Pre prints.org

Review Not peer-reviewed version

Roles of microRNAs in the
Cardiovascular System

Francesco Nappi - , Sanjeet Singh Avtaar Singh , Vikram Jitendra , Almothana Alzamil , Thibaut Schoell

Posted Date: 25 July 2023
doi: 10.20944/preprints202307.1663.v1

Keywords: MicroRNA; miRNA biomarker; microRNAs functions; acute coronary syndrome; coronary artery
disease

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/454505
https://sciprofiles.com/profile/1743829

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2023 do0i:10.20944/preprints202307.1663.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Roles of microRNAs in the Cardiovascular System

Francesco Nappi 1*, Sanjeet Singh Avtaar Singh 2, Vikram Jitendra 3, Almothana Alzamil ?
and Thibaut Schoell

! Department of Cardiac Surgery, Centre Cardiologique du Nord, 93200 Saint-Denis, France;
almothana.md@gmail.com (A.A.); tiboschoell@hotmail.com (T.S.)

2 Department of Cardiothoracic Surgery, Royal Infirmary of Edinburgh, Edinburgh EH16 4SA, UK;
sanjeet.singh@glasgow.ac.uk

3 Department of Cardiothoracic Surgery, Aberdeen Royal Infirmary, Aberdeen, AB25 2ZN, UK;
vikram jitendra@nhs.scot

* Correspondence: francesconappi2@gmail.com; Tel.: +33-149334104; Fax: +33-149334119

Abstract: The discovery of microRNAs and their role in disease today represents a substantial breakthrough
that has inspired and propagating research on microRNAs as targets for diagnosis and therapy. Cardiovascular
disease is an area where the limitations of early diagnosis and conventional pharmacotherapy are evident and
deserve attention. Thus microRNA-based drugs have substantial potential for development. Research and its
application can progress considerably as witnessed in preclinical and clinical trials. The use of miRNAs remains
experimental at the time of writing but has a promising role in the diagnosis and prognosis of a variety of acute
coronary syndrome presentations. Its use, alone or in combination with currently available biomarkers, could
be adopted soon, especially if diagnostic ambiguity exists. In this review, we explore the current state of
knowledge about microRNAs as potential targets for diagnosis and therapy in the cardiovascular system. We
report recent improvements in the acknowledgment and characterization of microRNAs focusing on clinical
translation. The new dares and outlooks toward clinical application are discussed.

Keywords: MicroRNA; miRNA biomarker; microRNAs functions; acute coronary syndrome; coronary artery
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1. Introduction

The discovery of a small non-coding RNA in Caenorhabditis elegans with a regulatory function
in gene expression at the post-transcriptional level dates back three decades [1,2]. In higher
eukaryotes, the subsequent advances in molecular biology applied to the non-coding RNA field have
led to the identification of numerous microRNAs, also called miRNAs. Hence, the discovery that they
regulate most mammalian mRNAs was a gamble that paid off [3]. However, the questions regarding
the number of microRNAs that are expressed in humans remain an open window to this day. Starting
in 1973 and following the annotations reported from time to time in the mirBase 22.1 [4] of human
microRNAs, it has been observed that many do not resist treatment due to strict criteria such as
expression, sequence constraints, or evidence of productive processing of the precursors. This
concern has resulted in a significant numerical fluctuation for functional microRNAs in humans that
seems to oscillate from 556 (mir-GeneDB 2.0) [5] to 758 [6]. Another non-negligible aspect concerns
the fraction of functionally relevant microRNAs that depends on a sufficiently high expression in the
tissue. Thus, the fraction of functional microRNAs can be further reduced so that metric disparities
in percentages can affect function. It is optimistically possible to hypothesize, albeit on entirely
provisional certainties, a critical role in the cardiovascular system of up to 150 microRNAs. Analysis
of 30-35 microRNAs have been validated. In vivo experimental models have also been
comprehensively performed highlighting the clinical role of many of these candidates and their
diagnostic and therapeutic potential. Figure 1 Furthermore, equally promising predictions concern
many other candidate microRNAs, implicated in the diagnosis and therapy of cardiovascular
diseases.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. MicroRNAs with critical roles in the cardiovascular system, based on deregulation in disease
or disease models and effects of their manipulation in vivo. The different boxes indicate the miRNA
type and organism of evaluation (yellow), the disease condition and regulation, (blue), and the key
experimental in vivo (green). Abbreviations; AF, atrial fibrillation; Angll, angiotensin II; CAD, coronary
artery disease; CnA, human calcineurin subunit A; DCM, dilated cardiomyopathy; HF, heart failure;
I/R, cardiac ischemia/reperfusion; CM, cardiac myocyte; EC, endothelial cell; KO, knockout; SMC,
smooth muscle cell; MI; myocardial infarction; PPCM, peripartum cardiomyopathy; AAC/TAC,
ascending/transverse aortic constriction. Ref. [7-48].

Although polymorphisms in microRNA biogenesis factors, microRNA genes, or microRNA
response elements (MREs) have emerged from the Genome Wide Association Study (GWAS) [49],
the pathophysiological consequences have been resolved in a select few. In contrast to this limited
knowledge, a wealth of microRNAs that are deregulated or modified in disease can be highlighted.
The central question is about the deregulation of a microRNA. Does it cause disease or merely
indicate it? MicroRNAs that are actively implicated in disease pathophysiological processes are often
associated with elevated baseline steady-state expression, pronounced deregulation in disease
(Figure 1), and the preferential presence of both in cells/tissue. For example, subjects with a transverse
aortic constriction (TAC) model of ventricular pressure overload have miR-21-5p as the most
abundant microRNA in cardiac macrophages. This miRNA is also upregulated 7-fold in the
myocardium [50]. Another example concerns miR-29b-3p which is highly expressed in cardiac
myocytes and upregulated approximately 3-fold in the presence of TAC [11]. Distinct
pathophysiological effects in the myocardium or vasculature following manipulation (Figure 2A) are
induced by many of the 30-35 microRNAs that have substantially demonstrated critical
cardiovascular roles. Figure 1A fraction of these has a pathophysiological action dependent on the
involvement of signaling pathways leading to the secretion of protein factors (Figure 2B), while for
others, the action is specifically exosome-mediated as they are themselves secreted in extracellular
vesicles (Figure 2C). The impetus due to the growth in the knowledge of microRNAs has gone hand
in hand with the increase in the therapeutic development of these molecules in the myocardium and
the vascular system [51] Figures 1 and 2.

