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Abstract

Purpose of Review MicroRNAs (miRNAs)—short, non-coding RNAs—play important roles in almost all aspects of car-
diovascular biology, and changes in intracellular miRNA expression are indicative of cardiovascular disease development
and progression. Extracellular miRNAs, which are easily measured in blood and can be reflective of changes in intracellular
miRNA levels, have emerged as potential non-invasive biomarkers for disease. This review summarizes current knowledge
regarding miRNAs as biomarkers for assessing cardiovascular disease risk and prognosis.

Recent Findings Numerous studies over the last 10-15 years have identified associations between extracellular miRNA pro-
files and cardiovascular disease, supporting the potential use of extracellular miRNAs as biomarkers for risk stratification.
However, clinical application of extracellular miRNA profiles has been hampered by poor reproducibility and inter-study
variability that is due largely to methodological differences between studies.

Summary While recent studies indicate that circulating extracellular miRNAs are promising biomarkers for cardiovascular
disease, evidence for clinical implementation is lacking. This highlights the need for larger, well-designed studies that use
standardized methods for sample preparation, miRNA isolation, quantification, and normalization.

Keywords MicroRNA - Extracellular microRNA - Biomarker - Cardiovascular disease - Coronary artery disease - Heart

failure - Arrhythmia

Introduction

Cardiovascular disease (CVD) encompasses a range of dis-
orders that impact the heart and vasculature and is a leading
cause of morbidity and morbidity worldwide. Identifying reli-
able biomarkers for assessing and managing CVD risk is cru-
cial for early diagnosis and intervention. MicroRNAs (miR-
NAs) have emerged as pivotal regulators of gene expression
and modulators of complex cellular processes in health and
disease. MiRNAs are known to target and regulate expression
of genes involved in pathophysiologic processes that con-
tribute to the development of CVD, including inflammation,
oxidative stress, lipid metabolism, and endothelial function.
Dysregulation of miRNA expression has been linked to a
range of cardiovascular diseases, including coronary artery
disease (CAD), myocardial infarction, arrhythmia, and heart
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failure. The ability of miRNA expression to reflect changes
in cellular processes, the tissue-specific expression of miR-
NAs, and the presence of miRNAs in blood and other body
fluids that can be easily measured make miRNAs attractive
candidates as biomarkers and therapeutic targets for CVD.
This review highlights studies underlying the current state
of knowledge regarding the role of miRNAs in CVD patho-
physiology and the potential of miRNAs as biomarkers for
assessing CVD risk. In addition, the challenges and opportu-
nities in harnessing extracellular miRNAs for diagnostic and
prognostic applications in the context of CVD are discussed.

miRNA Biogenesis and Function

MiRNAs are short (~ 19-23 nucleotides), non-coding RNAs
that modulate the expression of target genes through repress-
ing translation or inducing degradation of specific messen-
ger RNAs (mRNAs) [1-3]. MiRNAs were discovered by
Ambros and colleagues in 1993 when they showed that a
gene, named /in-4, involved in the development of Caeno-
rhabditis elegans (C. elegans) worm was actually a small,
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non-protein coding RNA molecule [4]. Since the discov-
ery of this miRNA, miRNAs have been identified across
every plant and animal species and have been shown to be
highly conserved, reflecting their importance as regulatory
molecules. MiRNAs are now recognized to modulate most
aspects of cellular homeostasis and physiology, including
differentiation, growth, proliferation, and apoptosis [5],
and over 60% of coding genes in humans are computation-
ally predicted to be targeted by miRNAs [6]. MiRNAs are
regarded as fine-tuners of genes involved in just about every
physiologic and pathophysiologic process [7].

The biogenesis of miRNAs begins in the nucleus where
primary miRNA transcripts (pri-miRNAs) are generated
from various genomic loci [8] by RNA polymerase II and
III [9]. Subsequently, the microprocessor complex, con-
sisting of the RNase III enzyme, Drosha, and its cofactor
DGCRS (DiGeorge Syndrome Critical Region 8), cleaves
the pri-miRNA. The resulting product is a pre-miRNA,
which varies in length between 60 and 70 nucleotides. The
pre-miRNA has a stem-loop hairpin structure that consists
of a double stranded stem (approximately 33 nucleotides)
and a single stranded loop [10]. Pre-miRNA is exported
from the nucleus to the cytoplasm by Exportin-5-Ran-
GTP where the RNase III endonuclease Dicer cleaves
the pre-miRNA terminal loop to produce a transient dou-
ble stranded miRNA that is loaded on the RNA-induced
silencing complex (RISC) [11]. Argonaute protein sepa-
rates the two complimentary mature miRNAs (miRNA-
5p and miRNA-3p) into guide and passenger strands [12].
The RISC leads the guide strand to specific mRNA targets
through base pairing of the miRNA seed sequence, defined
as nucleotides 2—8 of the 5’ end, with the complementary
sequence in the target mRNA, typically located in the 3’
untranslated region. This interaction can either inhibit target
mRNA translation or induce its degradation [13—15]. Since
miRNA-mediated gene suppression typically requires only
seven to eight nucleotides, a single miRNA can regulate the
expression of hundreds of mRNAs [16], and many different
miRNAs can regulate a single mRNA [6]. Thus, miRNA-
mediated gene repression is complex and can involve regula-
tion of entire gene networks.

While most miRNAs are intracellular, miRNAs can
be found extracellularly in plasma and other body fluids
[17-20], a finding that has generated intense interest in
extracellular miRNAs as biomarkers for a number of dis-
eases, including cancer, myocardial infarction, heart fail-
ure, and Alzheimer’s disease [21-27]. However, extracel-
lular miRNAs are also likely to play important roles as
paracrine or endocrine signals during the disease process
because they are capable of being transferred to recipi-
ent cells with a subsequent change in gene expression and
cellular function [28-34, 35e¢]. Extracellular miRNAs
are released from cells in a tightly regulated manner [33,
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36-38], with only select intracellular miRNAs exported in
response to a specific biological stimuli [31, 33, 37, 39]. This
concept is supported by studies showing a detectable shift
in circulating miRNA profiles in various diseases, including
CAD [38, 40-43].

Extracellular miRNAs in plasma are released from mul-
tiple cell types, including platelets, erythrocytes, immune
cells, myocytes, and endothelial cells, and are protected from
degradation by encapsulation in cell-derived extracellular
vesicles (EVs) [31, 33, 44] or by forming complexes with
circulating proteins or lipoproteins [32, 45]. Extracellular
miRNAs are remarkably stable, even if the sample has been
left at room temperature for a prolonged period of time or
has been exposed to multiple freeze/thaw cycles [19, 46].
Certain extracellular miRNA transport modalities may be
more likely to participate in cell-to-cell signaling [44, 47],
whereas others are likely reflective of tissue injury and cell
death [40]. Platelets, RBCs, immune cells, and ECs release
different subpopulations of EVs into the circulation in
response to cellular activation or apoptosis [48]. Microvesicles
are EVs that are generated by plasma membrane blebbing and
have specific markers of the cell of origin. Exosomes are
EVs released from the fusion of multivesicular bodies with
the plasma membrane, and apoptotic bodies are EVs gener-
ated during the final stages of programmed cell death. How-
ever, because no straightforward criteria exist to distinguish,
isolate, and identify subpopulations of cell-derived vesicles,
the term extracellular vesicle is used to collectively refer
to cell-derived vesicles present in body fluids [49].

MiRNAs in Cardiovascular Pathophysiology

MiRNAs play multifaceted roles in the development and
progression of CVD. Dysregulated miRNAs contribute to
endothelial dysfunction, vascular inflammation, oxidative
stress, and fibrosis—key drivers of atherosclerosis and other
CVD pathologies. MiRNAs also participate in cardiac remod-
eling processes, influencing cardiomyocyte hypertrophy, fibro-
blast activation, and extracellular matrix deposition.

