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Abstract: microRNAs (miRNAs) are well-known, power-
ful regulators of gene expression, and their potential to 
serve as circulating biomarkers is widely accepted. In car-
diovascular disease (CVD), numerous studies have sug-
gested miRNAs as strong circulating biomarkers with high 
diagnostic as well as prognostic power. In coronary artery 
disease (CAD) and heart failure (HF), miRNAs have been 
suggested as reliable biomarkers matching up to estab-
lished protein-based such as cardiac troponins (cT) or 
natriuretic peptides. Also, in other CVD entities, miRNAs 
were identified as surprisingly specific biomarkers – with 
great potential for clinical applicability, especially in 
those entities that lack specific protein-based biomark-
ers such as atrial fibrillation (AF) and acute pulmonary 
embolism (APE). In this regard, miRNA signatures, com-
prising a set of miRNAs, yield high sensitivity and speci-
ficity. Attempts to utilize miRNAs as therapeutic agents 
have led to promising results. In this article, we review the 
clinical applicability of circulating miRNAs in CVD. We are 
giving an overview of miRNAs as biomarkers in numerous 
CVD entities to depict the variety of their potential clini-
cal deployment. We illustrate the function of miRNAs by 
means of single miRNA examples in CVD.

Keywords: biomarker; cardiovascular disease; diagnostic; 
microRNA; prognostic.

Introduction
microRNAs (miRNAs) are short non-coding RNAs that 
bind messenger RNAs (mRNAs) and either initiate mRNA 
degradation or translational repression and consecutively 
regulate gene expression on a post-transcriptional level 
[1–4]. From a functional point of view, miRNAs are crucial 
regulators of cellular pathways in proliferation and differ-
entiation as well as apoptosis, stress response, and tumor-
genesis [5]. miRNAs mediate gene expression and regulate 
phenotypic control in the cell of origin and serve as key 
regulators of metabolism [6–8] – their expression patterns 
are specific for different organs and cell types [9]. miRNAs 
are also secreted into different types of body fluid such 
as blood and urine [10], which allows them to transmit 
their signal to different cells and tissues [11]. This has led 
to their exploration as emerging circulating biomarkers 
for a variety of diseases [12–14]. Furthermore, miRNAs are 
intensively explored as therapeutic agents and promising 
targets of disease modeling by specifically altering miRNA 
levels in particular diseases [15, 16].

In cardiovascular disease (CVD), the utilization of 
miRNAs as diagnostic biomarkers for specific disease enti-
ties such as coronary artery disease (CAD), myocardial 
infarction (MI) and heart failure (HF) has been explored in 
numerous experimental studies and patient cohorts, putting 
them on the verge of implementation in clinical disease 
evaluation [8, 17]. The exploration of miRNAs as therapeutic 
CVD agents has taken major steps forward and encourag-
ing results from in vitro and in vivo experiments give rise for 
promising future application in human trials [18, 19].

Meanwhile, the implementation of miRNA-based 
diagnostics and therapy in clinical routine is hampered 
by technical and analytical difficulties such as normali-
zation problems, unexplored effects of influencing factors 
in quantification analyses, and suboptimal time-effective-
ness [17].

This review article summarizes the latest knowledge 
of miRNA research in CVD, focusing on CAD and HF in 
particular. We will describe the current scientific state of 
miRNA exploration as circulating biomarkers and give 
an overview to what extend miRNAs might influence 
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therapeutic strategies. Covering all miRNAs involved in 
different CVD entities is beyond the scope of this article; 
therefore defined examples of important miRNAs will be 
addressed. An overview of the selected miRNA examples 
is given in Table 1.

miRNAs in cardiovascular disease
The clinical relevance of miRNAs in CVD becomes clear 
when we look at the numerous pathways that are affected 
by miRNA regulation. For example, miRNAs function as 
regulators of metabolic pathways such as lipid metabolism 
and glucose homeostasis, which are highly involved in vas-
cular disease [51]. Besides their role in metabolism, miRNAs 
are also key regulators in vascular cells and endothelial 
cells (EC) [51]. A decade ago, the first in vivo description 
of the relevance of miRNAs in heart disease was made 
in cardiac hypertrophy and HF of mice and humans [52]. 
Shortly afterward, Ikeda et al. for the first time showed that 
miRNA expression profiles are specifically altered in dif-
ferent entities of heart disease comprising distinct changes 
of single miRNA expressions [53]. These results reflect the 
tissue- and cell type-specific regulation of miRNAs and 
gave rise to screening projects to identify single miRNAs in 
CVD, their mode of function, and importantly, their poten-
tial for clinical application [54].

miRNAs in vascular integrity and 
Endothelial cell function
During the process of atherosclerotic plaque develop-
ment, defined sets of miRNAs have been found in differ-
ent stages of plaque progression [55]. Additionally, miRNA 
dysregulation plays an essential role in the destabilization 
and rupture of atherosclerotic plaques [56]. miRNAs spe-
cifically alter a diversity of signaling pathways that affect 
proliferation, differentiation, migration, and cell survival 
in EC and smooth muscle cells. Zampetaki and Mayr corre-
lated miRNAs with angiogenesis and the development of 
vascular disease and interlinked their altered expression 
profiles with proteomic and metabolomic changes [51].

Reduced function of EC significantly contributes to 
vascular inflammation, which in turn facilitates the devel-
opment of atherosclerosis and CVD. A group of miRNAs, 
termed angiomiRs, plays a major role in the mediation 
and regulation of angiogenic processes. Among them 
are miR-210, miR-221, miR-222, miR-126-3p, mir-92a, and 
miR-132 [57]. Especially, miR-126-3p is a key regulator in 

the maintenance of vascular integrity and serves as a 
pro-angiogenic factor, which is specific for the vascular 
system [58]. MiR-126-3p regulates EC gene expression and 
is involved in EC dysfunction as well as atherosclerosis 
triggered by alterations of blood flow conditions [59] as 
they occur in CAD. MiR-126-3p–/– (miR-126-3p knock-out) 
mouse embryos suffered from systemic edema multifocal 
hemorrhages, and ruptured blood vessels throughout 
embryogenesis [58]. From a clinical point of view, miR-
126-3p overexpression was shown to reduce atheroscle-
rosis [60]. Thus, miRNAs might be important regulators 
during angiogenesis after ischemic and hypoxic events 
due to diminished angiogenic response. Moreover, the 
current state of knowledge suggests miR-126-3p as a prom-
ising therapeutic target to enhance neo-angiogenesis and 
cardiac repair with a focus on ischemic myocardium and 
thus in CAD [54]. The modulating effect of miR-126-3p on 
EC strongly suggests the potential for clinical applicabil-
ity in CVD as diagnostic and/or prognostic biomarker on 
the one hand and as potential therapeutic targets on the 
other.

Besides EC, it was recently shown that miR-126-3p is 
present in platelets and modulates platelet aggregation 
[61]. Inhibition of miR-126-3p in mice attenuates platelet 
aggregation and levels of circulating miR-126-3p show pos-
itive correlations with platelet function tests in mice and 
men [62]. These findings interlink miR-126-3p with plate-
let-associated vascular and EC function and raise further 
questions as to what extend pharmacological platelet 
inhibition might interfere with accurate quantification 
measures in miRNA analyses in general (see below).