The aim of this review is to highlight the action of some of these candidate miRNAs in relation
to their cardiovascular role and their potential clinical development in the diagnosis and therapy of
cardiovascular diseases. Although word count constraints prevent us from a detailed discussion of
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all microRNAs in Table 1, we address an overview of the roles of microRNAs in the cardiovascular
system by focusing on the role of microRNAs as circulating biomarkers in acute coronary syndromes.
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Figure 2. In section A, the functions of microRNAs in the myocardium and vasculature are

epitomized. The process promoted by the suggested microRNA is indicated by the + sign, while the -
sign indicates that the pathophysiological process is prevented by the suggested microRNA. The
respective columns contain information on the microRNAs that encourage or compromise cardiac
function if their elevation or inhibition is recorded. Section B shows examples of microRNAs that
control targets involved in cell-cell communication in the cardiovascular system (information gleaned
from studies cited in Tables 1-3). Section C reports the paracrine roles of microRNA specimens
secreted in the cardiovascular system. Atheroprotective effects are advocated by extracellular miR-
126-3p (184) and miR-143-3p/miR-145-3p, proangiogenic effects are promoted by exosomal miR-143-
3p, miR-222-5p, miR-92a -3p, and miR-214-3p, while miR-320-3p gives the opposite effect. The miR-
21 passenger strand (3') is enriched in exosomes from cardiac fibroblasts, inducing cardiac myocyte
hypertrophy, while the miR-21 lead strand, released from endometrial mesenchymal stem cells, is
cardioprotective promoting cell survival and angiogenesis. In a retrograde direction, several
microRNAs of myocardial origin promote the mobilization of progenitor cells in the bone marrow.
miR-223-3p is carried by platelets and regulates the differentiation and proliferation of vascular
SMCs. For an overview of these and other cardiovascular microRNAs with proposed paracrine
function. Abbreviations; EC, endothelial cell; SMC, smooth muscle cell. Refs. [20,52-58].
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2. MicroRNAs Pathophysiologic Surroundings: Insight on Biogenesis, Stability, and Strand Bias
of microRNAs

MiRNAs are composed of non-coding RNA sequences that assemble ~22-24 nucleotides. The
leading functions exercised concern the fine-tuning of gene expression, the control of tissue growth,
and in the government of homeostasis [59,60]. As far as the regulation of gene expression is
concerned, the intervention of miRNAs is not only directed towards the cell of origin but operate as
main players in the governance of intercellular communication. During the first step, miRNAs are
generated starting from pre-miRNA whose synthesis is advocated by the enzyme RNA polymerase
II operating on DNA substrate. Subsequently, various enzymes participate in the modifications of
the primordial structure of the miRNA and its delivery to the cytoplasm. Here, mature miRNA
constitutes the RNA-induced silencing complex (RISC) with Dicer, Argonaute 2, and the
transactivation response RNA-binding protein [61,62]. Lastly, miRNAs tie the 3’ untranslated regions
of target messenger RNAs (mRNAs) across their 8-nucleotide seed sequence. Semi-complementarity
of mature miRNA with target mRNA promotes translational repression, whilst full complementarity
of mature miRNA with target mRNA assists mRNA degradation [63-65]. Although the pairing of
accessories beyond the seed sequence can promote target recognition, only a fraction of microRNAs
appears to be dependent on these interactions [66—68]. MicroRNA target sites in mRNA are found as
microRNA response elements (MREs) primarily within the 3'-UTR and less frequently found in the
5-UTR or coding regions [66,69]. Unlike the function of IncRNAs or circRNAs, for which different
mechanisms of action have been highlighted, microRNAs have two clearly defined activities. the
dominant activity is to induce degradation or as a secondary activity promote the translational
silencing of target mRNAs [66].

The microRNA folder is supplemented by non-genetic variants, termed isomiRs, which result
from different microRNA processing, nucleotide addition, or editing [70,71]. Many cardiovascular
isomiRs are recognized, refs. [72,73] with levels fluctuating in disease [72]. For miR-487b-3p and miR-
411-5p R isomes, distinct variants and model targetomes were detected [74,75]. The genesis of a
microRNA corresponds to its enzymatic degradation at the end of the life cycle. Most microRNAs
have been shown to have a significantly longer half-life than mRNAs, as well as considerable
variability, depending on the microRNA strand and sequence, cell type, and transaction factors
(Figure 1A) [76,77]. Among the latter, targets of microRNAs have also been identified. Although the
mechanistic features of target-directed microRNA degradation (TDMD) have been settled [63,78,79]
and the meaning of TDMD is well demonstrated in vivo [80], it is difficult to identify mRNAs that
engage in TDMD.

miRNAs are decisive for embryonic growth, regular physiology, and function of the
cardiovascular apparatus [81-83]. Cellular expression standards of miRNAs are modified in assorted
cardiovascular disorders which include MI, cardiac hypertrophy, and failure. In addition,
hypertension, obesity, hyperlipidemia, and diabetes promote higher levels of miRNAs [83-86]. A
variety of experimental models of atherosclerosis were assessed focusing on the miRNAs’ function.
A considerable role of different miRNAs has been advocated in analyzing in vitro and in vivo
processes of atherogenesis. Specifically, this includes the elicited phenomena of inflammation,
endothelial cell activation, angiogenesis, vascular smooth muscle cell proliferation, migration, and
neointima formation have been related to increased miRNA expression [86,87].

The mechanism of active and selective secretion of miRNAs in living cells has been widely
described as how this specific function contributes to cell-tissue communication [88-90]. The
conveyance of secreted miRNAs is ensured by extracellular vectors, which involve specific molecular
assets such as Argonaute 2, nucleophosmin, and lipoproteins. Again, miRNAs can alternatively be
upregulated into extracellular macrovesicles and subsequently reversed into recipient cells where
they alter gene expression [88,91,92]. From these observations, it follows that, contrary to mRNA
turnover, miRNAs are molecules that persist in a stable frame for the time of the permanence in the
circulation, with optimal advocated protection from endogenous ribonuclease activity [88,89,92].
These findings strengthened the notion that circulating miRNAs could have the potentially functional
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role of biomarkers capable of detecting the different entities of ACS. Rather, many reports are
available that have assessed the diagnostic perspective of miRNAs in these clinical settings. Figure 3.
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Figure 3. The biogenesis and function of MicroRNA (miRNA) is reported. Nuclear pre-miRNAs are

synthesized and released into the cytoplasm where 3 main steps promote the final synthesis of
activated RN As that progress alongside the production of precursor miRNA (miRNA duplex), RNA-
induced silencing complex (RISC complex); and RNA activation (RNAi). A) Canonical elaboration,
functional activation, mechanism of action, and degradation pathways of microRNAs are reported.
The first step of canonical microRNA biogenesis initiates from greater hairpin RNA molecules (pre-
miRNAs), which are produced by RNA Pol II transcription of microRNA genes or clusters, or which
occur as part of introns. The second step is based on a microprocessor complex restraining the
endonuclease Drosha, the DiGeorge critical region 8 protein (DGCRS), and other factors then cleaves
these pre-miRNAs. Finally, the resulting pre-miRNA is exported to the cytoplasm, where the nuclease
Dicer works to tailor from 21 to 22 nucleotides in length. Noncanonical mechanisms of microRNA
biogenesis are also described, some of which bypass the microprocessor complex or Dicer. Following
processing into a duplex of 21-22 nucleotides in length each, one strand called the leader strand,
becomes part of the RNA-induced silencing complex (RISC), while the passenger strand (or *-strand)
undergoes accelerated degradation. In case both strands are maintained individual functions can be
adopted, as demonstrated for cardiovascular miR-21 and miR-126. Another exception is microRNA
strands that localize to the nucleus, where they function in unusual ways. The degradation step of
microRNAs includes the role of the exonucleases XRN-1, PNPase o0ld-35, and RRP41 or the
endonuclease Tudor-SN. The DIS3L2 nuclease degrades a subset of microRNAs after modification by
terminal uridyltransferases (TUTases). Mechanisms of target-directed microRNA degradation
(TDMD) have been resolved, including the involvement of ubiquitin ligases. (B) Pathways toward the
identification and validation of disease-relevant cardiovascular microRNAs are reported. (C)
Approaches for identifying microRNA targets are depicted. Refs. [52,70,78,79,93-96].