In endothelial cells (ECs) and vascular smooth muscle cells
(VSMCs), miRNA expression is regulated by various pro- and
anti-atherogenic stimuli [50-55]. Functional studies indicate
that miRNAs regulate pathological processes in these cells
that contribute to atherosclerosis [56], including apoptosis,
senescence, angiogenesis, arterial remodeling, and vascular
inflammation [57, 58]. Furthermore, miRNA signatures have
been shown to differ between stable and unstable atheroscle-
rotic plaques [59], suggesting that miRNA modulation may be
an important therapeutic target for atherosclerosis.

In ECs, the expression of several miRNAs has been shown
to be sensitive to mechanical forces. These mechanical forces,
such as shear stress, are typically associated with steady,



Current Cardiology Reports (2024) 26:51-60

53

unidirectional blood flow, which is anti-inflammatory, or low,
disturbed blood flow, which is pro-inflammatory. An example
of a mechano-sensitive miRNA that is highly expressed in ECs
is miR-92a, a member of the miR-17~92 cluster. Expression
of miR-92a was increased in ECs exposed to pro-inflammatory
shear stress forces and oxidized LDL, which led to suppres-
sion of the transcription factors KLF2 and KLF4. Inhibition
of miR-92a expression reduced inflammation in cultured
ECs and atherosclerotic mice [60]. MiR-126 is another flow-
dependent miRNA that is abundantly expressed in ECs and
has been implicated in modulating genes involved in vascular
inflammation and angiogenesis. Systemic delivery of miR-126
to hyperlipidemic mice promoted endothelial proliferation and
inhibited atherosclerotic lesion progression [61]. Other mech-
ano-sensitive miRNAs implicated in modulating endothelial
inflammation and atherosclerosis progression include miRs-
712/-205, -10a, -663, and -155 [50, 54, 62-65].

Endothelial expression of adhesion molecules, which
facilitate leukocyte recruitment to the blood vessel wall, is
an early hallmark of atherosclerosis, and at least two miR-
NAs (miRs-17 and -31) have been shown to directly target
adhesion molecules in ECs. However, the role of these miR-
NAs in experimental models of atherosclerosis is unknown
[66]. In contrast, two other miRNAs, miRs-181b and -146a,
that each modulate the pro-inflammatory NF-kappaB sign-
aling pathway in ECs, have been demonstrated to suppress
atherosclerosis in animal models [67, 68].

In VSMCs, miRs-143 and -145 are co-transcribed as
single pri-miRNA transcript and are among the highest
expressed miRNAs in this cell type. These miRNAs are
considered major regulators of VSMC contractile function
[69], and overexpression of miR-145 in hyperlipidemic mice
reduced atherosclerotic plaque formation [70]. In contrast,
miRs-221 and -222 have been shown to promote VSMC pro-
liferation and mice deficient in these miRNAs had reduced
VSMC proliferation and neointimal lesion formation after
mechanical injury [71]. Similarly, pharmacologic inhibition
of miR-21 reduced neointimal lesion formation in response
to mechanical injury in mouse models [72].

Imbalances in cholesterol homeostasis can promote accu-
mulation of cellular cholesterol and lead to the development
of atherosclerosis. Several liver-enriched miRNAs have been
identified that can modulate lipoprotein metabolism and alter
the development of atherosclerosis in animal models. These
miRNAs include miRs-122, -223, and -27b, all of which
have an impact on cholesterol biosynthesis [73-76]. MiR-
30c, which modulates apoB-containing lipoproteins and can
decrease levels of plasma total and LDL cholesterol, was also
shown to reduce atherosclerosis in hyperlipidemic mice [77].
Other liver-enriched miRNAs have been linked to the devel-
opment of atherosclerosis through regulation of the LDL
receptor (miR-148a, miR-128-1) [78, 79] and HDL levels
(miR-33) [80]. Together, these studies highlight the different

roles of miRNAs in cholesterol homeostasis and the potential
utility of therapeutically targeting these miRNAs for manage-
ment of dyslipidemias and atherosclerosis.

Another group of miRNAs have been identified that are
predominantly expressed in myocytes and have an important
role in the development and function of cardiac muscle tissue.
These miRNAs, which include miRs-1, -133a, -133b, -206,
-208a, -208b, -499a, and -499b, are known as myomiRs and
have been linked to CVD. MiR-1, which accounts for approxi-
mately 40% of heart miRNAs [81], and miR-133 have been
implicated in heart development, but dysregulated expression
of these miRNAs has been found in cardiac hypertrophy, myo-
cardial infarction, and arrhythmias [82]. miRs-208a/208b and
miR-499 are miRNAs encoded within myosin heavy chain
genes, MYH6 and MYH?7, respectively, and have roles in
cardiac stress response and differentiation. MiR-499 targets
SOX6, which has a significant role in cardiomyocyte viability,
proliferation, and apoptosis [83]. Altered expression of miR-
208 has been linked to cardiac fibrosis, hypertrophy, arrhyth-
mia, myocardial infarction, and heart failure [84]. Cardiac
overexpression of miR-195 was shown to promote dilated
cardiomyopathy [85]. Other miRNAs involved in the devel-
opment of myocardial fibrosis include miRs-21, -135b, and
-29 [86]. Interestingly, miR-29 has also been shown modulate
the development of atrial fibrillation [87]. Overall, the studies
described here and others have shown that miRNA expression
profiles in cardiac tissues are altered in the development of
heart failure and arrhythmia, reflecting the involvement of
these miRNAs in regulating signaling pathways that control
cardiac remodeling, contractility, and electrical signaling.

Extracellular miRNAs as Biomarkers

Over the last 10 to 15 years, numerous studies have inves-
tigated the utility of extracellular miRNAs in blood as
non-invasive biomarkers for CVD diagnosis and progno-
sis. The focus on circulating miRNAs has been due to
several features of extracellular miRNAs, including high
stability, resistance to degradative enzymes, ease of detectabil-
ity, and expression levels in plasma or serum that likely reflect
CVD-related changes in intracellular miRNA expression.
Repositories of human tissues and biofluids have been
essential resources for work on miRNA biomarker dis-
covery, and archived plasma or serum has been utilized in
many extracellular miRNA studies [88-90].

Acute Ml and ACS
Among the earliest studies investigating extracellular miR-

NAs as diagnostic biomarkers for cardiovascular disease
were those involving participants with acute myocardial
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infarction (AMI) and acute coronary syndrome (ACS). In
2010, Ai and coworkers reported that miR-1 was elevated
in the plasma of participants with AMI [91]. Subsequently,
additional studies, focusing on myomiRs (miRs-1, -133a,
-208a, -208b, -499), examined the clinical usefulness of
elevations in extracellular miRNAs as early biomarkers of
AMI and ACS [40]. In AMI, levels of myomiRs (e.g., miR-
208b), which should be low or undetectable in the absence
of myocardial injury, were elevated in plasma by 3 h after
symptoms and could remain elevated over 90 days [22].
Wang et al. reported that miRs-1, -133, -499, and -208a
were elevated in the plasma of patients with AMI but were
no better than troponin in diagnosing AMI [92]. Other stud-
ies, comparing troponin to one or a combination of these
miRNAs in diagnosing AMI and ACS, have had variable
results, with some studies showing better test statistics for
extracellular miRNAs compared to troponin [93, 94], while
others showing worse performance of extracellular miRNAs
[95, 96]. Overall, it seems that, at best, the performance of
extracellular miRNAs as biomarkers for AMI and ACS is no
better than troponins. While extracellular miRNAs might not
improve diagnostic accuracy of AMI compared to troponin,
there are some promising data that indicate circulating levels
of miRNAs associated with atherosclerosis might help dis-
criminate MI subtype (i.e., type I vs type II). For example,
total blood levels of miR-663b, an EC-enriched, mechano-
sensitive miRNA implicated in atherosclerosis, demonstrated
95% sensitivity, 90% sensitivity, and 90% accuracy in dif-
ferentiating AMI participants from controls [97]. These data
suggest that non-cardiomyocyte specific miRNAs linked to
atherosclerosis may help in discriminating MI subtype, but
much more work needs to be done in this area.

