone morphogenetic proteins
BMP-2 Bone morphogenetic protein 2
CAIF cardiac autophagy inhibitory factor
CARL cardiac apoptosis-related lncRNA
CAVS calcific aortic valve stenosis
Chast cardiac hypertrophy-associated transcript
CHD Congenital heart diseases
CHRF cardiac hypertrophy-related factor;
CircRIC3 circular RNA
CoA coarctation of the aorta
CPLL combinatorial peptide ligand library
DPP4 dipeptidyl peptidase-4
EGFR Epidermal growth factor receptor
ESI-MS/MS electrospray ionization mass spectrometry
ETA endothelin type A
FGF Fibroblast growth factor
GAS5 growth block specificity 5
GATA6 GATA Binding Protein 6
Giver growth factor-and proinflammatory cytokine-induced vascular

cell-expressed lncRNA
Gpx1 Glutathione Peroxidase 1
HCD high cholesterol diet
HDAC4 histone deacetylase 4
HIF1A-AS1 HIF1 alpha-antisense RNA1
HOTAIR HOX antisense intergenic RNA
HOXA2 Homeobox A2
hVICs human valvular interstitial cells
IGF-1 insulin-growth factor 1
IS immune system
iTRAQ Isobaric Tags for Relative and Absolute Quantitation
JAK-STAT Janus kinase-signal transducer and activator of transcription
lincRNA-p21 long intergenic noncoding RNA-p21
LNA locked nucleic acid MEG3: maternally expressed gene 3
MALAT1 metastasis-associated lung adenocarcinoma transcript 1
Mhrt myosin heavy chain associated RNA transcripts
MIAT myocardial infarction–associated transcript
miRNA microRNA
MITF Microphthalmia-associated transcription factor
MMPs Matrix metalloproteinase
MMVD myxomatous mitral valve disease
MR mitral regurgitation
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MTCR mitral chordae tendineae rupture
MV mitral valve
MVP mitral valve prolapse
NADPH nicotinamide adenine dinucleotide phosphate
Neat1 nuclear-enriched abundant transcript 1
NRAS neuroblastoma RAS
OC osteocalcin
OPG/RANK/RANKL osteoprotegerin/receptor activator of nuclear factor-kB and its ligand
OPN Osteopontin
OSX osterix factor
Ph phosphorus
PIK3R2 phosphoinositide-3-kinase regulatory subunit 2
Plekhm1 pleckstrin homology domain-containing protein family M member 1
PPP3CA Protein Phosphatase 3 Catalytic Subunit Alpha
PPP3R1 Protein Phosphatase 3 Regulatory Subunit B, Alpha
Prdx1 Peroxiredoxin 1
PTGS 2 Prostaglandin-Endoperoxide Synthase 2
PVA pulmonary valve atresia
RHD rheumatic heart disease
ROS reactive oxygen species
RT-qPCR Real-time quantitative PCR
Runx2 RUNX Family Transcription Factor 2
SATB2 Special AT-rich sequence-binding protein 2
siRNAs short interfering RNAs
SIRT1 Sirtuin 1
SM smooth muscle
SM22α smooth muscle 22 alpha
SOCS1 suppressor of cytokine signaling 1
SOD1 superoxide dismutase 1
SOD2 superoxide dismutase 2
SRF serum response factor
STAT3 signal transducer and activator of transcription 3
S1PR1 Sphingosine-1-Phosphate Receptor 1
TA tricuspid atresia
TAV tricuspid aortic valve
TGFB1 tumor growth factor-beta 1
TGFBR2 transforming growth factor beta receptor 2
TIMP-2 Tissue inhibitor of metalloproteinases 2
TNF-α Tumor necrosis factor-alpha
TOF tetralogy of Fallot
TRPV1 transient receptor potential vanilloid type 1
TUG1 taurine upregulated 1
UCA1 urothelial carcinoma-associated
VC valvular calcification
VEGFA vascular endothelial growth factor alpha
VSD ventricular septal defects
VSMCs vascular smooth muscle cells
XIST X-inactive specific transcript
α-SMA alpha-smooth muscle actin
2D bi-dimensional
2-OMe 2-O-methyl
3D three-dimensional
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70. Wojciechowska, A.; Braniewska, A.; Kozar-Kamińska, K. MicroRNA in cardiovascular biology and disease. Adv. Clin. Exp. Med.
2017, 26, 868–874. [CrossRef] [PubMed]