3. Searching Roles of microRNAs in the Cardiovascular System

Several studies have demonstrated a strong upregulation of miR-21-5p in the weakened human
heart [12]. The close correlation of miR-21-5p with the fibrosis process has suggested an upregulation
of this molecule also in renal and pulmonary diseases in which fibrotic degeneration is shared as a
common denominator. In animal models, miR-21 inhibitors have been observed to work to prevent
cardiac fibrosis [12] or neointima formation [13]. While a global miR-21-5p deficiency remained
undetected [33,81], the effects of the inhibitors were reiterated by a genetic knockout of miR-21 in
non-myocyte cells, [14] thereby pointing out a crucial role in them. Cardiac macrophages and
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fibroblasts record substantially increased miR-21-5p levels [14,50]. Macrophage-specific miR-21-5p
deficient mice were resistant to transverse aortic constriction induced by structural and functional
phenotypes, associated with reduced inflammatory phenomena. [50] Steadily, pigs receiving
antimiR-21 after ischemia/reperfusion demonstrated improved cardiac function and reduced
triggering inflammation [9]. The set of results reported on the role of miR-21-5p in the myocardium
gives it a strong profibrotic and proinflammatory function. In accordance, LNA-antimiR-21 is
presently undergoing specific evaluations reported in a phase II study for the treatment of fibrotic
renal disease.

The miR-29 is considered a family of four nearly identical variants. It has been suggested that it
regulates collagen and other matrix proteins, thus making it a designated target for antifibrotic
therapies. von Roji and colleagues in a landmark study on miR-29 reported a repressive function
exerted on collagen associated with an improvement in cardiac function was offered by miR-29
mimics [15]. This idea has since been reiterated in other organs, resulting in a finale progress of a
miR-29 mimic (MRG-201) that is effective in the treatment of idiopathic pulmonary fibrosis. This
principle, is, however, aimed at a reduction of collagen expression, antimiR-29b favored the
stabilization of the vascular wall subjected to structural modifications that generated abdominal
aortic aneurysms in mouse models [16,17]. In contrast to these findings, Sassi and colleagues
observed that miR-29 inhibition, rather than elevation, prevents cardiac fibrosis [11]. This unexpected
and surprising result surprised experts in the field, but its underlying mechanism was elucidated by
the authors. Each of the miR-29 variants is predominantly expressed in cardiac myocytes with high
levels in cardiac fibroblasts that are recorded only with prolonged cultivation. The main profibrotic
pathophysiological mechanism within the fibroblasts deployed by miR-29 results in the induction of
the Wnt pathway for cell hypertrophy and paracrine signaling, Hence, miR-29 inhibition appears
appropriate in the myocardium, whereas its elevation is useful for suppressing fibrotic pathways in
fibroblasts in patients with skin diseases.

Two independent studies [21,24] explored the elevated expression of miR-92a-3p in endothelial
cells and deregulation in mouse models with developed myocardial and vascular tissue lesions. A
functional LNA antimiR against miR-92a was shown to promote angiogenesis and tissue repair in
these models [24], which was subsequently corroborated in a study based on a porcine
ischemia/reperfusion model [21]. These data have been translated, with a first step towards clinical
application, following the results reported in a pharmacological study on antimiR-92a, called MRG-
110. The enrolled cohort consisted of healthy individuals who received a single drug by intravenous
injection [97]. Importantly, given the efficacy of antimiR-92a after intradermal inoculation, which was
also found in animal models of skin injury, a second phase I clinical study using this route of
administration was designed (ClinicalTrials.gov NCT03603431).

Upregulation of miR-155-5p in immune cells has been reported in patients experiencing cardiac
inflammation or in respective animal models [23,26]. Bone marrow transplantation experiments in
mice suggested that the proinflammatory activity of miR-155 is linked to macrophages [91], in which
NF-«B expression is enhanced. Instead, an increase in miR-146a-3p expression is opposed to this
effect [27]. Although miR-155 inhibition improves cardiac inflammation in mice [23,26], the notion of
macrophage-specific miR-155 deficiency favoring an arrest of the arteriogenesis process after
vascular injury [28] needs to be further analyzed to support these initial findings. Cobomarsen, an
antimiR against miR-155, progressed to a phase I study in cutaneous T-cell lymphoma
(ClinicalTrials.gov NCT02580552) [98], but a phase II study was halted due to speculative interest in
cardiovascular research. Since the clinical data collected would be valuable, they can be used to guide
the development of antimiR-155 for cardiovascular therapy.

MiR-132-3p has passed the preclinical phase and moved into the clinical one progressing in
efficacy, safety, and benefits very quickly. The most surprising data concerned the genetic deficiency
of the miR-132/-212 cluster or of an antagomir against miR-132-3p that prevented TAC-induced
pathological cardiac remodeling [25]. Based on these observations, an evaluation of miR-132-3p
inhibition was performed in mouse models of heart failure and blood pressure overload was induced
[22,25]. In another study using a porcine model of heart failure, authors demonstrated a long
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persistence within cardiac tissue (t12 of 3 weeks) of miR-132 with an advantageous safety profile.
The authors also validated the derepression of miR-132 targets [22]. Again, in pig models of induced
myocardial infarction, the use of antimiR-132 improved cardiac function after myocardial injury [99].
In another pig model, the same effects were achieved to prevent chronic pressure overload [100]. A
first study performed in humans, with dose-escalation (phase Ib) in patients with heart failure
revealed good tolerability and the first evidence of a therapeutic benefit [101].

4. MicroRNAs as Circulating Biomarkers in Acute Coronary Syndromes

A report by the World Health Organization validated by the Center for Disease Control and
Prevention (CDS) has indicated coronary atherosclerotic disease (CAD) and acute coronary
syndrome (ACS) alongside its major cause of complications, as the main culprits for morbidity and
mortality worldwide [102-104]. The diagnostic classification of ACS goes beyond the generic term so
that myocardial infarction (MI) is manifested by electrocardiographic signs of elevation or depression
of the ST segment (STEMI/NSTEMI) or as unstable angina pectoris (UA). ACS includes a
heterogeneous patient population, of which only 50% are admitted to the hospital with chest pain
having a cardiac origin [105-109]. This significant heterogeneity, which dominates the cohorts of
patients with acute chest pain, has raised concerns to identify highly sensitive and specific diagnostic
tools capable of directing toward a precise diagnosis, avoiding the potential onset of complications,
and carrying out a precise risk stratification. The clinical presentation, the electrocardiogram, and
specific cardiac biomarkers are the cornerstone tools on which the diagnosis of acute forms of ACS is
based. The most reliable test for myocardial infarction (MI) and myocardial necrosis is based on serial
measurements of serum troponin levels [110]. Although the procedure represents the current
standard for diagnosis, it nevertheless retains limitations related to the delay with which the troponin
increase occurs. This gap of 1-2 hours, which allows the exclusion of myocardial infarction through
the possibility of accessing an early diagnosis, is today the most important clinical challenge to face.
Therefore, the need to practice serial measurements during the downtime for the diagnosis of MI,
during the prolonged observation of patients in emergency medical and/or cardiology facilities, is
the primary factor driving the search for new rule-in and rule-out strategies needed for early
detection of MI [111,112]. The benefits associated with using miRNAs as biomarkers were established
in a landmark setting by Mitchell and colleagues nearly 14 years ago [113]. The improvement in
diagnosis using miRNAs is almost certainly because they are short, non-coding, post-transcriptional
regulators of gene expression with remarkable stability in circulation [113]. The diagnostic efficacy of
these molecules has been extensively studied and their utility as biomarkers has been proposed for
the diagnosis of various diseases including aortic dissection, in which human cytomegalovirus-
encoded microRNAs expression profile was found in the plasma of patients [84,85,113-117]. Figure
4.