Chronic Coronary Artery Disease

There has been considerable interest in the ability of cir-
culating miRNAs to predict the presence coronary artery
disease (CAD) and incident myocardial infarction (MI). In
2010, Fichtlscherer and coworkers compared the plasma
miRNA profile of eight participants with stable CAD to
that of eight healthy controls. In the CAD group, levels of
miRs-126, -17, -92 (EC-enriched miRNAs), -145 (VSMC-
enriched miRNA), and -155 were all reduced compared to
those in control participants, while levels of miRs-133 and
-208a (cardiomyocyte-enriched miRNAs) were increased
compared to controls [23]. Other groups have reported
reduced expression of miRNAs linked to atherosclerosis in
whole blood of patients with CAD compared to healthy sub-
jects [43]. Similarly, Zhu et al. found that levels of miR-155
in plasma or peripheral blood mononuclear cells (PBMCs)
were lower in patients with unstable angina or AMI com-
pared to those in patients with chest pain syndrome; miR-
155 levels were further reduced in patients with two or
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three vessel disease compared to patients with zero to one
vessel disease [98]. In contrast, another group reported that
patients with stable or unstable angina had increased lev-
els of plasma miRNAs (miRs-1, -122, -126, -133a, -133b,
-199a, -337, -433, and -485) compared to controls. Different
combinations of this panel could correctly classify subjects
with stable angina compared to controls and subjects with
unstable angina compared to controls in greater than 87%
of cases [99], but no combination could discriminate unsta-
ble angina from stable angina. While these studies suggest
that circulating miRNA profiles have the potential to dis-
criminate patients with angiographically documented CAD
from those without significant CAD, there is considerable
variability in the miRNA profiles reported. Currently there
is no consensus on which miRNAs are best indicators of
CAD, and additional studies are required before circulating
miRNA profiles can be used for this purpose clinically.
Several studies have examined the association between
basal circulating miRNA levels and incident MI. Zampetaki
et al. reported a significant relationship between plasma lev-
els of miRs-126, -197, and -223 and MI in participants of
the Bruneck Study, which had a 10-year follow-up period.
Interestingly, this group determined that the source of these
plasma miRNA was platelets [89]. Bye and coworkers
assessed the utility of serum miRNA levels in predicting fatal
AMI within the HUNT study cohort, which had a 10-year
observation period [100]. Using real time polymerase reac-
tion (RT-qPCR), this group identified 10 miRNAs that were
differentially expressed between participants that had fatal MI
and risk factor matched controls who did not. Two of these
extracellular miRNAs (miRs-424 and -26a) had a sex-specific
association with risk of fatal MI, and a model consisting
of five miRNAs with highest ability to predict future AMI
in both sexes was identified (77.6% correct classification).
Adding these five miRNAs to the Framingham Risk Score
(FRS) significantly increased the receiver operating charac-
teristic (ROC) area under the curve (AUC). Subsequently,
this group identified another five serum miRNAs (miRs-21,
-26a, -29c, -144, and -151a) that, along with FRS, could
predict fatal or non-fatal MI (ROC AUC 0.68) [101].
Keller et al. assessed the ability of a different panel of
five extracellular miRNAs (miRs-34a, -223, -378, -499,
and -133) to predict overall mortality and/or cardiovascu-
lar events. All of the miRNAs in this panel were known
to be associated with different CVD pathophysiology, and
the investigators used RT-qPCR to study plasma from par-
ticipants of the DETECT and SHIP studies [102]. A score
based on the miRNA panel showed association with overall
mortality, independently of established risk scores, such as
FRS or SCORE. Adding the panel of five miRNAs to risk
stratification models based on FRS or SCORE was able
to improve prediction of mortality. Another group tried to
identify plasma miRNA signatures associated with major
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adverse cardiovascular events (MACE) in 60-year-old partic-
ipants of the Stockholm Study [103]. This group identified
16 interacting miRNA pairs associated with MACE; miR-
320b was present in all interacting pairs, with increasing
levels of this miRNA associated with progressive increase
in MI risk. Wang and coworkers screened pooled samples of
serum or PBMCs from 10 CAD patients and 10 healthy con-
trols, and ECs exposed to hypoxia [104]. The authors found
five miRNAs (miRs-10a, -126, -210, -423, and -92a) that
were detected in serum and dysregulated in PBMCs of CAD
patients and hypoxic ECs. They tested these five miRNAs in
separate cohorts of CAD patients and controls and identified
miRs-10a and -423 as best candidates for predicting CAD,
but only miR-423 was associated with risk of non-fatal MI.
Combining miR-423 with traditional risk factor-based mod-
els improved prediction performance.

Heart Failure

A potential role for extracellular miRNA in the diagnosis
and prognosis of heart failure has been reported in a number
of studies. An early report by Tijsen and coworkers stud-
ied plasma extracellular miRNA profiles in patients with
heart failure compared to those in patients with dyspnea not
related to heart failure and healthy controls. They found that
elevated levels of miR-423 was a diagnostic predictor of
heart failure [27]. Subsequently, other groups have reported
the diagnostic utility of measuring other extracellular miRNAs
in heart failure, including miRs-1, -21, -126, and -499
[105-107]. Two groups have examined plasma miRNA
profiles in participants with heart failure preserved ejection
fraction (HFpEF) versus those with heart failure reduced
ejection fraction (HFrEF). Wong et al. identified six miRNAs
that discriminated HFpEF from controls and four miRNAs
(miRs-125a, -190a, -550a, and -638) that distinguished HFpEF
from HFrEF [108]. The selective miRNA panels showed stronger
discriminative power than N-terminal pro-brain natriuretic pep-
tide. Watson et al. identified five miRNAs (miRs-375, -146a,
-30c, -328, and -221) that were differentially expressed between
HFpEF and HFrEF. None of these miRNAs outperformed brain
natriuretic peptide in predicting heart failure, but the discrimina-
tive value of brain natriuretic peptide was improved by use in
combination with any of the miRINAs alone or in a panel.

Arrhythmia

As discussed above, intracellular miRNA expression has been
shown to be important in the development of arrhythmia,
including miR-328, which was found to be elevated in the atrial
myocardium of a canine model of atrial fibrillation [109]. MiR-
328 was also elevated in the right atrium of patients with atrial
fibrillation undergoing open-heart surgery. Overexpression of
miR-328 increased vulnerability to atrial fibrillation through

regulation of genes encoding L-type calcium channels [109].
Subsequently, several groups have also examined whether cir-
culating miRNAs can serve as biomarkers for atrial fibrilla-
tion. McManus and coworkers examined whole blood miRNA
profiles in participants of the Framingham Heart Study and
found that levels of miRs-328, -150, -331, and -28 were lower
among participants with prevalent atrial fibrillation, but only
lower miR-328 levels were significant after adjustments for
age, sex, and technical factors. Liu et al. examined the plasma
miRNA expression profiles in patients with atrial fibrillation
and found that only miR-150 was significantly lower in these
patients compared to healthy controls. Other groups have iden-
tified extracellular levels of a variety of miRNAs, including
miRs-214, -342 [110], -29b, -21 [87], and miR-150 [111], as
predictors of atrial fibrillation. While there was little overlap
between these studies in extracellular miRNAs predictive of
atrial fibrillation, it should be noted that the clinical profile of
the cohorts studied were also considerably different. One final
biomarker study worth mentioning is that of Silverman and
coworkers, who examined the plasma extracellular miRNA
profiles associated with sudden cardiac and/or arrhythmic
death [112e]. In a nested case control study of patients with
coronary artery disease and followed prospectively for sudden
cardiac death (SCD), the authors found that levels of miRs-
150, -29a, and -30a were associated with a 4.8-fold increased
risk of SCD. Interestingly, their bioinformatics analysis linked
these miRNAs to apoptosis, fibrosis, and inflammation, thus
supporting the biological basis of these biomarkers.