71. Yoshida, T.; Delafontaine, P. Mechanisms of IGF-1-Mediated Regulation of Skeletal Muscle Hypertrophy and Atrophy. Cells 2020,
9, 1970. [CrossRef] [PubMed]

72. Zhou, H.; Wang, B.; Yang, Y.-X.; Jia, Q.-J.; Zhang, A.; Qi, Z.-W.; Zhang, J.-P. Long Noncoding RNAs in Pathological Cardiac
Remodeling: A Review of the Update Literature. BioMed Res. Int. 2019, 2019, 1–11. [CrossRef] [PubMed]

73. Simmons, C.A.; Zilberberg, J.; Davies, P.F. A rapid, reliable method to isolate high quality endothelial RNA from small spatially-
defined locations. Ann. Biomed. Eng. 2004, 32, 1453–1459. [CrossRef]

74. Simmons, C.A.; Grant, G.; Manduchi, E.; Davies, P. Spatial Heterogeneity of Endothelial Phenotypes Correlates With Side-Specific
Vulnerability to Calcification in Normal Porcine Aortic Valves. Circ. Res. 2005, 96, 792–799. [CrossRef]

75. Scolari, F.L.; Faganello, L.S.; Garbin, H.I.; e Mattos, B.P.; Biolo, A. A systematic review of microRNAs in patients with hypertrophic
cardiomyopathy. Int. J. Cardiol. 2020, 327, 146–154. [CrossRef] [PubMed]

76. Villar, A.V.; Merino, D.; Wenner, M.; Llano, M.; Cobo, M.; Montalvo, C.; García, R.; Martín-Durán, R.; Hurlé, J.M.; A Hurlé,
M.; et al. Myocardial gene expression of microRNA-133a and myosin heavy and light chains, in conjunction with clinical
parameters, predict regression of left ventricular hypertrophy after valve replacement in patients with aortic stenosis. Heart 2011,
97, 1132–1137. [CrossRef]

77. García, R.; Villar, A.V.; Cobo, M.; Llano, M.; Martín-Durán, R.; Hurlé, M.A.; Nistal, J.F. Circulating Levels of miR-133a Predict the
Regression Potential of Left Ventricular Hypertrophy After Valve Replacement Surgery in Patients With Aortic Stenosis. J. Am.
Hear. Assoc. 2013, 2, e000211. [CrossRef]

78. Dixit, G.; Schanz, W.; Pappas, B.; Maretzky, T. Members of the Fibroblast Growth Factor Receptor Superfamily Are Proteolytically
Cleaved by Two Differently Activated Metalloproteases. Int. J. Mol. Sci. 2021, 22, 3165. [CrossRef]

79. Rathan, S.; Ankeny, C.J.; Arjunon, S.; Ferdous, Z.; Kumar, S.; Esmerats, J.F.; Heath, J.M.; Nerem, R.M.; Yoganathan, A.P.; Jo, H.
Identification of side- and shear-dependent microRNAs regulating porcine aortic valve pathogenesis. Sci. Rep. 2016, 6, 25397.
[CrossRef] [PubMed]

80. Heath, J.M.; Esmerats, J.F.; Khambouneheuang, L.; Kumar, S.; Simmons, R.; Jo, H. Mechanosensitive microRNA-181b Regulates
Aortic Valve Endothelial Matrix Degradation by Targeting TIMP3. Cardiovasc. Eng. Technol. 2017, 9, 141–150. [CrossRef] [PubMed]

81. Sun, X.; Icli, B.; Wara, A.K.; Belkin, N.; He, S.; Kobzik, L.; Hunninghake, G.M.; Pinilla-Vera, M.; Blackwell, T.S.; Baron, R.M.; et al.
MicroRNA-181b regulates NF-κB-mediated vascular inflammation. J. Clin. Investig. 2012, 122, 1973–1990. [CrossRef] [PubMed]