https://doi.org/10.20944/preprints202307.1663.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2023 do0i:10.20944/preprints202307.1663.v1

ST-elevation on the 12-lead Cardiomyocytes —
ECG cell apoptosis -

Heart tissue infarction % Apoptotic Proteins
ACS- ;
STEMI v

upregulated/ - Larly STEMI i

downregulated in
circulation during Ml

Therapeutic

Figure 4. Above Delivery of miRNAs into the bloodstream is promoted during STEMI. This process
is the response to myocardial infarction involving impaired cardiomyocytes that release circulating
miRNAs via protein complexes, microvescicles, exosomes, apoptotic bodies and/or mesenchymal
stem cells, and thus are upregulated or downregulated. Below. miRNA may serve as a diagnostic,
prognostic, and therapeutic pathway in patients with STEMI. Abbreviations: ST, ST Segment; ECG,
electrocardiogram; ACS, acute coronary syndrome; STEMI, ST-segment elevation myocardial
infarction; RNA, ribonucleic acid; miRNAs, microRNAs; MSCs, mesenchymal stem cells.

5. Insight into the Diagnostic and Prognostic Value of Circulating microRNAs in Coronary
Artery Disease. Evaluation of the New Disease Diagnosis Guide for Stable CAD and Acute
Coronary Syndrome

Coronary artery disease is the most common manifestation of cardiovascular disease and acute
coronary syndrome is related to considerable morbidity and mortality in a wider part of the
population worldwide. Several biomarkers for the diagnosis of acute myocardial infarction are
known and used. Among these, cardiac troponins are routinely employed as biomarkers in
individuals who experience chest pain; however, it lacks sensitivity in the initial hours after the onset
of symptoms, which obscures its full diagnostic validity. For this reason, the need to find new
biomarkers for the diagnosis of coronary events is still a priority in research aimed at application in
the clinical field. Current studies have suggested a substantial role of miRNAs in advocating
atherosclerotic plaque generation and their expression is modified during the course of CAD
occurrence. While disparate reports have supported the non-superiority of several miRNAs over
troponin in the diagnosis of AMI, nevertheless their use may be directed in the early diagnosis and
prognosis of patients with CAD. In this scenario, further studies are required. We have summarized
recent studies investigating circulating miRNAs as novel biomarkers in CAD, AMI diagnosis, and in-
stent restenosis. We also examined the role of miRNAs in CVD risk stratification as well as evaluated
their role in the prognosis of patients with acute coronary syndrome [118-122].

5.1. MicroRNAs and Coronary Artery Disease

Discontinuous and relatively discordant results have been reported in different reports
involving cohorts of patients with ACS occurring in the two clinical conditions of stable angina (SA)
and unstable angina (UA) pectoris. The data that emerged supports a relatively subtle meaning and
the absence of a significant diagnostic value capable of explaining the real validity and efficacy of
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miRNAs in the diagnosis of the various forms of ACS. The diagnostic benefits associated with the
investigation of miRNAs as biomarkers in the early diagnosis of unstable angina (UA) were
established in a landmark paper from the German Center for Cardiovascular Research 10 years ago
[124]. The considerable albeit not conclusive results obtained from this study were because it was
conducted in three phases with the enrollment of a large number of patients. In detail, 667 miRNAs
were selected in the first screening phase by identifying three arms of patients. Acute coronary
syndrome occurred as UA was disclosed in 10 subjects while non-cardiac chest pain (NCCP) in 10
others. The third cohort of patients encompassed 20 healthy subjects that were matched for sex and
gender to those patients who exhibited UA. From the initial reference reservoir, screening identified
25 miRNAs interconnected to UA (p > 0.05), and to this, miR-1, miR-208a, and miR-208b were added.
All these elements were evaluated in the second phase of replication for the final identification
process. The second stage employed an independent patient cohort consisting of 49 UA and 48 NCCP
patients. Eight miRNAs including miRNA-19a, miRNA-19b, miRNA-132, miRNA-140-3p, miRNA-
142-5p, miRNA-150, miRNA-186, and miRNA-210, were considered critical to enter the final stage,
due to their substantial commonality feature to be detected in patients presenting with UA in the first
two stages. The third phase involved the validation and supported diagnostic capability of the
miRNAs in UA subjects. Confirmation was achieved by examining forty-six UA and sixty-three
NCCP patients from the first cohort. The baseline statistical asset was represented by their respective
areas under the curve (AUC) which was calculated in patients with UA compared with patients with
NCCP. It emerged that MiR-186 showed the best result (AUC=0.78). The second and third best-
expressed miRNAs were miR-132 and miR-150, respectively reaching an AUC of 0.91 [124].

More research was conducted within the same period. The aim was to evaluate, in CAD patients
compared to healthy controls, both the circulating miRNA profiles and to find the expression of
useful miRNAs, thus suggesting correct discrimination between SA and UA pectoris [125]. The
authors performed an initial screening of 367 miRNAs by recording key data of three miRNAs with
higher expression levels in patients with coronary artery disease (CAD) than in those without the
disease. An increase of miRNA-337-5p was reported only in SA, but not in UA. Instead, miRNA-433
and miRNA-485-3p were individually increased in both SA and UA compared to healthy controls.
However, a substantial difference was not attributed to any of the three miRNAs regarding the
clinical type of ACS hitherto supporting a specificity for SA or UA. The study was also directed at 14
previously investigated miRNAs that had advocated promising evidence. When comparing CAD
patients and healthy controls, seven of these miRNAs were found to be dysregulated. The data
emerged underlined for miRNA-1, miRNA-122, miRNA-126, miRNA-133a, miRNA-133b, and
miRNA-199a substantially increased both in the presence of SA and UA, individually. Instead,
miRNA-145 was significantly increased only in patients with UA. The statistical asset for AUC
revealed predictive outcomes in the two groups analyzed. In the SA cohort of patients, three miRNAs
had a predictive value > 0.85 compared to controls, with respective values of miRNA-1 = 0.918,
miRNA-126 = 0.929, and miRNA-485-3p = 0.851. In the UA cohort, the respective AUC values for
miRNA-1 = 0.92, miRNA-126 = 0.867 and miRNA-133a = 0.906 were found to be satisfactory (>0.85).
The identifiable statistical asset in the AUC area was never considered effective when the two SA and
UA arms were compared with the results not achieving diagnostic power. Although the combination
of the three best miRNAs with an efficiency of 90.2% and 87.2% respectively could discriminate
patients with SA and UA compared to non-pathological controls; however, between the two groups
with CAD, the discriminatory capacity never exceeded 66% [125]. The discrepancy in the results
appears evident when comparing the former study with that of Fichtlscherer et al., [126] in which the
AUC area was assessed by correlating the two clinical conditions of CAD. It was observed that the
levels of miR-17, miR-92a, miR-126, miR-145 and miR-155 were decreased in the CAD-SA group
compared to healthy controls. Instead, miR-133a levels and miR-208a levels were increased, although
the reported values did not suggest significance [126]. In patients with CAD, the diagnostic potential
of miRNAs with altered expression, thus constituting a cluster, was evaluated. In the first phase, 13
patients with UA and 13 controls with chest pain who did not demonstrate atherosclerosis during
PCI were identified and screened using miRNA profiles. The presence of thirty-four significantly
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deregulated miRNAs was observed in the UA group. The innovative data of this study concerned
the differentiation of miRNAs into clusters vs belonging to a specific family. If some of these miRNAs
were derived from gene loci close to each other; they were defined as clusters, such as the miR-
106b/25/93 cluster and the miR-17/19b/20a/92a cluster. Instead, miR-21/ family 590-5p was classified
as belonging to the same family as it shared 5’ seed sequences with other miRNAs. Out of a total of
34 identified miRNAs, seven (miRNA-106b, miRNA-25, miRNA-92, miRNA-21, miRNA-590-5p,
miRNA-126*, and miRNA-451) were selected based on criteria referable to the high levels of
circulating abundance, previous findings and cluster definition or same family membership. From a
separate cohort 3 groups of subjects 45 patients with UA, 31 patients with AS, and 37 controls were
identified [125].