Challenges of Extracellular miRNAs
as Biomarkers for CVD Risk and Prognosis

While the studies of human blood discussed above indi-
cate that extracellular miRNAs are promising non-invasive
biomarkers for CVD risk and prognosis, the extracellular
miRNA profiles identified thus far have generally shown
poor reproducibility between studies. These inconsistencies
hinder clinical application of extracellular miRNA profiles
and are likely largely due to methodological variations in
measurement of extracellular miRNAs. The development
of extracellular miRNAs as clinical biomarkers will be criti-
cally dependent on identifying factors responsible for inter-
study variability and establishing standardized protocols for
measurement of extracellular miRNAs.

Sample processing has a significant influence on miRNA
levels detected in plasma or serum. Cheng et al. demon-
strated that the protocol for preparing plasma can dramati-
cally influence levels of miRNA detected in plasma by
affecting the number of residual platelets in the sample
[113]. Platelets are a rich source of miRNA, and most miR-
NAs detected extracellularly in plasma are also expressed
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in platelets. Furthermore, miRNA levels in platelets are
often markedly much higher than the extracellular lev-
els [113, 114], so release of intracellular miRNAs from
residual platelets will have a major effect on extracellular
miRNA levels. Our group demonstrated that freezing plasma
samples containing residual platelets resulted in irrevers-
ible contamination of extracellular miRNA with intracel-
lular platelet miRNA, and, consequently, miRNA levels in
improperly processed plasma samples could largely be a
reflection of the baseline platelet count in whole blood and
not disease-induced changes in miRNA expression [115].
Current recommendations for extracellular miRNA profil-
ing call for platelet poor plasma (PPP), generated by centri-
fuging whole blood (collected in EDTA or sodium citrate
vacutainers) twice prior to freezing—the first centrifugation
removes the bulk of circulating cells and the second removes
residual platelets. Therefore, a critical factor for inter-study
variability in extracellular miRNA profiles is likely sample
preparation. For many of these studies, details of sample
preparation and storage are not clear and residual platelet
removal was either not performed or not reported [108,
112e, 115]. Slight differences in sample processing, such as
centrifugation speed and sample volume, could result in sys-
tematic differences in the number of residual platelets and
lead to batch effects. This is of particular concern in studies
that used archived samples prepared at different sites, each
using different sample preparation protocols and equipment.

The choice of anticoagulant and blood fraction can also
affect quality of results in extracellular miRNA profil-
ing studies. One study comparing miRNA levels between
plasma and serum indicated that profiles in the two fractions
may be largely similar, although some differences do exist
[116]. A concern with using serum for biomarker studies is
that platelet activation during clot formation can lead to the
release of platelet miRNA into the serum. As far as anticoag-
ulant for profiling of extracellular miRNA in plasma, either
EDTA or sodium citrate are recommended, but sodium cit-
rate may be preferred because there is concern that EDTA
can cause artifactual release of miRNA from red blood cells
and platelets [115, 117].

Another important factor affecting reproducibility of extra-
cellular miRNA profiling studies is the strategy for normal-
izing miRNA expression in the sample, which tends to vary
between studies. Intracellular miRNA expression in cells or
tissues are typically normalized to expression of endogenous
small RNA, such as small nucleolar RNA U6. However, cur-
rently there is no established endogenous extracellular small
RNA or miRNA control, despite several studies that have used
this strategy for normalization [118]. Other studies have nor-
malized extracellular miRNA expression to total RNA con-
centration in the sample, as assessed by spectrophotometry
[119, 120]. However, this approach can be unreliable because
the amount of RNA extracted from plasma samples is usually
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well below the limits of accurate spectrophotometric quantifi-
cation [121-123]. Extracellular miRNA levels have also been
normalized to exogenous, non-human miRNA that has been
spiked into the sample during RNA isolation, but this strategy
may be unreliable when quantification of the extracted RNA
is not possible. Lastly, when high-throughput data is avail-
able, such as data from RNA sequencing or miRNA arrays,
global mean/median normalization methods have been used
[124, 125], but this strategy produces results that are difficult
to compare to other normalization methods. Clearly, these dif-
ferent normalization methods, all of which have been used in
the studies discussed above, can profoundly affect extracellular
miRNA profiles.

A final consideration for inter-study variability and why
it has been difficult to achieve consensus on extracellular
miRNAs profiles predictive of CVD is that the clinical
outcomes in the different studies have often been different,
ranging from cardiac events to fatal or non-fatal MI
to all-cause death. Also, there has been considerable
inter-study variability in ethnic/racial/sex diversity of study
cohorts, study design, detection methods, and statistical
analysis. Furthermore, standard ranges for levels of different
extracellular miRNAs in blood have not been established.

Conclusions

MiRNAs represent a dynamic and versatile class of molecules
with significant potential in shaping the landscape of CVD risk
assessment and management. Since the discovery of miRNAs,
a great deal has been learned about miRNA biogenesis, func-
tion, and the importance of miRNA expression in the physio-
logic and pathophysiologic processes underlying cardiovascular
health and disease. This review has highlighted some of the
studies that have contributed to this knowledge but the refer-
enced studies are not exhaustive and the reader is encouraged
view other recent reviews on this subject.

Based on our ever increasing understanding of the roles of
miRNAs in CVD, the tissue specificity of miRNAs, and the
ease of miRNA expression assessment in plasma and other
body fluids, extracellular miRNAs hold promise as both diag-
nostic tools and therapeutic targets for managing cardiovas-
cular disease. The review highlights studies of patients with
ACS, AMI, CAD, heart failure, and arrhythmia that provide
evidence to support this promise. However, currently, evi-
dence for clinical implementation of extracellular miRNAs
as biomarkers for CVD is lacking. Extracellular miRNAs
profiles have not been shown to increase the diagnostic or
prognostic power of established biomarkers, such as LDL
cholesterol, high sensitivity troponins, and N-terminal pro-brain
natriuretic peptide. Furthermore, the field suffers from incon-
sistent results and significant inter-study variability. While
this may be due, in part, to the relatively low concentrations
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of extracellular miRNAs, the main issues facing this field is
lack of standardization of methodologies for miRNA meas-
urement and variability in clinical endpoints assessed. For
extracellular miRNAs to reach the status of robust biomark-
ers for personalized cardiovascular care, these issues will
need to be addressed through well-designed clinical studies
in larger prospective cohorts of patients, using standardized
protocols.

Author Contributions CDS is solely responsible for development and
writing of this manuscript.

Funding This work was supported by grants from Veterans Health
Administration (I01 BX005442) and from National Human Genome
Research Institute (1IRM1HGO012334).