Further efforts are needed to explore the gaps in the 
knowledge of miRNAs in CVD pathophysiology and pro-
gression in a translational fashion – linking clinical find-
ings with molecular understanding.

miRNAs in coronary artery disease 
and myocardial infarction
Atherosclerosis is the major contributor to CAD and MI and 
thus leads to CVD. The complex balance of pro- and anti-
angiogenic signaling pathways is dysregulated, resulting 
in pathological angiogenesis and vascular inflammation, 
which contribute to the development and progression 
of CAD and consecutively MI. Ischemia-reperfusion can 
serve as a model of unstable CAD. In such a model, dys-
regulated levels of specific miRNAs were identified com-
pared with healthy controls [63]. While miR-1, miR-126-3p, 
and miR-208 were increased, miR-21, miR-133 and miR-195 
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Table 1: miRNAs dysregulated in different CVD entities.

Disease entity   Value as 
biomarker

  microRNA   Biomaterial   Direction of 
alteration

  ROC 
Analysis

  Comparison with established 
biomaker

  Reference

ACS/AMI/UAP   Diagnostic   miR-1   Plasma   Up-regulated in 
AMI vs. UAP

  No   Independently associated with hs-TnT  [20]

  Diagnostic   miR-92a   Serum   Up-regulated in 
UAP vs. SAP

  No   No correlation to cTnI levels   [21]

  Diagnostic   miR-133a   Plasma   Up-regulated in 
AMI vs. UAP

  No   Independently associated with hs-TnT  [20]

  Diagnostic   miR-208b   Plasma   Up-regulated in 
AMI vs. HC

  Yes   Inferior to cTnT   [22]

  Diagnostic   miR-208b   Plasma   Up-regulated in 
AMI vs. UAP

  No   Independently associated with hs-TnT  [20]

  Diagnostic   miR-486   Serum   Up-regulated in 
UAP vs. SAP

  No   No correlation to cTnI levels   [21]

  Diagnostic   miR-499-5p   Plasma   Up-regulated in 
AMI vs. HC

  Yes   Inferior to cTnT   [22]

  Diagnostic   miR-499-5p   Plasma   Down-regulated 
in NSTEMI vs. 
HC

  Yes   Diagnosis of NSTEMI:Similar to cTnT
Differentiation of NSTEMI vs. CHF 
superior to cTnT and hs-cTnt

  [23]

  Diagnostic   Signature:
miR-1
miR-21
miR-499 

  Serum   Up-regulated in 
ACS vs. HC

  Yes   Superior to hs-cTnT   [24]

  Diagnostic   Signature:
miR-134
miR-198
miR-370

  PBMC   Up-regulated in 
UAP vs. SAP

  No   No   [25]

  Diagnostic   Signature:
miR-132
miR-150
miR-186

  Serum   Down-regulated 
in UAP vs. NCCP

  Yes   Superior to hs-cTNI in differentiating 
UAP from NCCP

  [26]

  Diagnostic   Signature:
miR-1
miR-134
miR-186
miR-208
miR-223
miR-499

  Serum   Up-regulated in 
AMI vs. HC

  Yes   Superior to cTnT and CK-MB in 
differentiating AMI from UAP

  [27]

  Diagnostic   Signature:
miR-142-5p
miR-498
miR-492
miR-1281,
miR-497*
miR-151-5p
miR-802
miR-23b*
miR-455-3p
miR-1250
miR-380*
miR-135b*
miR-345
miR-566
miR-631
miR-1254
miR-139-5p
miR-892b
miR-146b-3p

  Whole 
blood

  Differentially 
dysregulated 
in AMI

  Yes   Earlier diagnosis of AMI compared 
with cTnT

  [28]
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Disease entity   Value as 
biomarker

  microRNA   Biomaterial   Direction of 
alteration

  ROC 
Analysis

  Comparison with established 
biomaker

  Reference

  Prognostic   miR-106a-5p
miR-424-5p
let-7g-5p
miR-144-3p
miR-660-5p

  Serum   Differentially 
dysregulated in 
future fatal AMI

  Yes   No   [29]

  Prognostic   miR-126
miR-197
miR-223

  Plasma   Differentially 
dysregulated in 
future AMI

  No   No   [30]

  Prognostic   miR-126
miR-197
miR-223

  Serum   Upregulated 
in future 
cardiovascular 
death

  No   No   [31]

  Prognostic   miR-19a
miR-19b
miR-132
miR-140-3p
miR-150
miR-186
miR-210

  Serum   Up-regulated 
in future 
cardiovascular 
death

  No   No   [32]

HF   Diagnostic   miR-22   Serum   Up-regulated in 
HF vs. HC

  No   Association with NT-proBNP   [33]

  Diagnostic   miRNA-26b-5p  Plasma   Down-regulated 
in HF vs. HC

  Yes   Inverse correlation with NT-proBNP   [19]

  Diagnostic   miRNA-29a-3p  Plasma   Down-regulated 
in HF vs. HC

  Yes   Inverse correlation with NT-proBNP   [19]

  Diagnostic   miRNA-30e-5p   Plasma   Down-regulated 
in HF vs. HC

  Yes   Inverse correlation with NT-proBNP   [19]

  Diagnostic   miR-30b   Plasma   NA   Yes   Inferior to NT-proBNP and hs-cTnT   [34]
  Diagnostic   miRNA-92a-3p  Plasma   Down-regulated 

in HF vs. HC
  Yes   Inverse correlation with NT-proBNP   [19]

  Diagnostic   miR-92b   Serum   Up-regulated in 
HF vs. HC

  No   Association with NT-proBNP   [33]

  Diagnostic   miR-103   Plasma   no   Yes   Inferior to NT-proBNP and hs-cTnT   [34]
  Diagnostic   miR-142-3p   Plasma   No   Yes   Inferior to NT-proBNP and hs-cTnT   [34]
  Diagnostic   miRNA-145-5p  Plasma   Down-regulated 

in HF vs. HC
  Yes   Inverse correlation with NT-proBNP   [19]

  Diagnostic   miR-208b   Plasma   Elevated after 
AMI

  Yes   Correlating with cTnT   [35]

  Diagnostic   miR-320a   Serum   Up-regulated in 
HF vs. HC

  No   Association with NT-proBNP   [33]

  Diagnostic   miR-342-3p   Plasma   No   Yes   Inferior to NT-proBNP and hs-cTnT   [34]
  Diagnostic   miR-423-5p   Serum   Up-regulated in 

HF vs. HC
  No   Association with NT-proBNP   [33]

  Diagnostic   miR-423-5p   Plasma   No   Yes   Improvement of diagnostic accuracy 
of NT-proBNP in HF

  [34]

  Diagnostic   miR-423-5p   Plasma   Associated 
with HF

  No   Associated with proBNP levels   [36]

  Diagnostic   miR-499   Plasma   Up-regulated 
after AMI

  Yes   Correlating with cTnT   [35]