Fichtlscherer et al. [126] and et Ren al. [127] first independently proposed the systematic
determination of miRNA dosage, although they advocated substantial differences between acute
coronary syndrome clinical settings. The most favorable target to demonstrate the emerging role of
miRNAs was to find their up- or down-regulation. miRNA-17, miRNA-20a, miRNA-21, and miRNA-
92a were downregulated in patients with CAD due to stable angina [128], while upregulation was
recorded in patients with CAD due to unstable angina [127]. Thus, in unstable angina patients, all
seven miRNAs were raised as compared to both stable angina and healthy controls even after
adjustment for risk factors [59]. In this clinical condition, it is possible to hypothesize that a signature
of the miRNA-106b/25 cluster, the miRNA-17/92a cluster, the miRNA-21/590-5p family, miRNA-126%,
and miRNA-451 could be used as a biomarker for AU [127].

Recently a report by Su et al. [129] assessed circulating microRNAs (miRNAs) as non-invasive,
specific, and sensitive biomarkers for diagnosing coronary artery disease. 203 patients who
experienced CAD and 144 age-matched controls (126 high-risk controls and 18 healthy volunteers)
were enrolled by using the direct S-Poly(T)Plus method. The advantage of this process provided a
sturdy quantification associated with the free RNA extraction procedure, which made plainer
strategies, reduced variations, in particular raised accuracy. Direct S-Poly(T)Plus was able to identify
novel miRNAs expression profiles of CAD subjects and assess their clinical diagnostic usefulness.
Protocol mandated permission to identify twelve differentially expressed miRNAs amongst CAD
patients. Likewise, high-risk controls were screened, and the performances of these miRNAs were
assessed in validation set-1 with 96 plasma specimens. Ultimately from these 12 miRNAs six, which
included miR-15b-5p, miR-29¢-3p, miR-199a-3p, miR-320e, miR-361-5p, and miR-378b, were verified
in validation set-2 with a sensitivity of 92.8% and a specificity of 89.5%, and the AUC reached 0.971
(95% confidence interval, 0.948-0.993, P < 0.001) in a large cohort for CAD subjects’ diagnosis. These
results promote the efficacy of the direct S-Poly(T) Plus method which could be used for the diagnosis
of CAD by targeting 12 unique miRNAs. Moreover, plasma fractionation suggested that only small
amounts of miRNAs were collected into EVs [129].

5.2. MicroRNAs and Acute Coronary Syndrome

This role was formally recognized in two seminal papers in which assorted separate cardiac and
muscle-enriched miRNAs were evaluated and proposed as potential biomarkers of acute MI.
[125,130] Subsequently following the emerging evidence, in a larger study dictated to establish the
role of miRNAs in the diagnosis of MI, the levels of miRNA-208b and miRNA-499, as well as high
sensitivity troponin (hs-Tn), were measured in 510 MI patients and 87 healthy controls [131]. Davaux
et al. [131] suggested that both miRNAs were significantly increased in MI patients compared with
controls. For miRNA-499 the statistical asset relative to the AUC area was equal to 0.97 when healthy
subjects were compared with those who exhibited IM; however, greater diagnostic accuracy was not
attributed to the emerged data, compared to the determination of the hs-Tn alone. If in patients in
whom a diagnosis of myocardial infarction was erroneously established, and retrospective addition
of miRNA-499 was subsequently performed to correct the evaluation, the diagnosis did not
substantially improve [131]. A relatively low sensitivity and specificity of miRNAs compared to cTn
measurement has the effect of weakening the diagnostic potential of miRNAs. The expression of
miRNA-1, miRNA-133a, miRNA-208b, miRNA-499, and cInT were analyzed in 67 patients with
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acute MI while 32 constituted the control group of healthy volunteers [132]. In patients with acute MI
it was noted that of the four miRNAs analyzed, all were markedly increased within 12 hours of the
onset of chest pain. Controls performed on day 14 after acute myocardial injury showed equivalent
miRNA levels between groups. Evidence suggested that for all these miRNAs a useful role as
biomarkers for AMI could be considered even if lower sensitivity and specificity distinguished the
measurement of miRNAs from that of ¢cTnT [132].

A meta-analysis pooled data from these two previously reported studies [132,133] to compare
the potential of microRNAs as biomarkers in patients experiencing MI versus values expressed in
healthy subjects. In detail, 192 full-text articles were screened from which 19 articles were included
in the final analysis. In 15 of these, the 4 miRNAs most frequently reported in the articles were
extrapolated and then a detailed evaluation of the studied miRNAs was performed. miRNA-499 was
evaluated in 8 studies, miRNA-1 in 7 studies, miRN A-208b in 6 studies, and miRN A-133a in 4 studies,
respectively and providing a statistical asset with interesting results. miRNA-208b had a total
sensitivity of 0.78 (95% CI: 0.76-0.81), a specificity of 0.88 (95% CI: 0.84-0.91), a diagnostic OR of 48.63
(95% CI: 14.60-162.01) and an AUC value of 0.8965, with P values > 0.01. As for miRNA-1 values,
authors disclosed an overall sensitivity of 0.63 (95% CI: 0.59-0.66), a specificity of 0.76 (95% CI: 0.71-
0.80), a diagnostic OR of 11.13 (95% CI: 4.09-30.26). The area AUC value was 0.8519 with P values >
0.01. miRNA-133a had a total sensitivity of 0.89 (95%CI: 0.83-0.94; P = 0.0047), specificity of 0.87
(95%CI: 0.79-0.92; P = 0.0262), a diagnostic OR of 54.40 (95%CI: 12.29-240.83, P = 0.0650). The AUC
area revealed a value of 0.9434. MiRNA-499 revealed a total sensitivity of 0.88 (95% CI: 0.86-0.90), a
specificity of 0.87 (95% CI: 0.84-0.90) with a diagnostic OR of 79.55 (95% CI: 20.20-313.24);
Furthermore, the value of the AUC area was 0.9584. The reported values suggested that all miRNAs
were consistent as accepted biomarkers of MI. Again, miRNA-133a and miRNA-499 may retain a
prominent role as biomarkers for MI, however, the function of miRNA-208b requires further
investigation [133].