http://doi.org/10.33594/000000094
http://www.ncbi.nlm.nih.gov/pubmed/31050282
http://doi.org/10.1161/ATVBAHA.110.216184
http://www.ncbi.nlm.nih.gov/pubmed/21164078
http://doi.org/10.1161/hc4601.099489
http://doi.org/10.1016/j.jacc.2013.11.017
http://doi.org/10.1002/jcp.22999
http://doi.org/10.2217/epi-2019-0104
http://doi.org/10.1038/s41598-019-43231-5
http://doi.org/10.1016/j.prp.2019.01.004
http://doi.org/10.1007/s12013-015-0551-6
http://www.ncbi.nlm.nih.gov/pubmed/25638345
http://doi.org/10.1016/j.emc.2011.08.005
http://doi.org/10.1038/ng1725
http://doi.org/10.1016/j.ydbio.2012.02.018
http://doi.org/10.1073/pnas.1208863110
http://doi.org/10.1038/nature11739
http://doi.org/10.17219/acem/62915
http://www.ncbi.nlm.nih.gov/pubmed/29068585
http://doi.org/10.3390/cells9091970
http://www.ncbi.nlm.nih.gov/pubmed/32858949
http://doi.org/10.1155/2019/7159592
http://www.ncbi.nlm.nih.gov/pubmed/31355277
http://doi.org/10.1114/B:ABME.0000042360.57960.2b
http://doi.org/10.1161/01.RES.0000161998.92009.64
http://doi.org/10.1016/j.ijcard.2020.11.004
http://www.ncbi.nlm.nih.gov/pubmed/33212095
http://doi.org/10.1136/hrt.2010.220418
http://doi.org/10.1161/JAHA.113.000211
http://doi.org/10.3390/ijms22063165
http://doi.org/10.1038/srep25397
http://www.ncbi.nlm.nih.gov/pubmed/27151744
http://doi.org/10.1007/s13239-017-0296-z
http://www.ncbi.nlm.nih.gov/pubmed/28236165
http://doi.org/10.1172/JCI61495
http://www.ncbi.nlm.nih.gov/pubmed/22622040


Int. J. Mol. Sci. 2021, 22, 12132 17 of 18

82. Larivière, R.; Gauthier-Bastien, A.; Ung, R.-V.; St-Hilaire, J.; Mac-Way, F.; Richard, D.; Agharazii, M. Endothelin type A receptor
blockade reduces vascular calcification and inflammation in rats with chronic kidney disease. J. Hypertens. 2017, 35, 376–384.
[CrossRef]

83. Wu, S.Y.; Zhang, B.H.; Pan, C.S.; Jiang, H.F.; Pang, Y.Z.; Tang, C.S.; Qi, Y.F. Endothelin-1 is a potent regulator in vivo in vascular
calcification and in vitro in calcification of vascular smooth muscle cells. Peptides 2003, 24, 1149–1156. [CrossRef]

84. Henein, M.; Granåsen, G.; Wiklund, U.; Schmermund, A.; Guerci, A.; Erbel, R.; Raggi, P. High dose and long-term statin therapy
accelerate coronary artery calcification. Int. J. Cardiol. 2015, 184, 581–586. [CrossRef]

85. Toshima, T.; Watanabe, T.; Narumi, T.; Otaki, Y.; Shishido, T.; Aono, T.; Goto, J.; Watanabe, K.; Sugai, T.; Takahashi, T.; et al.
Therapeutic inhibition of microRNA-34a ameliorates aortic valve calcification via modulation of Notch1-Runx2 signaling.
Cardiovasc. Res. 2019, 116, 983–994. [CrossRef]

86. Wang, Y.; Han, D.; Zhou, T.; Zhang, J.; Liu, C.; Cao, F.; Dong, N. Melatonin ameliorates aortic valve calcification via the regulation
of circular RNA CircRIC3/miR-204-5p/DPP4 signaling in valvular interstitial cells. J. Pineal. Res. 2020, 69, e12666. [CrossRef]
[PubMed]

87. Van der Ven, C.F.; Wu, P.J.; Tibbitt, M.W.; van Mil, A.; Sluijter, J.P.; Langer, R.; Aikawa, E. In vitro 3D model and miRNA drug
delivery to target calcific aortic valve disease. Clin. Sci. 2017, 131, 181–195. [CrossRef]

88. Ebert, M.S.; Neilson, J.R.; A Sharp, P. MicroRNA sponges: Competitive inhibitors of small RNAs in mammalian cells. Nat.
Methods 2007, 4, 721–726. [CrossRef] [PubMed]

89. Thum, T.; Gross, C.; Fiedler, J.; Fischer, T.; Kissler, S.; Bussen, M.; Galuppo, P.; Just, S.; Rottbauer, W.; Frantz, S.; et al. MicroRNA-21
contributes to myocardial disease by stimulating MAP kinase signalling in fibroblasts. Nature 2008, 456, 980–984. [CrossRef]