Compliance with Ethical Standards

Conflict of Interest Charles D. Searles declares that he has no conflict
of interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any
of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Papers of particular interest, published recently, have
been highlighted as:

e Of importance

ee Of major importance

1. Dennis C. The brave new world of RNA. Nature. 2002;418(6894):122-4.

2. Guo H, Ingolia NT, Weissman JS, Barte]l DP. Mammalian
microRNAs predominantly act to decrease target mRNA levels.
Nature. 2010;466(7308):835-40.

3. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell. 2004;116(2):281-97.

4. LeeRC, Feinbaum RL, Ambros V. The C. elegans heterochronic
gene lin-4 encodes small RNAs with antisense complementarity
to lin-14. Cell. 1993;75(5):843-54.

5. KrutzfeldtJ, Poy MN, Stoffel M. Strategies to determine the biological
function of microRNAs. Nat Genet. 2006;38(Suppl):S14-9.

10.

11.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Friedman RC, Farh KK, Burge CB, Bartel DP. Most mam-
malian mRNAs are conserved targets of microRNAs. Genome
Res. 2009;19(1):92-105.

Selbach M, Schwanhausser B, Thierfelder N, Fang Z, Khanin R,
Rajewsky N. Widespread changes in protein synthesis induced by
microRNAs. Nature. 2008;455(7209):58-63.

van Rooij E. The art of microRNA research. Circ Res.
2011;108(2):219-34.

Borchert GM, Lanier W, Davidson BL. RNA polymerase
IIT transcribes human microRNAs. Nat Struct Mol Biol.
2006;13(12):1097-101.

Finnegan EF, Pasquinelli AE. MicroRNA biogenesis:
regulating the regulators. Crit Rev Biochem Mol Biol.
2013;48(1):51-68.

Lund E, Guttinger S, Calado A, Dahlberg JE, Kutay U. Nuclear
export of microRNA precursors. Science. 2004;303(5654):95-8.
Kobayashi H, Tomari Y. RISC assembly: coordination between
small RNAs and Argonaute proteins. Biochem Biophys Acta.
2016;1859(1):71-81.

Bartel DP. MicroRNAs: target recognition and regulatory func-
tions. Cell. 2009;136(2):215-33.

Djuranovic S, Nahvi A, Green R. miRNA-mediated gene silenc-
ing by translational repression followed by mRNA deadenylation
and decay. Science. 2012;336(6078):237—-40.

Hendrickson DG, Hogan DJ, McCullough HL, Myers JW,
Herschlag D, Ferrell JE, et al. Concordant regulation of
translation and mRNA abundance for hundreds of targets of
a human microRNA. PLoS Biol. 2009;7(11):e1000238.

Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM,
Castle J, et al. Microarray analysis shows that some microR-
NAs downregulate large numbers of target mRNAs. Nature.
2005;433(7027):769-73.

Cortez MA, Bueso-Ramos C, Ferdin J, Lopez-Berestein G, Sood
AK, Calin GA. MicroRNAs in body fluids—the mix of hor-
mones and biomarkers. Nat Rev Clin Oncol. 2011;8(8):467-77.
Gilad S, Meiri E, Yogev Y, Benjamin S, Lebanony D,
Yerushalmi N, et al. Serum microRNAs are promising novel
biomarkers. PLoS ONE. 2008;3(9):e3148.

Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK,
Pogosova-Agadjanyan EL, et al. Circulating microRNAs as sta-
ble blood-based markers for cancer detection. Proc Natl Acad
Sci USA. 2008;105(30):10513-8.

Weber JA, Baxter DH, Zhang S, Huang DY, Huang KH, Lee MJ,
et al. The microRNA spectrum in 12 body fluids. Clin Chem.
2010;56(11):1733-41.

Corsten MF, Dennert R, Jochems S, Kuznetsova T, Devaux
Y, Hofstra L, et al. Circulating microRNA-208b and micro-
RNA-499 reflect myocardial damage in cardiovascular dis-
ease. Circ Cardiovasc Genet. 3(6):499-506.

D'Alessandra Y, Devanna P, Limana F, Straino S, Di Carlo
A, Brambilla PG, et al. Circulating microRNAs are new and
sensitive biomarkers of myocardial infarction. Eur Heart J.
2010;31(22):2765-73.

Fichtlscherer S, De Rosa S, Fox H, Schwietz T, Fischer A, Liebetrau
C, et al. Circulating microRNAs in patients with coronary artery
disease. Circ Res. 2010;107(5):677-84.

Fukushima Y, Nakanishi M, Nonogi H, Goto Y, Iwai N. Assess-
ment of plasma miRNAs in congestive heart failure. Circ J.
2011;75(2):336-40.

Martinez B, Peplow PV. MicroRNAs as diagnostic and thera-
peutic tools for Alzheimer’s disease: advances and limitations.
Neural Regen Res. 2019;14(2):242-55.

Rani A, O'Shea A, Ianov L, Cohen RA, Woods AJ, Foster TC.
miRNA in circulating microvesicles as biomarkers for age-
related cognitive decline. Front Aging Neurosci. 2017;9:323.

@ Springer


http://creativecommons.org/licenses/by/4.0/

58

Current Cardiology Reports (2024) 26:51-60

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Tijsen AJ, Creemers EE, Moerland PD, de Windt LJ, van der
Wal AC, Kok WE, et al. MiR423-5p as a circulating biomarker
for heart failure. Circ Res. 2010;106(6):1035-9.

Eldh M, Ekstrom K, Valadi H, Sjostrand M, Olsson B, Jernas
M, et al. Exosomes communicate protective messages during
oxidative stress; possible role of exosomal shuttle RNA. PLoS
ONE. 2010;5(12):e15353.

Hristov M, Erl W, Linder S, Weber PC. Apoptotic bodies from
endothelial cells enhance the number and initiate the differen-
tiation of human endothelial progenitor cells in vitro. Blood.
2004;104(9):2761-6.

Jy W, Horstman LL, Ahn YS. Microparticle size and its relation
to composition, functional activity, and clinical significance.
Semin Thromb Hemost. 2010;36(8):876-80.

Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya
T. Secretory mechanisms and intercellular transfer of microR-
NAs in living cells. J Biol Chem. 2010;285(23):17442-52.
Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD,
Remaley AT. MicroRNAs are transported in plasma and deliv-
ered to recipient cells by high-density lipoproteins. Nat Cell
Biol. 2011;13(4):423-33.

Wang K, Zhang S, Weber J, Baxter D, Galas DJ. Export of
microRNAs and microRNA-protective protein by mammalian
cells. Nucleic Acids Res. 2010;38(20):7248-59.

Zernecke A, Bidzhekov K, Noels H, Shagdarsuren E, Gan L,
Denecke B, et al. Delivery of microRNA-126 by apoptotic bod-
ies induces CXCL12-dependent vascular protection. Sci Signal.
2009;2(100):ra81.

Zhao J, Florentin J, Tai Y'Y, Torrino S, Ohayon L, Brzoska T, et al.
Long range endocrine delivery of circulating miR-210 to endothelium
promotes pulmonary hypertension. Circ Res. 2020;127(5):677-92.
This study provides substantive evidence that extracellular
microRNAs can function as paracrine factors. Using a mouse
model of pulmonary hypertension, the authors demonstrated
that microRNA derived from bone marrow cells could modulate
gene expression and phenotype of pulmonary endothelial cells.
Diehl P, Fricke A, Sander L, Stamm J, Bassler N, Htun N, et al.
Microparticles: major transport vehicles for distinct microRNAs
in circulation. Cardiovasc Res. 2012;93(4):633-44.
Guduric-Fuchs J, O’Connor A, Camp B, O’Neill CL, Medina RJ,
Simpson DA. Selective extracellular vesicle-mediated export of
an overlapping set of microRNAs from multiple cell types. BMC
Genomics. 2012;13:357.