  Diagnostic   Signature:
miR-1
miR-21
miR133a
miR-208

  Plasma   Time-
dependent 
changes after 
AMI

  No   No   [37]

Table 1 (continued)
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Disease entity   Value as 
biomarker

  microRNA   Biomaterial   Direction of 
alteration

  ROC 
Analysis

  Comparison with established 
biomaker

  Reference

  Diagnostic   Signature:
miR-520d-5p
miR-558
miR-122*
miR-200b*
miR-622
miR-519e*
miR-1231
miR-1228*

  Whole 
blood

  Differentially 
dysregulated in 
HFREF 

  Yes   No   [38]

  Prognostic   miR-182   Serum   Up-regulated 
in future 
cardiovascular 
death

  Yes   Superior to NT-proBNP in the 
prediction of future cardiovascular 
mortality

  [39]

HFPEF   Diagnostic   Numerous 
miRNAs

  Plasma, 
Serum, 
Tissue

  NA   No   No   Review: 
[8]

ISR   Diagnostic   miR-21   Plasma   Up-regulated 
in ISR

  Yes   No   [40]

  Diagnostic   miR-100   Plasma   Down-regulated 
in ISR 

  Yes   No   [40]

  Diagnostic   miR-143   Plasma   Down-regulated 
in ISR

  Yes   No   [40]

  Diagnostic   miR-145   Plasma   Down-regulated 
in ISR

  Yes   No   [40]

AF   Diagnostic   miR-126   Serum   Downregulated 
in AF vs. HC

  No   Inversely correlated with NT-proBNP   [41]

  Diagnostic   miR-150   Plasma   Down-regulated 
in AF vs. HC

  No   Negatively associated with CRP   [42]

  Diagnostic   miR-150   Serum and 
Platelets

  Down-regulated 
in AF vs. HC

  No   No   [43]

  Diagnostic   miR-328   Whole 
blood

  Down-regulated 
in prevalent AF 
vs. HC

  No   No   [44]

  Diagnostic   miR-328   Plasma   Up-regulated in 
AF vs. HC

  No   No   [45]

  Diganostic   miR-409-3p   Plasma   Downregulated 
in AF vs. HC

  No   No   [46]

  Diagnostic   miR-432   Plasma   Downregulated 
in AF vs. HC

  No   No   [46]

Infective 
carditis

  Diagnostic   miR-208b   Plasma   Up-regulated 
in infective 
carditis vs. HC

  No   Correlating with cTnT and severety of 
disease

  [35]

  Diagnostic   miR-499   Plasma   Up-regulated 
in infective 
carditis vs. HC

  No   Correlating with cTnT and severety of 
disease

  [35]

APE   Diagnostic   miR-28-3p   Plasma   Up-regulated in 
APE vs. HC

  Yes   No   [47]

  Diagnostic   miR-134   Plasma   Up-regulated in 
APE vs. HC

  Yes   No   [48]

  Diagnostic   miR-1233   Serum   Up-regulated in 
APE vs. HC and 
NSTEMI

  Yes   No   [49]

Table 1 (continued)
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Disease entity   Value as 
biomarker

  microRNA   Biomaterial   Direction of 
alteration

  ROC 
Analysis

  Comparison with established 
biomaker

  Reference

TTC   Diagnostic   Signature:
miR-1
miR-16
miR-26a
miR-133a

  Plasma   Up-regulated 
in TTC vs. HC; 
Up-reglated in 
STEMI vs. TTC

  Yes   No   [50]

ACS, acute coronary syndrome; AMI, acute myocardial infarction; UAP, unstable angina pectoris; SAP, stable angina pectoris; HC, healthy 
control; NCCP, non-coronary chest pain; NSTEMI, non-ST elevation myocardial infarction; cTnT, cardiac troponin T; hs-cTnT, high sensitive 
cardiac troponin T; CHF, congestive heart failure; NT-proBNP, n terminal prohormone of brain natruiuretic peptide; HF, heart failure; HFREF, 
heart failure with reduced ejection fraction, HFPEF, heart failure with preserved ejection fraction; NA, not applicable; ISR, in-stent reste-
nosis; AF, atrial fibrillation, CRP, c-reactive protein; APE, acute pulmonary embolism; TTC, takotsubo cardiomyopathy; STEMI, ST-elevation 
myocardial infarction.

Table 1 (continued)

levels were decreased. Not surprisingly, miR-126-3p was 
found among these miRNAs. Additionally, miR-126-3p was 
found up-regulated in non-infarcted areas of rat hearts 
after induced MI [64] and diminished survival rates were 
observed in miR-126-3p knock-out mice after coronary 
artery occlusion compared with wild-type mice [65]. Thus, 
miR-126-3p is thought to play a role in myocardial recovery 
after MI [66].

Another interesting miRNA in this respect is miR-208, 
which was up-regulated in infarcted tissue of patients 
who had died from MI [67]. Importantly, miR-208 is solely 
expressed in cardiomyocytes and therefore differentially 
released during cardiac cell death in MI [68]. This observa-
tion is somewhat analogous to cardiac specific troponins, 
which makes it appear as a miRNA example of a potential 
target for diagnostic purposes with respect to biomarkers 
in MI.

miRNAs in heart failure
On the cutting edge between cardiac fibrosis and HF 
increased levels of a signature of five miRNAs (miR-24, 
miR-125b, miR-195, miR-199a, and miR-214) were observed 
in failing hearts of mice and humans [52]. These miRNAs 
were identified as significant contributors to adverse 
cardiac remodeling [52], interlinking cardiac fibrosis and 
HF on an RNA level. Looking at enzymatic miRNA regula-
tion, the RNase III endonuclease Dicer catalyzes the key 
enzymatic step of cleaving the hairpin-structured pre-
cursor miRNAs. Dicer knock-out led to the development 
of dilatative cardiomyopathy (DCM) [69]. Additionally, 
28  miRNAs were identified as elevated in cardiac tissue 
of HF patients [70]. Importantly, 20 of these miRNAs 
returned to near normal levels after cardiac recovery in 
left ventricular assist device (LVAD) patients [70]. These 

results interlink the clinical phenotype of HF in general 
with dysregulated miRNAs in cardiac tissue. A more dif-
ferentiated approach in human biopsy samples revealed 
dysregulations of miRNAs in distinct HF disease entities 
such as ischemic cardiomyopathy (ICM) and DCM [53]. For 
example, miR-19 was strongly down-regulated in DCM but 
not in ICM [53]. Importantly, miR-133 and miR-208, which 
are strongly associated with cardiac hypertrophy and 
fibrosis, were unchanged in both HF entities. This obser-
vation puts a question mark behind the robustness of 
clinical miRNA quantification, especially, when looking at 
results of a different working group: the authors reported 
elevated miR-208 levels in cardiac tissue of DCM patients 
and identified miR-208 to be a strong predictor of clinical 
outcome [71]. Nevertheless, the reported data suggest a 
specific dysregulation of distinct miRNAs in disease enti-
ties of CVD. Recent data report differentiated dysregula-
tions of miRNAs in right ventricular (RV) heart failure 
(RVHF) compared to left ventricular (LV) heart failure 
(LVHF) [72, 73], exploring a potential way to develop the 
first RV-specific HF therapies [74]. The differentiated 
applicability of miRNAs in anatomically separated struc-
tures of the heart is underlined by recent data revealing 
chamber-specific expression of miR-208 and their host 
genes α-MHC and β-MHC (see above) in the human heart 
[75]. From this point of view, the application of miRNAs 
could allow for differentiated diagnostic purposes in sep-
arate types of heart disease. As the availability of tissue 
material is limited, necessitating other sources of bioma-
terial for miRNA analyses.

miRNAs as circulating biomarkers
The release of miRNAs into extracellular compartments, 
and especially into the blood stream, has presented the 
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possibility to non-invasively detect circulating miRNAs 
and to use them as disease biomarkers. Opposed to their 
cellular origin, miRNAs are well-known as extracellular 
messengers and detectable in peripheral blood [76]. They 
are furthermore characterized by a remarkably stable 
structure, which prevents them from early degradation 
[77–79].