90. Ma, L.; Reinhardt, F.; Pan, E.; Soutschek, J.; Bhat, B.; Marcusson, E.G.; Teruya-Feldstein, J.; Bell, G.W.; A Weinberg, R. Therapeutic
silencing of miR-10b inhibits metastasis in a mouse mammary tumor model. Nat. Biotechnol. 2010, 28, 341–347. [CrossRef]

91. Davis, S.; Lollo, B.; Freier, S.; Esau, C. Improved targeting of miRNA with antisense oligonucleotides. Nucleic Acids Res. 2006, 34,
2294–2304. [CrossRef] [PubMed]

92. Alexis, F.; Pridgen, E.; Molnar, L.K.; Farokhzad, O.C. Factors Affecting the Clearance and Biodistribution of Polymeric Nanoparti-
cles. Mol. Pharm. 2008, 5, 505–515. [CrossRef]

93. Kanasty, R.L.; A Whitehead, K.; Vegas, A.J.; Anderson, D.G. Action and Reaction: The Biological Response to siRNA and Its
Delivery Vehicles. Mol. Ther. 2012, 20, 513–524. [CrossRef]

94. Whitehead, K.A.; Langer, R. Anderson DG Knocking down barriers: Advances in siRNA delivery. Nat. Rev. Drug Discov. 2009, 8,
129–138. [CrossRef]

95. Tafer, H.; Ameres, S.L.; Obernosterer, G.; A Gebeshuber, C.; Schroeder, R.; Martinez, J.; Hofacker, I. The impact of target site
accessibility on the design of effective siRNAs. Nat. Biotechnol. 2008, 26, 578–583. [CrossRef] [PubMed]

96. Davis, M.E.; Chen, Z.; Shin, D.M. Nanoparticle therapeutics: An emerging treatment modality for cancer. Nat. Rev. Drug Discov.
2008, 7, 771–782. [CrossRef]

97. Chen, M.Y.; Hoffer, A.; Morrison, P.F.; Hamilton, J.F.; Hughes, J.; Schlageter, K.S.; Lee, J.; Kelly, B.R.; Oldfield, E.H. Surface
properties, more than size, limiting convective distribution of virus-sized particles and viruses in the central nervous system. J.
Neurosurg. 2005, 103, 311–319. [CrossRef]

98. Bartlett, D.W.; Davis, M.E. Physicochemical and Biological Characterization of Targeted, Nucleic Acid-Containing Nanoparticles.
Bioconjugate Chem. 2007, 18, 456–468. [CrossRef] [PubMed]

99. Hong, S.; Leroueil, P.R.; Majoros, I.J.; Orr, B.G.; Baker, J.R.; Holl, M.M.B. The Binding Avidity of a Nanoparticle-Based Multivalent
Targeted Drug Delivery Platform. Chem. Biol. 2007, 14, 107–115. [CrossRef] [PubMed]

100. Malam, Y.; Loizidou, M.; Seifalian, A.M. Liposomes and nanoparticles: Nanosized vehicles for drug delivery in cancer. Trends
Pharmacol. Sci. 2009, 30, 592–599. [CrossRef] [PubMed]

101. Allen, T.M.; Cullis, P.R. Liposomal drug delivery systems: From concept to clinical applications. Adv. Drug Deliv. Rev. 2013, 65,
36–48. [CrossRef] [PubMed]

102. Abu Lila, A.S.; Ishida, T. Liposomal Delivery Systems: Design Optimization and Current Applications. Biol. Pharm. Bull. 2017, 40,
1–10. [CrossRef]

103. Barile, L.; Vassalli, G. Exosomes: Therapy delivery tools and biomarkers of diseases. Pharmacol. Ther. 2017, 174, 63–78. [CrossRef]
[PubMed]

104. Van Rooij, T.; Luan, Y.; Renaud, G.; van der Steen, A.F.; Versluis, M.; de Jong, N.; Kooiman, K. Non-linear response and viscoelastic
properties of lipid-coated microbubbles: DSPC versus DPPC. Ultrasound Med. Biol. 2015, 41, 1432–1445. [CrossRef]

105. Langeveld, S.; Beekers, I.; Collado-Lara, G.; van der Steen, A.; de Jong, N.; Kooiman, K. The Impact of Lipid Handling and Phase
Distribution on the Acoustic Behavior of Microbubbles. Pharmaceutics 2021, 13, 119. [CrossRef]