Kosaka N, Iguchi H, Ochiya T. Circulating microRNA in body
fluid: a new potential biomarker for cancer diagnosis and prog-
nosis. Cancer Sci. 2010;101(10):2087-92.

Diehl P, Fricke A, Sander L, Stamm J, Bassler N, Htun N, et al.
Microparticles: major transport vehicles for distinct miRNAs in
circulation. Cardiovasc Res. 2012.

Corsten MF, Dennert R, Jochems S, Kuznetsova T, Devaux
Y, Hofstra L, et al. Circulating microRNA-208b and micro-
RNA-499 reflect myocardial damage in cardiovascular disease.
Circ Cardiovasc Genet. 2010;3(6):499-506.

Fichtlscherer S, De Rosa S, Fox H, Schwietz T, Fischer A,
Liebetrau C, et al. Circulating microRNAs in patients with
coronary artery disease. Circ Res. 107(5):677-84.

Finn NA, Eapen D, Manocha P, Al Kassem H, Lassegue B,
Ghasemzadeh N, et al. Coronary heart disease alters intercellu-
lar communication by modifying microparticle-mediated micro-
RNA transport. FEBS Lett. 2013;587(21):3456-63.

Weber M, Baker MB, Patel RS, Quyyumi AA, Bao G, Searles CD.
MicroRNA expression profile in CAD patients and the impact of
ACEI/ARB. Cardiol Res Pract. 2011;2011:532915.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall
JO. Exosome-mediated transfer of mRNAs and microRNAs

@ Springer

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

is a novel mechanism of genetic exchange between cells. Nat
Cell Biol. 2007;9(6):654-9.

Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC,
Gibson DF, et al. Argonaute2 complexes carry a population
of circulating microRNAs independent of vesicles in human
plasma. Proc Natl Acad Sci U S A. 2011;108(12):5003-8.
Chen X,BaY,MaL, Cai X, Yin Y, Wang K, et al. Characterization
of microRNAs in serum: a novel class of biomarkers for diagnosis
of cancer and other diseases. Cell Res. 2008;18(10):997-1006.
Finn NA, Searles CD. Using information theory to assess the
communicative capacity of circulating microRNA. Biochem
Biophys Res Commun. 2013;440(1):1-7.

Dignat-George F, Boulanger CM. The many faces of
endothelial microparticles. Arterioscler Thromb Vasc Biol.
2011;31(1):27-33.

Coumans FAW, Brisson AR, Buzas EI, Dignat-George F, Drees
EEE, El-Andaloussi S, et al. Methodological guidelines to
study extracellular vesicles. Circ Res. 2017;120(10):1632-48.
Ni CW, Qiu H, Jo H. MicroRNA-663 upregulated by oscil-
latory shear stress plays a role in inflammatory response of
endothelial cells. Am J Physiol. 2011;300(5):H1762-9.

Qin X, Wang X, Wang Y, Tang Z, Cui Q, Xi J, et al. Micro-
RNA-19a mediates the suppressive effect of laminar flow on
cyclin D1 expression in human umbilical vein endothelial
cells. Proc Natl Acad Sci. 2010;107(7):3240-4.

Wang KC, Garmire LX, Young A, Nguyen P, Trinh A,
Subramaniam S, et al. Role of microRNA-23b in flow-
regulation of Rb phosphorylation and endothelial cell growth.
Proc Natl Acad Sci U S A. 107(7):3234-9.

Weber M, Baker MB, Moore JP, Searles CD. MiR-21 is
induced in endothelial cells by shear stress and modulates
apoptosis and eNOS activity. Biochem Biophys Res Commun.
2010;393(4):643-8.

Weber M, Kim S, Patterson N, Rooney K, Searles CD.
MiRNA-155 targets myosin light chain kinase and modulates
actin cytoskeleton organization in endothelial cells. Am J
Physiol Heart Circ Physiol. 2014.

Zhou J, Wang KC, Wu W, Subramaniam S, Shyy JY, Chiu JJ,
et al. MicroRNA-21 targets peroxisome proliferators-activated
receptor-alpha in an autoregulatory loop to modulate flow-
induced endothelial inflammation. Proc Natl Acad Sci U S A.
2011;108(25):10355-60.

Gupta SK, Bang C, Thum T. Circulating microRNAs as bio-
markers and potential paracrine mediators of cardiovascular
disease. Circ Cardiovasc Genet. 2010;3(5):484-8.

Haver VG, Slart RHJA, Zeebregts CJ, Peppelenbosch MP, Tio
RA. Rupture of vulnerable atherosclerotic plaques: micro-
RNAs conducting the orchestra? Trends Cardiovasc Med.
2010;20(2):65-71.

Staszel T, Zapala B, Polus A, Sadakierska-Chudy A, Kiec-
Wilk B, Stepien E, et al. Role of microRNAs in endothelial cell
pathophysiology. Pol Arch Med Wewn. 2011;121(10):361-6.
Cipollone F, Felicioni L, Sarzani R, Ucchino S, Spigonardo F,
Mandolini C, et al. A unique microRNA signature associated
with plaque instability in humans. Stroke; a journal of cerebral
circulation. 2011;42(9):2556-63.

Loyer X, Potteaux S, Vion AC, Guerin CL, Boulkroun S, Rautou
PE, et al. Inhibition of microRNA-92a prevents endothelial dysfunc-
tion and atherosclerosis in mice. Circ Res. 2014;114(3):434-43.
Schober A, Nazari-Jahantigh M, Wei Y, Bidzhekov K, Gremse
F, Grommes J, et al. MicroRNA-126-5p promotes endothelial
proliferation and limits atherosclerosis by suppressing DIk1.
Nat Med. 2014;20(4):368-76.

Demolli S, Doebele C, Doddaballapur A, Lang V, Fisslthaler B,
Chavakis E, et al. MicroRNA-30 mediates anti-inflammatory



Current Cardiology Reports (2024) 26:51-60

59

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

effects of shear stress and KLF2 via repression of angiopoietin
2.J Mol Cell Cardiol. 2015;88:111-9.

Fang Y, Shi C, Manduchi E, Civelek M, Davies PF. MicroRNA-
10a regulation of proinflammatory phenotype in athero-
susceptible endothelium in vivo and in vitro. Proc Natl Acad
SciU S A. 2010;107(30):13450-5.

Nazari-Jahantigh M, Wei Y, Noels H, Akhtar S, Zhou Z, Koenen
RR, et al. MicroRNA-155 promotes atherosclerosis by repressing
Bcl6 in macrophages. J Clin Investig. 2012;122(11):4190-202.
Son D, Kumar S, Takabe W, Kim CW, Ni CW, Alberts-Grill N,
Jang IH, Kim SO, Kim WK, Kang SW, Baker AH, Seo JW, Ferrara
KW, Jo H. The atypical mechanosensitive microRNA-712 derived
from pre-ribosomal RNA induces endothelial inflammation and
atherosclerosis. Nat Commun. 2013;4:3000.

Suarez Y, Wang C, Manes TD, Pober JS. Cutting edge: TNF-
induced microRNAs regulate TNF-induced expression of
E-selectin and intercellular adhesion molecule-1 on human
endothelial cells: feedback control of inflammation. J Immunol.
2010;184(1):21-5.

Li K, Ching D, Luk FS, Raffai RL. Apolipoprotein E enhances
microRNA-146a in monocytes and macrophages to suppress
nuclear factor-kappaB-driven inflammation and atherosclerosis.
Circ Res. 2015;117(1):el-11.