Diagnostic biomarkers

Single miRNAs in the diagnosis of acute coronary 
syndrome and acute myocardial infarction

In acute myocardial infarction (AMI), miRNAs are released 
into the blood [80]. miRNAs with high myocardial expres-
sion (i.e. myomiRs, see above) are increased in periph-
eral blood of patients with AMI [81, 82]. To evaluate the 
usefulness of miRNA quantification for AMI diagnostic 
purposes, their comparison with established biomarkers, 
such as cardiac troponins (cT), is essential. In a mouse 
model of induced MI miR-208, plasma levels were identi-
fied to be significantly increased compared with healthy 
controls [83]. The authors found a comparable time course 
with cT with respect to the detection limit [83], giving a 
hint to their potential as useful diagnostic biomarkers. 
These findings were verified in a clinical study involving 
424 AMI patients with suspected ACS where plasma levels 
of miR-208b and miR-499-5p successfully discriminated 
MI [22]. Meanwhile, the discriminating power of the two 
miRNAs was significantly lower than troponin T (cTnT) 
[area under the operating receiver curve (AUC): cTNT 0.95; 
miR-208b 0.82; miR-499-5p 0.79] [22]. Despite the continu-
ous improvement of troponin assays and the introduction 
of high sensitive troponins, there is still a considerable 
percentage of false positive results [84]. In this respect, 
miRNAs might help to improve the diagnostic accuracy 
of blood-based biomarkers in AMI. For example, miR-
499-5p was identified as highly increased in patients with 
non-ST segment elevation MI (NSTEMI) [23]. Analogous to 
the above results concerning miR-208, the power of miR-
499-5p to discriminate NSTEMI from healthy controls was 
similar to cTnT [23]. Even more important is the observa-
tion that the accuracy to differentiate NSTEMI from acute 
heart failure (AHF) was higher for miR-499-5p compared 
with cT [23]. On the basis of these findings, a meta-analysis 
including 15  studies of diagnostic miRNA quantification 
for MI discovered an overall sensitivity of 0.78, specificity 
of 0.82, and an AUC for overall miRNA analysis regarding 
discrimination of MI [85], comparable with cTNT. At the 

same time, a high correlation between miRNAs and cTnT, 
high sensitive (hs-) cTnT as well as CK and CK-MB was 
identified [85]. Finally, miR-1, miR-499, and miR-21  were 
identified to significantly increase the diagnostic value 
in combination with hs-TnT in ACS patients [24], and the 
combinatory utilization of these three miRNAs improved 
the AUC to significantly higher values (0.94) than hs-TnT 
alone (0.89) [24].

As an example for the high sensitivity of miRNAs in 
ACS, miR-133a was differentially detected in the serum of 
unstable angina pectoris (UAP) patients compared with 
healthy controls [20] – a remarkable ability considering 
that UAP is defined to be cTNT-negative.

A further quality of miRNAs in the diagnosis of ACS 
seems to be their discriminating ability between AMI 
and UAP. In 444 ACS patients, miR-1, miR-133a, and miR-
208b were elevated in MI as opposed to UAP patients 
[86]. Again, miRNA levels were associated with troponin 
levels [86].

Taken together, these data suggest circulating miRNAs 
as interesting new biomarkers in the diagnosis of AMI – 
complementing established, protein-based biomarkers.

miRNAs in the diagnosis of unstable and 
stable angina pectoris and acute myocardial 
infarction

With normal values of cT, the diagnosis of UAP is made 
upon clinical evaluation with no laboratory parameters 
available. At the same time, the diagnosis of UAP is crucial 
because the risk for MI is elevated in these patients [21]. In 
this clinically important field of CAD, there are few results 
with respect to single miRNAs.

MiR-486 and miR-92a serum levels were recently 
identified to discriminate between UAP and SAP [87]. The 
data were derived from 95 CAD patients consisting of 30 
SAP patients, 39 UAP patients, 26 post-MI patients, and 
16 healthy controls. Apart from this study, there are more 
data identifying single miRNAs as circulating biomarkers 
for UAP [25, 88]. Meanwhile, results for the differentiated 
diagnosis of UAP as opposed to SAP or non-coronary chest 
pain (NCCP) based on circulating miRNA analyses exclu-
sively involve miRNA signatures  – as opposed to single 
miRNAs. A cluster of the three miRNAs miR-134, miR-198, 
and miR-370  was identified overexpressed in periph-
eral blood mononuclear cells (PBMC) of 25 UAP patients 
compared with 25 SAP patients. Importantly, this miRNA 
signature was able to differentiate UAP from SAP in this 
patient collective [89]. Similar results were reported when 
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a set of microparticle-derived pro-inflammatory miRNAs 
from plasma of 10 patients was observed to discriminate 
between SAP and UAP [90]. Although a similar approach 
could not validate these results [26], promising results 
were reported in a clinical screening-validation setting 
comprising 46 UAP patients compared with 63  NCCP 
patients [37]. The authors found a miRNA signature con-
sisting of miR-132, miR-150, and miR-186, which strongly 
discriminated UAP and NCCP [37].

The fact that merely miRNA signatures, as opposed 
to single miRNAs are reported to be able to discriminate 
between UAP and SAP on the one hand and NCCP on 
the other, might be a reflection of the subtle metabolic 
changes in affected cardiac tissue and circulating bio-
markers when cardiac infarction has not taken place yet. 
It puts emphasis on the importance to further evaluate 
miRNAs’ potential as discriminating circulating bio-
marker in CAD.

miRNAs as circulating diagnostic biomarkers 
in heart failure

Ischemic cardiac events such as MI can consecutively 
cause myocardial remodeling and fibrosis and might 
finally lead to HF. miRNAs that have previously been 
reported to affect myocardial growth, hypertrophy, fibro-
sis and viability were also shown to be dysregulated in 
plasma of 12 post-MI patients compared to 12  healthy 
controls [35]. The authors identified a signature of miR-1, 
miR-21, miR-133a, and miR-208 altered in the time course 
after MI [35]. A comparable approach led to the identifica-
tion of miR-208b and miR-499 as correlating with myocar-
dial damage after AMI [91]. At the same time, miR-499 was 
significantly up-regulated in a subgroup of patients who 
developed acute HF [91]. Since most of the above miRNAs 
are reported to be involved in both CAD and HF, these data 
mirror the pathophysiological processes on a molecu-
lar level of miRNA research and the clinical cause of HF 
disease.