106. Daeichin, V.; van Rooij, T.; Skachkov, I.; Ergin, B.; Specht, P.A.; Lima, A.; Ince, C.; Bosch, J.G.; van der Steen, A.F.; de Jong, N.; et al.
Microbubble Composition and Preparation for High-Frequency Contrast-Enhanced Ultrasound Imaging: In Vitro and In Vivo
Evaluation. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2017, 64, 555–567. [CrossRef]

107. Upadhyay, A.; Dalvi, S.V.; Gupta, G.; Khanna, N. Effect of PEGylation on performance of protein microbubbles and its comparison
with lipid microbubbles. Mater. Sci. Eng. C 2017, 71, 425–430. [CrossRef]

108. Gilam, A.; Conde, J.; Weissglas-Volkov, D.; Oliva-Jorge, N.; Friedman, E.; Artzi, N.; Shomron, N. Local microRNA delivery targets
Palladin and prevents metastatic breast cancer. Nat. Commun. 2016, 7, 12868. [CrossRef] [PubMed]

http://doi.org/10.1097/HJH.0000000000001161
http://doi.org/10.1016/j.peptides.2003.07.008
http://doi.org/10.1016/j.ijcard.2015.02.072
http://doi.org/10.1093/cvr/cvz210
http://doi.org/10.1111/jpi.12666
http://www.ncbi.nlm.nih.gov/pubmed/32369647
http://doi.org/10.1042/CS20160378
http://doi.org/10.1038/nmeth1079
http://www.ncbi.nlm.nih.gov/pubmed/17694064
http://doi.org/10.1038/nature07511
http://doi.org/10.1038/nbt.1618
http://doi.org/10.1093/nar/gkl183
http://www.ncbi.nlm.nih.gov/pubmed/16690972
http://doi.org/10.1021/mp800051m
http://doi.org/10.1038/mt.2011.294
http://doi.org/10.1038/nrd2742
http://doi.org/10.1038/nbt1404
http://www.ncbi.nlm.nih.gov/pubmed/18438400
http://doi.org/10.1038/nrd2614
http://doi.org/10.3171/jns.2005.103.2.0311
http://doi.org/10.1021/bc0603539
http://www.ncbi.nlm.nih.gov/pubmed/17326672
http://doi.org/10.1016/j.chembiol.2006.11.015
http://www.ncbi.nlm.nih.gov/pubmed/17254956
http://doi.org/10.1016/j.tips.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19837467
http://doi.org/10.1016/j.addr.2012.09.037
http://www.ncbi.nlm.nih.gov/pubmed/23036225
http://doi.org/10.1248/bpb.b16-00624
http://doi.org/10.1016/j.pharmthera.2017.02.020
http://www.ncbi.nlm.nih.gov/pubmed/28202367
http://doi.org/10.1016/j.ultrasmedbio.2015.01.004
http://doi.org/10.3390/pharmaceutics13010119
http://doi.org/10.1109/TUFFC.2016.2640342
http://doi.org/10.1016/j.msec.2016.10.021
http://doi.org/10.1038/ncomms12868
http://www.ncbi.nlm.nih.gov/pubmed/27641360


Int. J. Mol. Sci. 2021, 22, 12132 18 of 18

109. Conde, J.; Oliva-Jorge, N.; Artzi, N. Implantable hydrogel embedded dark-gold nanoswitch as a theranostic probe to sense and
overcome cancer multidrug resistance. Proc. Natl. Acad. Sci. USA 2015, 112, E1278–E1287. [CrossRef]

110. Segovia, N.; Pont, M.; Oliva, N.; Ramos, V.; Borrós, S.; Artzi, N. Hydrogel Doped with Nanoparticles for Local Sustained Release
of siRNA in Breast Cancer. Adv. Heal. Mater. 2014, 4, 271–280. [CrossRef]

111. Conde, J.; Oliva-Jorge, N.; Atilano, M.; Song, H.S.; Artzi, N. Self-assembled RNA-triple-helix hydrogel scaffold for microRNA
modulation in the tumour microenvironment. Nat. Mater. 2015, 15, 353–363. [CrossRef]

112. Rita Balistreri, C.; Allegra, A.; Crapanzano, F.; Pisano, C.; Ruvolo, G. Matrix Metalloproteinases (MMPs), Their Genetic Variants
and miRNA in Mitral Valve Diseases: Potential Biomarker Tools and Targets for Personalized Treatments. J. Heart Valve Dis. 2016,
25, 463–474. [PubMed]