Sun X, He S, Wara AKM, Icli B, Shvartz E, Tesmenitsky Y, et al.
Systemic delivery of microRNA-181b inhibits nuclear factor-
kappaB activation, vascular inflammation, and atherosclerosis in
apolipoprotein E-deficient mice. Circ Res. 2014;114(1):32—40.
Xin M, Small EM, Sutherland LB, Qi X, McAnally J, Plato CF,
et al. MicroRNAs miR-143 and miR-145 modulate cytoskeletal
dynamics and responsiveness of smooth muscle cells to injury.
Genes Dev. 2009;23(18):2166-78.

Lovren F, Pan Y, Quan A, Singh KK, Shukla PC, Gupta N, et al.
MicroRNA-145 targeted therapy reduces atherosclerosis. Circu-
lation. 2012;126(11 Suppl 1):S81-90.

Liu X, Cheng Y, Yang J, Xu L, Zhang C. Cell-specific effects of
miR-221/222 in vessels: molecular mechanism and therapeutic
application. J Mol Cell Cardiol. 2012;52(1):245-55.

Wang D, Deuse T, Stubbendorff M, Chernogubova E, Erben
RG, Eken SM, et al. Local microRNA modulation using a
novel anti-miR-21-eluting stent effectively prevents experi-
mental in-stent restenosis. Arterioscler Thromb Vasc Biol.
2015;35(9):1945-53.

Elmen J, Lindow M, Silahtaroglu A, Bak M, Christensen M, Lind-
Thomsen A, et al. Antagonism of microRNA-122 in mice by sys-
temically administered LNA-antimiR leads to up-regulation of a
large set of predicted target mRNAs in the liver. Nucleic Acids Res.
2008;36(4):1153-62.

Esau C, Davis S, Murray SF, Yu XX, Pandey SK, Pear M, et al.
miR-122 regulation of lipid metabolism revealed by in vivo anti-
sense targeting. Cell Metab. 2006;3(2):87-98.

Vickers KC, Landstreet SR, Levin MG, Shoucri BM, Toth CL,
Taylor RC, et al. MicroRNA-223 coordinates cholesterol homeo-
stasis. Proc Natl Acad Sci U S A. 2014;111(40):14518-23.
Vickers KC, Shoucri BM, Levin MG, Wu H, Pearson DS,
Osei-Hwedieh D, et al. MicroRNA-27b is a regulatory hub in
lipid metabolism and is altered in dyslipidemia. Hepatology.
2013;57(2):533-42.

Soh J, Igbal J, Queiroz J, Fernandez-Hernando C, Hussain MM.
MicroRNA-30c reduces hyperlipidemia and atherosclerosis in
mice by decreasing lipid synthesis and lipoprotein secretion. Nat
Med. 2013;19(7):892-900.

Goedeke L, Rotllan N, Canfran-Duque A, Aranda JF, Ramirez
CM, Araldi E, et al. MicroRNA-148a regulates LDL receptor
and ABCAL expression to control circulating lipoprotein levels.
Nat Med. 2015;21(11):1280-9.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Wagschal A, Najafi-Shoushtari SH, Wang L, Goedeke L, Sinha
S, deLemos AS, et al. Genome-wide identification of microR-
NAs regulating cholesterol and triglyceride homeostasis. Nat
Med. 2015;21(11):1290-7.

Rayner KJ, Sheedy FJ, Esau CC, Hussain FN, Temel RE, Parathath
S, et al. Antagonism of miR-33 in mice promotes reverse choles-
terol transport and regression of atherosclerosis. J Clin Investig.
2011;121(7):2921-31.

Ono K, Kuwabara Y, Han J. MicroRNAs and cardiovascular
diseases. FEBS J. 2011;278(10):1619-33.

Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P,
et al. MicroRNA-133 controls cardiac hypertrophy. Nat Med.
2007;13(5):613-8.

Li X, Wang J, Jia Z, Cui Q, Zhang C, Wang W, et al. MiR-
499 regulates cell proliferation and apoptosis during late-stage
cardiac differentiation via Sox6 and cyclin D1. PLoS ONE.
2013;8(9): €74504.

Zhao X, Wang Y, Sun X. The functions of microRNA-208 in the
heart. Diabetes Res Clin Pract. 2020;160: 108004.

Wang L, Qin D, Shi H, Zhang Y, Li H, Han Q. MiR-195-5p
promotes cardiomyocyte hypertrophy by targeting MFN2 and
FBXW?7. Biomed Res Int. 2019;2019:1580982.

Zhang H, Liu S, Dong T, Yang J, Xie Y, Wu Y, et al. Profiling
of differentially expressed microRNAs in arrhythmogenic right
ventricular cardiomyopathy. Sci Rep. 2016;6:28101.

Dawson K, Wakili R, Ordﬁg B, Clauss S, Chen Y, Iwasaki Y,
et al. MicroRNA29: a mechanistic contributor and potential
biomarker in atrial fibrillation. Circ. 2013;127(14):1466-75,
75e1-28.

Melman YF, Shah R, Danielson K, Xiao J, Simonson B, Barth A,
et al. Circulating microRNA-30d is associated with response to
cardiac resynchronization therapy in heart failure and regulates
cardiomyocyte apoptosis: a translational pilot study. Circulation.
2015;131(25):2202-16.

Zampetaki A, Willeit P, Tilling L, Drozdov I, Prokopi M, Renard
IM, et al. Prospective study on circulating microRNAs and risk
of myocardial infarction. J] Am Coll Cardiol. 2012;60(4):290-9.
Zampetaki A, Kiechl S, Drozdov I, Willeit P, Mayr U, Prokopi
M, et al. Plasma microRNA profiling reveals loss of endothelial
miR-126 and other microRNAs in type 2 diabetes. Circ Res.
2010;107(6):810-7.

AilJ,Zhang R, Li Y, PulJ, Lu Y, Jiao J, et al. Circulating micro-
RNA-1 as a potential novel biomarker for acute myocardial
infarction. Biochem Biophys Res Commun. 2010;391(1):73-7.
Wang GK, Zhu JQ, Zhang JT, Li Q, Li Y, He J, et al. Circu-
lating microRNA: a novel potential biomarker for early diag-
nosis of acute myocardial infarction in humans. Eur Heart J.
2010;31(6):659-66.

Devaux Y, Vausort M, Goretti E, Nazarov PV, Azuaje F, Gilson
G, et al. Use of circulating microRNAs to diagnose acute myo-
cardial infarction. Clin Chem. 2012;58(3):559-67.

Oerlemans MI, Mosterd A, Dekker MS, de Vrey EA, van Mil
A, Pasterkamp G, et al. Early assessment of acute coronary
syndromes in the emergency department: the potential diag-
nostic value of circulating microRNAs. EMBO Mol Med.
2012;4(11):1176-85.

Devaux Y, Mueller M, Haaf P, Goretti E, Twerenbold R, Zangrando
J, et al. Diagnostic and prognostic value of circulating microRNAs
in patients with acute chest pain. J Intern Med. 2015;277(2):260-71.
Li YQ, Zhang MF, Wen HY, Hu CL, Liu R, Wei HY, et al. Com-
paring the diagnostic values of circulating microRNAs and car-
diac troponin T in patients with acute myocardial infarction.
Clinics (Sao Paulo). 2013;68(1):75-80.

Meder B, Keller A, Vogel B, Haas J, Sedaghat-Hamedani F,
Kayvanpour E, et al. MicroRNA signatures in total peripheral

@ Springer



60

Current Cardiology Reports (2024) 26:51-60

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110

111.

112.0

blood as novel biomarkers for acute myocardial infarction. Basic
Res Cardiol. 2011;106(1):13-23.