Numerous studies have evaluated the potential 
of miRNAs as circulating diagnostic biomarkers in HF 
and have been reviewed before (8, 19). For example, a 
set of 24  miRNAs was significantly down-regulated in 
a group of HF patients compared with healthy controls 
[92]. Important from a clinical point of view is the diag-
nostic power of miRNAs as potential novel circulating 
biomarkers for HF in terms of sensitivity and specificity. 
The most established classical, protein-based biomarker 
for HF is N-terminal pro B-type natriuretic peptide (NT-
proBNP) [33]. Analogous to cT, NT-proBNP has a high 

sensitivity but brings along a considerable false-positive 
rate, which illustrates the usefulness of novel HF bio-
markers. Five miRNAs down-regulated in HF patients 
were inversely correlated with NT-proBNP and directly 
correlated with EF [92]. Receiver operating characteris-
tics (ROC) analysis revealed strong AUC values between 
0.84 and 0.91 for predicting the diagnosis of HF, suggest-
ing these miRNAs as strong circulating biomarkers for 
HF [92]. In an interesting study, Goren and co-workers 
performed a screening of circulating miRNAs in patients 
with HF and identified a set of four circulating miRNAs 
[93]. The authors reported miR-423-5p, miR-320a, miR-22, 
and miR-92b up-regulated in HF patients compared with 
healthy controls [93]. MiR-320 and miR-423-5p had pre-
viously already been associated with HF [34, 94, 95]. 
The authors further successfully developed a score from 
these miRNAs that can discriminate HF patients from 
healthy controls and found a significant association 
between this miRNA score and several established HF 
parameters such as NT-proBNP, a wide QRS complex, 
and LV dilatation [93]. Another clinically important 
study analyzed plasma of 44 HF patients compared 
to 32 chronic obstructive pulmonary disease (COPD) 
patients, 59 patients with breathlessness for other diag-
noses, and 15  healthy controls with respect to miRNA 
levels [36]. The authors performed regression and ROC 
analyses and reported seven miRNAs associated with HF 
diagnosis (miR-103, AUC 0.642; miR-142-3p, AUC 0.668; 
miR-199a-3p, AUC 0.668; miR-23a, AUC 0.637; miR-27b, 
AUC 0.642; miR-324-5p, AUC 0.621; miR-342-3p, AUC 
0.644) [36]. Interestingly, from a clinical point of view, 
plasma levels of four of these miRNAs were suitable to 
distinguish between HF and exacerbation of COPD on 
the one hand and other causes of dyspnea on the other 
[36]. Compared with the previously mentioned studies, 
miR-423-5p could not be identified to predict HF diag-
nosis, but in a combinatory approach the addition of 
miR-423-5p to NT-proBNP led to a significant improve-
ment of the AUC for diagnosing HF [36]. Interestingly, 
miR-423-5p was recently identified to target O-GlcNAc 
transferase (OGT) [96] and to be associated with HF and 
the expression levels of proBNP [96]. A following report 
found that miR-423-5p silencing protected cardiomyo-
cytes from H2O2-induced apoptosis [27].

The repetitive identification of miR-320 and miR-423-5p 
in multiple diagnostic HF trials as well as the connection 
to established diagnostic and prognostic measures of HF 
in combination with the exploration of the underlying 
molecular pathways refer to the promising and clinically 
applicable role of circulating miRNAs as diagnostic bio-
markers in HF.
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miRNA signatures

miRNA signatures in the diagnosis of acute 
coronary syndrome and acute myocardial 
infarction

Sensitivity and specificity with diagnostic purposes is 
supposed to improve in combinatory approaches when 
a set of multiple miRNAs – termed miRNA signature – is 
quantified at the same time. A signature of six miRNAs 
(miR-1, miR-134, miR-186, miR-208, miR-223, and miR-
499) was identified to reliably predict the diagnosis AMI 
[28]. Remarkably, the AUC of this miRNA signature sig-
nificantly exceeded cTnT and CK-MB (0.83 vs. 0.768 and 
0.709, respectively) when comparing MI and UAP [28]. 
Meanwhile, the AUC value for the diagnosis of MI of this 
miRNA signature was higher compared with each of the 
single miRNAs – indicating the potential of miRNA sig-
natures to improve accuracy in the diagnosis of MI. Com-
parable data were reported in a clinical evaluation of 
AMI patients where the authors described a signature of 
20 miRNAs identifying AMI with a higher predictive power 
as well as a better specificity and sensitivity than each of 
the single miRNAs [38]. Relating to classic protein-based 
biomarkers, the identified signature even allowed for an 
earlier diagnosis of AMI than cTnT [38].

miRNA signatures in the diagnosis of heart 
failure

Analogous to CAD, the combination of two or more 
miRNAs as a defined set is supposed to enhance the dis-
criminatory power in HF as well [8]. Such results were 
published in a cohort of 53 patients with non-ischemic 
heart failure and reduced ejection fraction (HFREF) com-
pared to 39 healthy controls [29]. The authors performed a 
two-step screening-validation study in which they identi-
fied eight miRNAs (miR-520d-5p, miR-558, miR-122*, miR-
200b*, miR-622, miR-519e*, miR-1231, and miR-1228*) that 
reliably predicted the diagnosis of HFREF (AUC 0.81) [29]. 
A stepwise comparison revealed a further improvement 
of discrimination of HFREF patients from controls when 
the signature was used compared with the most powerful 
single miRNAs miR-558, miR-122*, and miR-520-d-5p (AUC 
between 0.7 and 0.71) [29]. This is another example of the 
potential superiority of miRNA signatures compared with 
quantification of single miRNA for diagnostic purposes.

It is important to note that the approach of ‘miRNA sig-
natures’ seems only useful in cases with low correlations 

of single miRNAs among each other and where statistical 
analyses prove a predictive superiority of miRNA signa-
tures compared with single miRNAs.

miRNAs as prognostic biomarkers
Apart from their diagnostic potential to identify CAD 
and MI in the acute phase, miRNAs have been analyzed 
for their ability to predict future cardiovascular adverse 
events in the general population and in patients with 
known CAD.

miRNAs in prediction and prognosis of 
coronary artery disease and myocardial 
infarction

Latest results with respect to prognostic miRNA evaluation 
in MI report a set of five miRNAs associated with future 
MI in the HUNT study [32], while a set of seven miRNAs 
was identified to reliably predict cardiovascular death in 
patients with CAD in the AtheroGene study [30]. The first 
data from a large-scale study were reported by Zampetaki 
et  al. in 2012 [97]. The group identified miR-126, miR-197, 
and miR-223 to reliably predict future MI in 820 individu-
als from the Bruneck study [97] (for further details on the 
Bruneck study, see [31]). These results were recently vali-
dated [98] by identifiying miR-197 and miR-223, as well as 
miR-126, as strong predictors of cardiovascular death in a 
large cohort of 873 patients with invasively diagnosed CAD 
[98]. These results not only transfer the diagnostic potential 
of miRNAs in CVD to a prognostic level, they also indicate 
the promising applicability of miRNAs as useful biomarkers 
in primary and secondary prevention in CVD. These are the 
largest clinical miRNA studies with respect to the included 
amount of individuals, and intriguingly, they represent a 
validation of data that is rare in clinical miRNA research.