For a long time, the function of circulating miRNAs has been studied in the cellular components
of whole blood and no findings have been provided in the subcomponents. Ward et al. [134] initially
used a quantitative real-time polymerase-chain reaction system (qQRT-PCR) to investigate the miRNA
profiles of whole blood subcomponents in patients with ACS and focused research on plasma,
leukocytes, and platelets. Patient cohorts included thirteen AMI patients admitted to the emergency
department or undergoing PCI with electrocardiographic signs of ST-segment elevation (STEMI) or
non-ST-segment elevation (NSTEMI). Whole blood was recovered from arterial blood samples
during PCI. The cell-specific miRNA profiling required by the protocol specifically included the
expression of 343 miRNAs that were quantified from whole blood, plasma, peripheral blood
mononuclear cells, and platelets. Specifically, there were three different conditions encountered that
provided substance to the discussion. Patients who exhibited STEMI revealed higher levels of
miRNAs which noted increased expression of miR-25-3p, miR-221-3p, and miR-374b-5p as compared
to the NSTEMI cohort. The expression of miRNA 30d-5p non-coding RNA sequences was linked to
plasma, platelets, and leukocytes either in STEMI or NSTEMI cohorts. On the contrary miRNAs 221-
3p and 483-5p were associated with plasma and platelets only in NSTEMI patients. The authors first
advocated that cell-specific miRNAs were substantially different in the cohorts of patients with
STEMI and NSTEMLI. Likewise, from this study, it emerged that the distribution of miRNA was
unique among plasma, platelets, and leukocytes in patients with ischemic heart disease or ACS.
Furthermore, given the reported results it was suggested that unique miRNA profiles among the
circulating subcomponents characterized patients with myocardial ischemia [134].

Potential bias for broad validation of the diagnostic power of miRNAs in different clinical
settings of ACS, including SA, UA, and AMI in patients admitted in ED or undergoing PCI, is
represented by a low number of subjects studied. This condition could not considerably assess the
interconnection of microRNAs with clinical features and their potential prognostic value. Widera et
al. [135] counteracted this concern by assessing the diagnostic and prognostic utility of
cardiomyocyte-enriched microRNAs in the circumstances of different clinical settings. Nevertheless,
their findings reinvigorated previous speculations about the potential utility of cardiomyocyte-
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enriched microRNAs as diagnostic or prognostic markers in ACS. In the report, sensitive myonecrosis
biomarkers in a larger ACS cohort with 444 subjects were evaluated. Concentration levels of MiR-1,
miR-133a, miR-133b, miR-208a, miR-208b, and miR-499 were determined by quantitative reverse
transcription PCR in plasma samples obtained after patients” admission in ED or who received a PCIL.
Multiple linear regression analysis including clinical variables and hsTnT, miR-1, miR-133a, miR-
133b, and miR-208b advocated an independent association with hsTnT levels (all P<0.001).
Importantly in patients who exhibited myocardial infarction, higher levels of miR-1, miR-133a, and
miR-208b occurred compared to those who had unstable angina. However, all six investigated
microRNAs noted a wide range across subjects with unstable angina or myocardial infarction. Levels
of non-coding RNA sequences such as miR-133a and miR-208b were crucially related to the risk of
death in univariate and age- and gender-adjusted analyses. However, in further statistical
discrimination performed after further adjustment for hsTnT, both microRNAs lost their
independent association for mortality outcome [135].

Oerlemans et al. [136] prospectively studied the role of circulating microRNAs in ACS using a
large cohort of patients, so that the performed analysis could statistically reinforce the results
emerging from previous studies that were based on a smaller number of patients. Furthermore,
previously performed studies were not designed to involve comparisons with stability markers of
cardiac damage and were flawed by the presence of appropriate controls. Briefly, 332 patients with
suspected ACS admitted to the ED were enrolled for a single-center evaluation on the potential
diagnostic value of circulating microRNAs as novel biomarkers which included cardiac miRNAs
(miR-1, -208a, and -499), miR -21 and miR-146a. Subjects with STEMI were not considered for the
enrollment which included both UA and NSTEMI patients. The levels of all analyzed miRNAs were
markedly increased in 106 patients diagnosed with ACS. These values were also confirmed in
patients with initially negative high-sensitivity (hs) troponin or symptom onset <3 hours. In
particular, three specific miRNAs, MiR-1, miR-499, and miR-21 had a markedly diagnostic value in
all patients hospitalized for suspected ACS in combination with increased hs-troponin levels. The
AUC value was statistically significant (from AUC = 0.85 to AUC = 0.90; p > 0.001). Two points
emerged promoting these three circulating microRNAs as strong predictors of ACS. The former was
their independence from clinical co-variables including patient history and cardiovascular risk
factors. The second demonstrated, under the highly reliable statistical profile, that the combination
of these three miRNAs generated a higher AUC area with a value of 0.94 compared to hs-troponin T
(0.89). Findings suggested that patients with NSTEMI had higher levels of miRNA-208a and miRNA-
146a than patients with UA. Conversely, increased levels of miRNA-1 and miRNA-499 tended
towards a clinical picture of UA and the levels measured in these patients exceeded those recorded
in patients with NSTEMI. miRNA-21 was comparable between NSTEMI and UA subjects. Circulating
microRNAs detected in patients with non-ST elevation ACS (NSTE-ACS) and with UA provide great
potential as new early biomarkers for the management of patients who are suspected of having ACS
[136].

Bai et al. [137] have broadened the field of action by recovering a more assorted typology of
subjects with ACS. The authors with the use of gene chip technology evaluated miRNA expression
in patients with SA, NSTE-ACS, and ST-segment elevation myocardial infarction (STEMI). 5 patients
from each group and 5 controls without CAD were enrolled. All subjects had three or more risk
factors. Microarray analysis was used to highlight differential miRNA expression which was
confirmed by qRT-PCR. Patients in the control group and those included in the SA or NSTE-ACS
groups revealed differentially expressed microRNAs that were involved in inflammation, protein
phosphorylation, and cell adhesion, compared with miRNAs from STEMI patients. In addition,
differentially expressed miRNAs were observed to be related to mitogen-activated protein kinase
signaling, calcium ion pathways, and cell adhesion pathways [137]. It is important to dwell on some
points which reinforce the novelty of this study. First, significant upregulation of miR-941, miR-363-
3p, and miR-182-5p levels were recorded (fold-change: 2.0 or more, P <0.05) in control, AS or NSTE-
ACS, respectively when compared to data for expression levels in patients with STEMI. Second, data
from qRT-PCR analysis noted the plasma miR-941 level was elevated in the NSTE-ACS or STEMI
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cohorts compared with that in patients without CAD (fold-change: 1.65 and 2.28, respectively; P <
0.05). Third, miR-941 expression was cross-matched between groups. This expression was raised
considerably in the STEMI group compared to SA (P < 0.01) and NSTE-ACS (P < 0.05) groups.
Likewise, miR-941 expression was higher in ACS patients with NSTE-ACS or STEMI, as compared
to patients with AS or without ACS or CAD (P <0,01). Significant differences in miR-182-5p and miR-
363-3p expression were not observed. The areas under the receiver operating characteristic curves
were 0.896, 0.808, and 0.781 for patients in the control, AS, and ACS-NSTE groups, respectively,
compared with those for STEMI patients. In contrast, that for the ACS group compared with the non-
ACS group was 0.734. Evidence suggested that miR-941 expression was relatively higher in patients
with ACS and STEMI which may be speculative for the role of miR-941 as a potential biomarker of
ACS or STEMI [137].