Zhu GF, Yang LX, Guo RW, Liu H, Shi YK, Ye JS, et al. micro-
RNA-155 is inversely associated with severity of coronary sten-
otic lesions calculated by the Gensini score. Coron Artery Dis.
2014;25(4):304-10.

D’Alessandra Y, Carena MC, Spazzafumo L, Martinelli F,
Bassetti B, Devanna P, et al. Diagnostic potential of plasmatic
microRNA signatures in stable and unstable angina. PLoS ONE.
2013;8(11): e80345.

Bye A, Rosjo H, Nauman J, Silva GJ, Follestad T, Omland T,
et al. Circulating microRNAs predict future fatal myocardial
infarction in healthy individuals - the HUNT study. J] Mol Cell
Cardiol. 2016;97:162-8.

Velle-Forbord T, Eidlaug M, Debik J, Saether JC, Follestad
T, Nauman J, et al. Circulating microRNAs as predictive bio-
markers of myocardial infarction: evidence from the HUNT
study. Atherosclerosis. 2019;289:1-7.

Keller T, Boeckel JN, Gross S, Klotsche J, Palapies L, Leistner D,
et al. Improved risk stratification in prevention by use of a panel of
selected circulating microRNAs. Sci Rep. 2017;7(1):4511.
Gigante B, Papa L, Bye A, Kunderfranco P, Viviani C, Roncarati
R, et al. MicroRNA signatures predict early major coronary
events in middle-aged men and women. Cell Death Dis.
2020;11(1):74.

Wang X, Dong Y, Fang T, Wang X, Chen L, Zheng C, et al.
Circulating microRNA-423-3p improves the prediction of coro-
nary artery disease in a general population - six-year follow-up
results from the China-Cardiovascular Disease Study. Circ J.
2020;84(7):1155-62.

Gidlof O, Smith JG, Miyazu K, Gilje P, Spencer A, Blomquist
S, et al. Circulating cardio-enriched microRNAs are associated
with long-term prognosis following myocardial infarction. BMC
Cardiovasc Disord. 2013;13:12.

Seronde MF, Vausort M, Gayat E, Goretti E, Ng LL, Squire IB,
et al. Circulating microRNAs and outcome in patients with acute
heart failure. PLoS ONE. 2015;10(11):e0142237.

Sygitowicz G, Tomaniak M, Blaszczyk O, Koltowski L, Filipiak
KJ, Sitkiewicz D. Circulating microribonucleic acids miR-1,
miR-21 and miR-208a in patients with symptomatic heart failure:
preliminary results. Arch Cardiovasc Dis. 2015;108(12):634—42.
Wong LL, Armugam A, Sepramaniam S, Karolina DS, Lim
KY, Lim JY, et al. Circulating microRNAs in heart failure with
reduced and preserved left ventricular ejection fraction. Eur J
Heart Fail. 2015;17(4):393—-404.

Lu Y, Zhang Y, Wang N, Pan Z, Gao X, Zhang F, et al. Micro-
RNA-328 contributes to adverse electrical remodeling in atrial
fibrillation. Circulation. 2010;122(23):2378-87.

Natsume Y, Oaku K, Takahashi K, Nakamura W, Oono A,
Hamada S, et al. Combined analysis of human and experimen-
tal murine samples identified novel circulating microRNAs as
biomarkers for atrial fibrillation. Circ J. 2018;82(4):965-73.
McManus DD, Tanriverdi K, Lin H, Esa N, Kinno M, Mandapati
D, et al. Plasma microRNAs are associated with atrial fibrillation
and change after catheter ablation (the miRhythm study). Heart
Rhythm. 2015;12(1):3-10.

Silverman MG, Yeri A, Moorthy MV, Camacho Garcia F,
Chatterjee NA, Glinge CSA, et al. Circulating miRNAs and risk
of sudden death in patients with coronary heart disease. JACC

@ Springer

113.

114.

115.

116.

117.

118.

119.

120

121.

122.

123.

124.

125.

Clin Electrophysiol. 2020;6(1):70-9. This is a recent study
that exemplifies the candidate miRNA approach to assessing
whether plasma extracellular miRNAs can be predictive of
cardiovascular disease. The authors examined the associa-
tion of levels of 18 miRNAs with sudden cardiac death in
129 cases and 258 control and identified three miRNAs that,
through bioinformatics analysis, were linked to apoptosis,
inflammation, and fibrosis.

Cheng HH, Yi HS, Kim Y, Kroh EM, Chien JW, Eaton KD, et al.
Plasma processing conditions substantially influence circulating
microRNA biomarker levels. PloS one. 2013;8(6):e64795.
Kaudewitz D, Skroblin P, Bender LH, Barwari T, Willeit P,
Pechlaner R, et al. Association of microRNAs and YRNAs with
platelet function. Circulation research. 2016;118(3):420-32.
Mitchell AJ, Gray WD, Hayek SS, Ko YA, Thomas S, Rooney
K, et al. Platelets confound the measurement of extracellular
miRNA in archived plasma. Sci Rep. 2016;6:32651.

Wang K, Yuan Y, Cho JH, McClarty S, Baxter D, Galas DJ. Compar-
ing the microRNA spectrum between serum and plasma. PloS one.
2012;7(7):e41561.

Lacroix R, Judicone C, Poncelet P, Robert S, Arnaud L, Sampol
J, et al. Impact of pre-analytical parameters on the measurement
of circulating microparticles: towards standardization of protocol.
Journal of thrombosis and haemostasis : JTH. 2012;10(3):437-46.
Donati S, Ciuffi S, Brandi ML. Human circulating miRNAs
real-time qRT-PCR-based analysis: an overview of endogenous
reference genes used for data normalization. Int J Mol Sci.
2019;20(18).

Ren J, Zhang J, Xu N, Han G, Geng Q, Song J, et al. Signature
of circulating microRNAs as potential biomarkers in vulnerable
coronary artery disease. PloS one. 2013;8(12):e80738.

Liu W, Ling S, Sun W, Liu T, Li Y, Zhong G, et al. Circulating
microRNAs correlated with the level of coronary artery calcifi-
cation in symptomatic patients. Sci Rep. 2015;5:16099.

Kroh EM, Parkin RK, Mitchell PS, Tewari M. Analysis of cir-
culating microRNA biomarkers in plasma and serum using
quantitative reverse transcription-PCR (qRT-PCR). Methods.
2010;50(4):298-301.

Marabita F, de Candia P, Torri A, Tegner J, Abrignani S, Rossi
RL. Normalization of circulating microRNA expression data
obtained by quantitative real-time RT-PCR. Brief. Bioinform.
2015.

McDonald JS, Milosevic D, Reddi HV, Grebe SK, Algeciras-
Schimnich A. Analysis of circulating microRNA: preanalytical
and analytical challenges. Clin Chem. 2011;57(6):833-40.
D'Haene B, Mestdagh P, Hellemans J, Vandesompele J. miRNA
expression profiling: from reference genes to global mean nor-
malization. Methods mol biol. 2012;822:261-72.

Marabita F, de Candia P, Torri A, Tegner J, Abrignani S, Rossi
RL. Normalization of circulating microRNA expression data
obtained by quantitative real-time RT-PCR. Brief Bioinform.
2016;17(2):204-12.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	MicroRNAs and Cardiovascular Disease Risk
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	miRNA Biogenesis and Function
	MiRNAs in Cardiovascular Pathophysiology
	Extracellular miRNAs as Biomarkers
	Acute MI and ACS
	Chronic Coronary Artery Disease
	Heart Failure
	Arrhythmia

	Challenges of Extracellular miRNAs as Biomarkers for CVD Risk and Prognosis
	Conclusions
	References