113. Spadaccio, C.; Rainer, A.; Mozetic, P.; Trombetta, M.; Dion, R.A.; Barbato, R.; Nappi, F.; Chello, M. The role of extracellular matrix
in age-related conduction disorders: A forgotten player? J. Geriatr. Cardiol. 2015, 12, 76–82. [CrossRef] [PubMed]

114. Spadaccio, C.; Mozetic, P.; Nappi, F.; Nenna, A.; Sutherland, F.; Trombetta, M.; Chello, M.; Rainer, A. Cells and extracellular
matrix interplay in cardiac valve disease: Because age matters. Basic Res. Cardiol. 2016, 111, 16. [CrossRef]

115. Spadaccio, C.; Nappi, F.; De Marco, F.; Sedati, P.; Taffon, C.; Nenna, A.; Crescenzi, A.; Chello, M.; Trombetta, M.; Gambardella, I.;
et al. Implantation of a Poly-l-Lactide GCSF-Functionalized Scaffold in a Model of Chronic Myocardial Infarction. J. Cardiovasc.
Transl. Res. 2017, 10, 47–65. [CrossRef]

116. Nappi, F.; Spadaccio, C.; Chello, M.; Acar, C. The Ross procedure: Underuse or under-comprehension? J. Thorac. Cardiovasc. Surg.
2015, 149, 1463–1464. [CrossRef]

117. Nappi, F.; Fraldi, M.; Spadaccio, C.; Carotenuto, A.R.; Montagnani, S.; Castaldo, C.; Chachques, J.C.; Acar, C. Biomechanics drive
histological wall remodeling of neoaortic root: A mathematical model to study the expression levels of ki 67, metalloprotease,
and apoptosis transition. J. Biomed. Mater. Res. Part A 2016, 104, 2785–2793. [CrossRef] [PubMed]

118. Nataf, P.; Guettier, C.; Bourbon, A.; Nappi, F.; Lima, L.; Dorent, R.; Pavie, A.; Gandjbakhch, I. Influence of arterial allograft
preparation techniques on chronic vascular rejection: A histological study. Transplant. Proc. 1996, 28, 2890–2892.

119. Chen, A.; Wen, J.; Lu, C.; Lin, B.; Xian, S.; Huang, F.; Wu, Y.; Zeng, Z. Inhibition of miR-155-5p attenuates the valvular damage
induced by rheumatic heart disease. Int. J. Mol. Med. 2020, 45, 429–440. [CrossRef]

http://doi.org/10.1073/pnas.1421229112
http://doi.org/10.1002/adhm.201400235
http://doi.org/10.1038/nmat4497
http://www.ncbi.nlm.nih.gov/pubmed/28009951
http://doi.org/10.11909/j.issn.1671-5411.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25678907
http://doi.org/10.1007/s00395-016-0534-9
http://doi.org/10.1007/s12265-016-9718-9
http://doi.org/10.1016/j.jtcvs.2015.01.021
http://doi.org/10.1002/jbm.a.35820
http://www.ncbi.nlm.nih.gov/pubmed/27345614
http://doi.org/10.3892/ijmm.2019.4420

	miRNAs Effects on Aortic Stenosis and Mitral Prolapse Necessity of Novel Biomarkers 
	miRNAs Involvement in Aortic Stenosis Pathogenesis and Calcification Progression 
	The Importance of Discovering Diagnostic Biomarkers for Mitral Valve Prolapse 

	Pathophysiology of Valvular Calcification Pathways, from Preclinical Models to Clinical Perspectives 
	Complex Interplays between miRNAs and Intracellular Osteogenic Signals 
	Over and Underexpression of miRNAs from In Vivo Animal Experimentations 
	Diagnostic and Prognostic Relevance of miRNAs in Mitral Valve Diseases 

	Altered miRNAs Expression in Congenital Valve Disorders and Cardiogenetic Processes 
	Novel Therapeutical Strategies: miRNAs Targeting to Suppress or Activate Them 
	Results from In-Vivo and In-Vitro Testing for Aortic Valvular Stenosis 
	Technical Concerns on Stability and Efficacy of miRNAs as Therapeutical Targets 
	Disadvantages in Pharmacokinetics and Proposed Mechanisms for Delivery Vehicles 

	Conclusions: Future Directions and Clinical Relevance of Preclinical Studies 
	References