miRNAs in prediction and prognosis of heart 
failure

Several trials have identified miRNAs as potential prog-
nostic circulating biomarkers in HF [36, 39, 71, 93]. In a 
clinical study comprising 42 HF patients and 15  healthy 
controls, a large number of miRNAs was dysregulated 
in HF compared to controls [99]. More importantly, 
miR-182 was identified to predict cardiovascular mortality 
and, interestingly, miR-182’s prognostic power was even 
greater than NT-proBNP and high-sensitive C-reactive 
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protein [99]. Thus, there is great potential of circulating 
miRNAs in their utilization as prognostic biomarkers and 
in risk evaluation for future cardiovascular events in HF 
patients. Meanwhile, sample sizes in the reported studies 
were small and so far no confirmation studies were 
reported validating any of the results.

miRNAs as circulating biomarkers for 
secondary diseases in heart failure
HF can be the origin for failure of numerous other organs 
such as renal failure. Decreased plasma levels of miR-
199a-3p strongly predicted future renal failure in a group 
of patients admitted to hospital for acute HF [100]. This 
example is supposed to depict the potential applicability 
of circulating miRNAs within different entities of specific 
diseases.

miRNAs as circulating biomarkers 
in the differentiated diagnosis of 
HF with preserved ejection fraction 
(HFPEF)
The highly promising results of circulating miRNAs as 
diagnostic biomarkers in HF have led to their exploration 
in the differentiated observation of HFREF and HFPEF.

Molecular miRNA signaling pathways suggests miR-21 
as a well-suited biomarker for early stages of fibrosis and 
remodeling on the one hand and as a promising target for 
disease treatment on the other [101–107]. Especially, in 
HFPEF, an early diagnosis of the disease is hard to make 
since functional assessment of the heart often reveals near 
normal parameters and clinical symptoms usually appear 
at later stages of disease progression. Therefore, circulat-
ing miRNAs could help to improve secondary prevention 
at an early stage. To evaluate the suitability of miR-21 as a 
biomarker for the differentiated diagnosis of HFPEF, Dong 
and co-workers analyzed cellular levels of miR-21 in rat 
cardiomyocytes in a HFPEF model and found significantly 
higher miR-21 levels compared with healthy controls [101].

The important next step is to transfer these findings 
to a clinical stage. There are three recent clinical studies 
evaluating circulating miRNAs as biomarkers in HFPEF 
[108–110]. All of these trials succeeded to report single 
miRNAs or miRNA signatures that were able to predict the 
differentiated diagnosis of HFPEF vs. HFREF as reviewed 

elsewhere before [8]. The reported data suggest a potential 
for miRNAs as new biomarkers for the diagnosis of HFPEF. 
However, none of the identified miRNAs was reported more 
than once and no validating results could be presented so 
far. This emphasizes the need for more and larger clinical 
trials evaluating miRNAs in this disease entity. Moreover, 
miR-21 (with its plausible molecular signaling pathways 
and its promising preliminary results from cellular analy-
ses) was not among the identified circulating miRNAs. 
This observation exemplifies the need for translational 
approaches in miRNA analyses, combining clinical find-
ings with molecular analyses. Especially, the exploration 
of signaling pathways and validation analyses in further 
clinical cohorts are of utmost importance.

miRNAs as biomarkers in additional 
entities of cardiovascular disease

miRNAs in in-stent-restenosis (ISR)

In CAD, in-stent restenosis (ISR) affects the long-term 
outcome after percutaneous coronary intervention (PCI) 
[111]. miRNAs are aberrantly expressed in the vascular 
walls after balloon injury [112] and thus could serve as bio-
marker in disease progression after PCI. Molecular aspects 
gave rise to analyses investigating miRNAs as biomarkers 
for in-stent restenosis [40, 112–114]. Indeed, circulating 
miR-21, miR-143, miR-145, and miR-100  were reported to 
be dysregulated in ISR patients compared with control 
patients without ISR after drug eluting stent implanta-
tion [115]. A recent study confirmed dysregulated circulat-
ing miR-21 levels in pig and mouse models after coronary 
stenting [116]. Analogous to the above findings miR-21 
[23, 117, 118] and miR-145 [119, 120] have been identified 
as potential diagnostic circulating biomarkers for CAD, 
strengthening the assumption of their applicability in 
disease monitoring. However, there are no data available 
on miR-143 with respect to clinical utilization as circulat-
ing biomarker in CAD.

Atrial fibrillation (AF)

The regulatory function of miRNAs at the post-transcrip-
tional level and their gene silencing effect have been evalu-
ated regarding their association with AF. There is evidence 
for the involvement of miRNAs in mediating cardiac excit-
ability and arrhythmogenesis [121–123]. Atrial remodeling 
as an important factor in the genesis of AF was shown to 
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be associated with miR-328 dysregulation through L-type 
Ca(2+) targeting [124]. Not surprisingly, atrial fibrosis – a 
downstream result of remodeling – was associated with 
miR-21 dysregulation [42]. Cellular analyses from atria of 
AF patients showed significantly elevated levels of miR-21, 
which were linked to an involvement of its target Sprouty 1 
(Spry1) [42]. In one of the first clinical evaluations, Liu et al. 
reported reduced miR-150 plasma levels in AF patients 
compared with healthy controls and a significant associa-
tion of miR-150 with AF [125], indicating the potential use 
of miRNAs as circulating biomarkers for AF. Further clini-
cal studies followed, predominantly undertaken in atrial 
tissue and analyzing cellular miRNAs. Compared with 
CAD and HF there is much less data from clinical trials 
reported on circulating miRNAs in diagnostic approaches 
for AF. Some clinical trials, however, identified circulating 
miRNAs including miR-499 [44], miR-328 [43, 45], miR-150 
[46], miR-409-3p, and miR-432 [41], miR-126 [126]. None of 
the reported miRNAs were validated and all trials refer to 
rather small patients cohorts. Therefore, in miRNA-based 
diagnosis of AF, more data from clinical trials evaluating 
circulating miRNAs are needed.