Two studies by Wang et al. [138,139] deserve comprehensive discussion in the context of
atherosclerosis-related circulating miRNAs and advocate the role of novel and sensitive predictors
for acute myocardial infarction. Although the authors reported altered expressions of circulating
miRNA-21-5p, miRNA-361-5p, and circulating miRNA-519e-5p in patients with coronary
atherosclerosis through the use of miRNA microarrays. However, there was no solid evidence for a
global role of the expression levels of these circulating miRNAs in the early phase of AML

In the former study [138] the expressions of circulating miR-21-5p, miR-361-5p, and miR-519e-
5p were studied in AMI patients, and at the same time, their clinical applications for AMI diagnosis
and monitoring were evaluated. Study cohorts included the first cohort composed of 17 AMI patients
and 28 healthy volunteers while the second cohort consisted of 9 AMI patients, 9 ischemic stroke
patients, 8 pulmonary embolism patients, and 12 healthy volunteers. Quantitative real-time PCR and
ELISA assays to identify plasma miRNA and cardiac troponin I (cTnl) concentrations, respectively,
were performed. The evidence proved that in patients with AMI, the plasma levels of miR-21-5p and
miR-361-5p were considerably increased while the concentration of circulating miR-519e-5p was
decreased. The significant data was represented by the correlated increase of the levels of these
circulating miRNAs with the concentrations of plasma cTnl. At an evaluation of the receiver
operating characteristics (ROC), it was observed that these three circulating miRNAs retained a
remarkable diagnostic precision for AMI highlighting high values of area under the ROC curve
(AUCQ). Therefore, it clearly emerged that the combination of the three miRNAs crucially raised the
diagnostic accuracy. Furthermore, cell experiments provided a reasonable explanation about the
origin of these plasma miRNAs that may originate from damaged cardiomyocytes promoted by
hypoxia. Again, an important finding concerned the raised levels of all three circulating miRNAs in
ischemic stroke (IS) and pulmonary embolism (PE) which contrasted the finding of reduced level of
plasma miR-519e-5p reported only in patients who exhibited AMI. Crosswise ROC analysis
advocated that circulating miR-519e-5p may be a useful biomarker to discriminate AMI from other
ischemic diseases. In this report, Wang et al. fixed that circulating miRNAs may be considered novel
and powerful biomarkers for AMI and could represent a potential diagnostic tool for AMI [138].

In later work, Wang et al. [139] narrowed down the field of investigation on the relationship
between circulating miRNAs and high-risk features in patients with NSTE-ACS using a GRACE
(Global Registry of Acute Coronary Events) analysis. RNA was extracted from the whole blood of
199 patients with NSTE-ACS and whole genome miRNA sequencing was performed. To test the
validity of the study, 13 high-risk clinical traits were associated with the use of generalized linear
models. In this respect, the GRACE risk score is widely validated for mortality in patients with ACS-
NSTE. 205 nominally significant (p < 0.05) miRNA risk factor associations were reported. Of note,
significant combinations were observed most frequently with chronic heart failure (HF) which
stressed 43 miR. Again, the GRACE risk score underscored 30 miR and renal function 32 miR,
respectively. Concerns related to the hierarchical cluster analysis highlighted that chronic HF risk
score and GRACE were distinguished by a tendency to cluster more closely together, splitting 14
miRNAs with matching fold-change direction. After eliminating a 5% false discovery rate, chronic
heart failure had a significant association with lower circulating levels of miR-3135b (p <0.0006), miR-
126-5p (p < 0.0001), miR -142-5p (p = 0.0004) and miR-144-5p (p = 0.0007). Conversely, the raise in
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GRACE risk score was inversely tailed with miR-3135b levels (p < 0.0001) and positively tailed with
miR-28-3p levels (p = 0.0002. Despite the need to validate with more substantial evidence, the results
of two miRs emerged in the study, accentuating the evidence that circulating miRs cluster around
two potent traits for mortality risk in NSTE-ACS. For MiR-3135b, under expression has been reported
in chronic heart failure associated with an increase in GRACE risk score whereas in the miR-28-3p
cluster, no known association with cardiovascular disease has been reported [139].

Kaur et al. [140] evaluated dysregulated miRNA biomarkers in CAD after screening 140 original
articles that advocated appropriate evidence for data mining. The systematic review pooled data
from these reported studies to compare miRNAs identified in patients suffering from ACS matched
with stable CAD patients and control populations. The most usually indicated miRNAs in any CAD
were miR-1, miR-133a, miR-208a/b, and miR-499 which were also noted in abundance within the
heart. These miRNAs performed a decisive function in cardiac physiology. For an in-depth analysis
of the studies that compared subjects with symptoms referable to ACS with patients who manifested
stable CAD, miR-21, miR-208a/b, miR-133a/b, miR-30 family, miR-19 and miR -20 were reported more
routinely as dysregulated in the ACS group. Authors observed that several miRNAs were
consistently available across studies alongside their utterances in either the ACS group or stable CAD
group, compared to controls. However, some miRNAs have been identified as biomarkers
specifically in ACS patients who expressed plasma levels of miR-499, miR-1, miR-133a/b, and miR -
208a/b and in stable CAD patients with plasma levels of miR-215, miR-487a and miR-502. Thus,
higher plasma levels of miR-21, miR-133, and miR-499 appear to advocate greater potential as
biomarkers to distinguish the diagnosis of ACS from stable CAD. Particular attention should be paid
to miR-499 which disclosed a connection between the level of its concentration slope and myocardial
damage. It is important to underline that although these miRNAs may provide direct guidance
toward potential diagnostic biomarkers, the reported results suggest caution in their interpretation.
Concerns are related to the conduct of most studies based on candidate-driven predefined
assessments of a limited number of miRNAs [140].

Recently, Zhelankin et al. [141] studied circulating microRNAs as non-invasive biomarkers of
cardiovascular disease in CAD and ACS. The authors emphasized the concerns about controversy
and inconsistency of data reported for some miRNA, which probably was due to pre-analytical and
methodological discrepancies that emerged in diverse studies. Quantitative PCR to measure the
relative plasma levels of eight circulating miRNAs was used and potentially correlated to the
atherosclerosis process. The cohort included 136 adult subjects with clinical onset of CAD or ACS
that included NSTEMI and STEMI admitted patients. Controls included outpatient healthy patients
or subjects with hypertension without CAD. The plasma levels of miR-21-5p and miR-146a-5p were
significantly increased in patients who disclosed ACS while the level of miR-17-5p was reduced in
subjects presenting with ACS and stable CAD as compared to control patients which included
healthy or hypertensive without CAD, respectively. Within the ACS patient group, no differences
were found in the plasma levels of these miRNAs between patients with positive and negative
troponins, nor were any differences found between STEMI and NSTEMI. Our results indicate that
increased plasma levels of miR-146a-5p and miR-21-5p can be considered general ACS circulating
biomarkers and that lowered miR-17-5p can be considered a general biomarker of CAD. Concerning
patients included in the ACS group, no differences were revealed in the plasma levels of these
miRNAs whilst the group of patients exhibited positive and negative troponin levels, nor were any
differences within the subjects” group who had STEMI and NSTEMI. This evidence suggested that
raised plasma levels of miR-146a-5p and miR-21-5p may be classified as general ACS circulating
biomarkers and that lowered levels of miR-17-5p may be a general biomarker of CAD [141].