Infective carditis

For infective carditis such as myocarditis or pericarditis, 
there is no specific biomarker. Therefore, its diagnosis is 
primarily made via clinical evaluation and by combina-
tory approaches of known protein-based biomarkers that 
reflect myocardial damage. miRNAs have been assessed 
for their ability to be utilized as diagnostic biomarkers 
for infective carditis and cardiac myocyte associated 
miR-208b and miR-499  were reported to be elevated in 
plasma of patients with diagnosed viral myocarditis 
[91]. Interestingly, plasma levels of leucocyte-expressed 
microRNAs were not significantly increased, despite ele-
vated white blood cell counts [91]. Limiting the unbiased 
interpretation of these results is the fact, that these two 
miRNAs are detectable in general myocardial damage 
rather than specifically in carditis and were also identi-
fied as dysregulated in MI (correlating with cTnI eleva-
tion) [91]. Nevertheless, the quantification of miR-208b 
and miR-499 in myocarditis can potentially be used to 
determine the severity of the disease [91, 127]. Pointing 
into the same direction are findings that describe miR-21 
as an indicator for the transition of chronic myocarditis 
into dilated cardiomyopathy [128]. These results allow 
for a disease monitoring in known myocarditis – again 
only results from cellular analyses of cardiac tissue 
were reported. Results with a diagnostic character were 

reported in miRNA analyses from RV septal biopsies 
from patients with acute myocarditis [129]. The authors 
reported a disease-specific up-regulation of inflamma-
tory miR-155 during acute myocarditis [129]. Again, no 
circulating miRNAs were evaluated, limiting the mean-
ingfulness of the results from a clinical perspective. 
The same miRNA was confirmed to play a major role in 
viral myocarditis, when miR-155 levels in mouse cardiac 
tissue were identified to increase during carditis in a 
macrophage dependent manner [130]. Another recent 
study found miR-221 and miR-222 as key regulators of the 
cardiac response to viral myocarditis [131]. This study 
was performed in cardiac tissue samples of myocarditis 
patients, as well. Taken together, there is only one study 
that reported circulating human miRNAs as potential 
biomarkers in infective carditis.

Pulmonary embolism

The susceptibility to chronic thromboembolic pulmonary 
hypertension (CTEPH) has been suggested to be associ-
ated with genetic polymorphisms and in this respect with 
miR-759 [132]. More recently, anti-oncogenic miRNA Let-7b 
was identified to be down-regulated in plasma of CTEPH 
patients [48]. These results gave rise for the exploration 
of miRNAs in the diagnosis of acute pulmonary embolism 
(APE) – a diagnosis for which there is no specific bio-
marker. In the first clinical approach, plasma levels of 32 
APE patients, 32 healthy controls and 22 non-APE patients 
with potentially APE-associated symptoms revealed 
miR-134 as a specific diagnostic predictor of APE [47]. The 
authors stated the need for large-scale investigations to 
enable the clinical utilization of miRNAs in this diagnos-
tic field of miRNA research [47]. Results from comparable 
analyzes did not confirm these findings of miR-134, putting 
a question mark behind its suitability in diagnosing APE 
[49]. In the same study, circulating miR-28-3p was identi-
fied to predict the diagnosis of APE in plasma of 37 APE 
patents [49]. Latest data identified circulating miR-1233 
as a sensitive and specific biomarker for the diagnosis of 
APE [133]. The authors describe that dysregulation of this 
miRNA was able to discriminate APE from NSTEMI [133], 
which is clinically relevant since symptoms of these two 
disease entities can be alike. Importantly, miR-1233  has 
not been described associated with other entities of CVD – 
such as CAD or MI – before.

Deep vein thrombosis (DVT) is an important diagnosis 
relevant for the formation of APE. Recently, serum levels 
miR-582, miR-195, and miR-532 were identified to strongly 
discriminate DVT from controls with impressive AUC 

Brought to you by | King's College London
Authenticated

Download Date | 3/17/17 5:10 PM



12      Schulte et al.: microRNAs in cardiovascular disease

values of 0.959, 1.0, and 1.0, respectively. The authors sug-
gested these miRNAs as potential circulating biomarkers 
for the diagnosis of DVT, which is closely related to APE 
[50]. Comparable to the above results concerning infective 
carditis, there is an indication for miRNAs to be success-
fully deployable in the diagnosis of APE.

Tako-Tsubo cardiomyopathy

Tako-Tsubo cardiomyopathy (TTC) is a relatively rare 
disease closely related to acute MI. The diagnostic means 
are based on morphological analyzes comprising echo-
cardiography and ventriculography and there is no bio-
marker specific for TTC – especially in the differentiation 
from MI. Jaguszewski and co-workers analyzed circulating 
miRNA levels in plasma of TTC and MI patients and found 
a signature of miR-1, miR-16, miR-26a, and miR-133a not 
only up-regulated in TTC compared with healthy controls 
but also to differentiate between TTC and MI [134]. One 
other study confirmed miR-133’s diagnostic potential for 
the detection of TTC [20]. More data is needed to evaluate 
the clinical applicability of miRNAs in TTC.

miRNAs – therapeutic application
miRNAs are currently analyzed for their abilities as 
molecular therapeutics in CVD. miRNA treatment options 
focus on the specific artificial elevation or suppression of 
selected miRNA levels. Detailed explanations on the mode 
of function of the diverse approaches on how to alter 
miRNA levels can be found elsewhere [17, 135, 136]. Briefly, 
a specific elevation of target miRNAs can be achieved 
by miRmimics [137], while miRNA suppression can be 
obtained by anti-miRNA antisense oligomers – so-called 
antagomiRs [138, 139], sponges [140–142], masking [143] 
and erasers [139]. At the moment, there is no data avail-
able from clinical trials evaluating the therapeutic clini-
cal deployment of miRNAs in CVD. In vitro studies and 
animal models, though, have produced promising results 
with potential for a future clinical application [144–148]. 
Here, we provide an example on how miRNAs could effec-
tively and useful be applied in a clinical setting:

miRNA therapeutics via drug eluting stents

Recently, miR-125 as anti-vascular-proliferative agent in 
drug eluting stents was shown to reduce in-stent restenosis 

rate [149]. Also, a knock-down of miR-21 and miR-221 may 
reduce neointima formation after vessel injury [150]. Sys-
temically administered antagomiRs and miRmimics have 
been the method of choice to explore their effect, but had 
substantial off-target effects and were primarily target-
ing the kidney, liver, lung and spleen with considerable 
side effects [150, 151]. Therefore, the local administration 
of miRNAs as therapeutic agents in the prevention of ISR 
was evaluated [151]. The authors successfully implanted 
antimiR-21 coated vascular stents into human left inter-
nal mammarian arteries, grafted those arteries into mice 
in abdominal aortal position and found a significantly 
reduced myointima formation compared with a control 
group treated with bare metal stents (BMS) [151]. This 
example summarizes the molecular usefulness of miRNA 
therapeutics as well as the need for and applicability of 
a sophisticated mode of application to minimize systemic 
undesirable effects.

miRNAs as biomarkers in monitoring of CVD 
disease treatment

Besides their exploration as therapeutic agents, miRNAs 
have been evaluated for their ability to monitor disease 
treatment in CVD. The inhibition of platelets is widely 
used for therapeutic as well as preventive indications  – 
especially in patients with CAD, and while miRNAs were 
identified as biomarkers for platelet activation [152] a 
meta-analysis has revealed that approximately 25% of 
aspirin treated patients have an insufficient platelet 
inhibition [153]. Therefore, recently, analyses were con-
ducted revealing that circulating miR-92a levels in plasma 
of aspirin treated patients showed a decreasing slope 
according to increasing aspirin response and, intrigu-
ingly, miR-92a was able to identify aspirin responders from 
non-responders with high sensitivity and specificity [154]. 
Regarding the same mechanism, Kaudewitz et  al. have 
proven a correlation of miRNAs with established plate-
let function tests in patients with ACS and platelet acti-
vation markers in the general population and identified 
miR-126 to affect platelet reactivity [62]. Interestingly, the 
miR-126 pathway modulating platelet function impacts on 
P2Y12 expression [62] – the target of modern thrombocyte 
aggregation inhibitors such as clopidogrel, prasugrel, and 
ticagrelor, which are widely used in patients with CAD. 
These results may improve the diagnostic means available 
in monitoring therapy effectiveness of patients receiving 
P2Y12 receptor antagonists on the one hand and help to 
identify non-responders on the other. These are examples 
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of possible applications of miRNAs in the monitoring of 
disease treatment in one filed of CVD.