6. Implication of miRNA in Stent Restenosis

Alterations in miRNA levels have been evaluated in cases of in-stent restenosis which is a
complication that occurs after PCI. Both bare metal stents and drug-eluting stents can develop
atypical intra-stent neo-proliferation. However, in bare metal stents, the phenomenon of atypical
proliferation and smooth muscle cell migration is advocated by the manifestation of vascular lesions
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that promote out-of-control neointimal formation with subsequent intra-stent restenosis. (142-144)
Although with the advent of drug-eluting stents, tumors develop less frequently, a significant
reduction in the risk of restenosis within the stent is less often desired. However, their major
drawback is the increased risk of late thrombosis which is a concern that needs to be addressed. The
risk of late thrombosis reported in drug-eluting stents is promoted by the regenerative power of
endothelial cells induced by the vascular wall injury and the initiation of the prolonged arterial
healing process [145-149].

The modifications of miRNA levels alongside the function of these miRNAs promoted by the
implantation of either bare metal or drug-eluting stents have been studied in pig, mouse, and in vitro
models [91]. Firstly, in a porcine animal model, miRNA levels were measured in control non-stented
and stent-receiving coronary arteries. The results demonstrated the overexpression of several pro-
inflammatory miRNAs, including miRNA-21, in stented coronary arteries. Secondly, stent miRNA-
21 knockout (KO) mice and stent wild-type mice were compared. In the stented miRNA-21 knockout
(KO) arm a reduction in neointima-medial ratio, neointimal thickness, and neointimal area compared
to stented wild-type control mice was observed. The subsequent analysis showed an increase in the
rate of anti-inflammatory M2 macrophages in the miRNA-21 KO mice arm compared to the wild-
type control arm. The significant data emerging from this study advocated a reduction of neointimal
proliferation in miRNA-21 stented (KO). This phenomenon was promoted by a substantial shift
towards M2 macrophage differentiation associated with reduced smooth muscle cell proliferative
and migratory response but without affecting endothelial cell function. Evidence that miRNA-21
promoted inflammation and vessel remodeling after stent implantation was suggested. Therefore,
the next step could be the experimentation and subsequent application of drugs that regulate the
expression and plasma levels of miRNA-21 that could improve the results of the drug-eluting stents
used today for thrombosis [91].

Wang et al. [150] explored the determined function of microRNAs in the interconnected process
of myointimal hyperplasia/ in-stent restenosis, using a humanized animal model. Only miR-21 was
found upregulated among the candidates proposed in the study. Furthermore, human tissue samples
from patients with in-stent restenosis were supported by an increase in miR-21 expression compared
to the sample collected from patients with coronary heart disease. Again, miR-21 was systematically
restrained via intravenous fluorescein-blocked nucleic acid-anti-miR-21 (anti-21) in the humanized
myointimal hyperplasia model used. As anticipated, the suppression of vascular miR-21 was closely
related in a dose-dependent manner, in which the reduced obliteration of the lumen followed.
Furthermore, anti-21 did not stop the re-endothelialization process. However, systemic
administration of anti-miR-21 promoted off-target adverse effects, advocating a decreased expression
of miR-21 in the liver, heart, lung, and kidney with concomitant elevation of serum creatinine levels.
The usefulness of local suppression of miR-21 was assessed using anti-21-coated stents revealing that
the latter effectively reduced the in-stent restenosis as compared with bare metal stents, albeit without
significant off-target effects could be noticed. The efficacy of an anti-miR-coated stent for the
reduction of in-stent restenosis may provide a promising therapeutic resource [150].
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Figure 5. Schematic illustration of the preparation of the PCEC@miR-22 coated stent. The miR-22 was
loaded into PCEC spongy coating based on a wicking action and subsequent self-healing
encapsulation.

7. Limitations

Of the 25 clinical trials on microRNAs with therapeutic potential in cardiovascular disease, 17 of
these had phase I or II clinical trials completed [22,97,98,151-158] Although some reported
withdrawals, trials that had completed the clinical phase of the study we observed to have different
therapeutic developments targeting microRNA for specific indications (e.g., miravirsen, RG-101,
cobomarsen, AZD 4076), including the impact in the cardiovascular field (miR-132-3p/inhibitor-
CDR132L), proved to be lower than assumed [22,97,98,151-158]. However, it is important to
underline that preclinical and clinical data obtained with inhibitory oligonucleotides, including
clinical trials that have been discontinued, provide valuable information for the design and
performance of microRNA-targeted cardiovascular therapies. Particular attention is paid to miR-17-
5p, miR-21-5p, miR-29b-3p, and miR-92a-3p, which have been extensively studied in the laboratory
and the clinical field. A special note is the miR-132-3p (CDR132L) inhibitor, which was developed for
the treatment of heart failure. [9] The study of CDR132L is well advanced and phase II trials are being
planned for which it could become the first drug targeting microRNAs in cardiovascular therapy
[9,22,25,101).

8. Conclusions

We have explored the role of miRNAs in the field of cardiovascular disease and discussed many
clinical studies targeting microRNAs. In our work, significant results emerged in a published
landmark paper that led to the therapeutic application of an antimiR by inoculation. Although the
progress made in the last decade suggests that this innovative path for the diagnosis and therapy of
cardiovascular diseases should be taken decisively, the results of many microRNAs have yet to be
clearly distinguished. It is possible to assume that there may be a wider scope of disease conditions
and applications of microRNA therapies than what appears today, through the evaluation of the
evidence produced. The body of literature reviewed here is relevant and further scrutiny of
microRNAs is required, [159] to validate the function of microRNA candidates in the precise
application field of cardiology. We, therefore, expect good results with the combination of microRNA
manipulation in cardiovascular disease models, omics technologies, and extensive preclinical testing.
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These will be key to substantially improving therapeutic development and reducing the risk of
dropouts.

Given the progress made in the development of synthetic oligonucleotides, overcoming
important hurdles appears to be a solved challenge. Unfortunately, the delivery of these molecules
still poses significant points for investigation. This is pertinent to cardiovascular tissues, which does
not absorb oligonucleotides efficiently. Another key resolution for the administration of potential
drugs can dictate the specific modification of the oligonucleotides to improve both their absorption
and their cellular specificity. This part of pharmaceutical research is currently not very advanced and
considerable uncertainty exists regarding the optimal concentrations of cellular oligonucleotides.
This implies that intense efforts will be needed to obtain the screening of ligands and their chemical
connection to oligonucleotides, together with the use of more selective methods that evaluate the
concentrations of cellular oligonucleotides.

Finally, concrete wide use of miRNAs remains experimental at the time of writing but has a
promising role in the diagnosis, prognosis, and therapy of a variety of cardiovascular disease
presentations. Its potential therapeutic role may also be useful for the next generation of stents. Its
use, either on its own or coupled with currently available biomarkers may be adopted soon especially
if diagnostic ambiguity exists. Further studies are needed to validate its use in the general clinical
setting which would need to highlight reproducibility and specificity.
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