Analytical considerations in miRNA 
quantification
There are confounding factors influencing the accuracy 
of miRNA analyses. Critical consideration of such influ-
encing factors is of utmost importance to avoid misleading 
results and to enable comparability of the various analy-
ses. In RNA isolation methods for example, a maximum 
of efficiency, reproducibility and reliability is of tremen-
dous importance since i.e. even minimal co-extraction 
of inhibiting factors can significantly influence meas-
urement results. Different methods of detection (high-
throughput sequencing, real-time PCR, microarrays) are 
used to quantify miRNA levels. Their application needs to 
be defined for specific indications to minimize deviations 
between studies. Importantly, the method of normaliza-
tion needs to be standardized and reproducible isolation 
and detection protocols should be applied; otherwise, 
comparability is considerably hampered [155]. Apart from 
these analytical aspects, there are influencing parameters 
affecting miRNA levels in the analyzed biomaterial. Medi-
cation such as statins, antiplatelet drugs and heparin can 
have a confounding effect on miRNA measurements. For 
example, statins decrease circulating miR-122 levels, anti-
platelet drugs alleviate the amount of freely circulating 
thrombocyte-derived miRNAs, and heparin influences 
the polymerase chain reaction during the quantification 
process [156]. Finally, there are differences in the results 
from miRNA quantification analyses between cellular 
and extracellular sources of biomaterial [157].

Summary
miRNAs emerged as promising new biomarkers in CVD 
more than a decade ago, and their clinical applicabil-
ity has been evaluated numerous times since then. 
Especially in CAD and HF, miRNAs have been reported 
to serve as potential strong biomarkers. miRNAs show 
high diagnostic power, comparable with or even supe-
rior to established protein-based biomarkers, whereas 
miRNA signatures usually improve diagnostic accuracy. 
A few large-scale clinical studies in CAD have identified 
miRNA signatures that strongly predict future cardiovas-
cular events. In other different CVD entities such as AF, 
a few studies have identified single miRNAs as potential 

future diagnostic biomarkers, but consistent replication 
studies are needed to confirm first findings. A promis-
ing approach to clinically utilize miRNAs as diagnostic 
biomarkers in CVD seems to be a complementary use in 
combination with established, protein-based biomark-
ers. The prognostic potential of miRNAs seems to be 
optimally addressed when utilizing miRNA signatures 
as opposed to single miRNAs. The evaluation of miRNA 
applicability as therapeutic agents in CVD has led to 
promising results in in vitro and in vivo studies, but no 
clinical trials have been reported so far. Analytical con-
siderations play an important role in miRNA analyses 
with an emphasize on the need for harmonized methods 
(i.e. normalization) and to minimize influencing factors 
(i.e. drug induced).

Conclusions
In CVD, miRNAs yield tremendous potential to serve as 
clinically applicable diagnostic as well as prognostic bio-
markers. Their organ- and cell-specific regulation allows 
for differential applicability in a variety of disease entities 
within CVD. Meanwhile, validation of reported results are 
rare, and therefore, large-scale clinical trials are urgently 
needed, especially with respect to a potential clinical 
applicability of miRNAs as therapeutic agents.

Author contributions: All the authors have accepted 
responsibility for the entire content of this submitted 
manuscript and approved submission.
Research funding: T.Z. was supported by the European 
Union (BiomarCaRE, grant number: HEALTH-2011-
278913), the Deutsche Stiftung für Herzforschung and the 
Bundesministerium für Bildung und Forschung. C.S. and 
M.K. report no conflict of interest.
Employment or leadership: None declared.
Honorarium: None declared.
Competing interests: The funding organization(s) played 
no role in the study design; in the collection, analysis, and 
interpretation of data; in the writing of the report; or in the 
decision to submit the report for publication.

References
1.	 Lau NC, Lim LP, Weinstein EG, Bartel DP. An abundant class of 

tiny RNAs with probable regulatory roles in Caenorhabditis 
elegans. Science 2001;294:858–62.

2.	 Reinhart BJ, Weinstein EG, Rhoades MW, Bartel B, Bartel DP. 
MicroRNAs in plants. Genes Dev 2002;16:1616–26.

Brought to you by | King's College London
Authenticated

Download Date | 3/17/17 5:10 PM



14      Schulte et al.: microRNAs in cardiovascular disease

3.	 Ambros V, Bartel B, Bartel DP, Burge CB, Carrington JC, 
Chen X, et al. A uniform system for microRNA annotation. RNA 
2003;9:277–9.

4.	Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and 
function. Cell 2004;116:281–97.

5.	 da Costa Martins PA, Leptidis S, Salic K, De Windt LJ. Micro-
RNA regulation in cardiovascular disease. Curr Drug Targets 
2010;11:900–6.

6.	Mendell JT, Olson EN. MicroRNAs in stress signaling and human 
disease. Cell 2012;148:1172–87.

7.	 Boon RA, Vickers KC. Intercellular transport of microRNAs. Arte-
rioscler Thromb Vasc Biol 2013;33:186–92.

8.	Schulte C, Westermann D, Blankenberg S, Zeller T. Diagnostic 
and prognostic value of circulating microRNAs in heart failure 
with preserved and reduced ejection fraction. World J Cardiol 
2015;7:843–60.

9.	van Rooij E. The art of microRNA research. Circ Res 
2011;108:219–34.

10.	 Mitchell P, Parkin R, Kroh E, Fritz B, Wyman S, 
Pogosova-Agadjanyan E, et al. Circulating microRNAs as stable 
blood-based markers for cancer detection. Proc Natl Acad Sci 
USA 2008;105:10513–8.

11.	 Iguchi H, Kosaka N, Ochiya T. Secretory microRNAs as a versatile 
communication tool. Commun Integr Biol 2010;3:478–81.

12.	 Reid G, Kirschner MB, van Zandwijk N. Circulating microRNAs: 
association with disease and potential use as biomarkers. Crit 
Rev Oncol Hematol 2011;80:193–208.

13.	 Chandrasekaran K, Karolina DS, Sepramaniam S, Armugam 
A, Wintour EM, Bertram JF, et al. Role of microRNAs in kidney 
homeostasis and disease. Kidney Int 2012;81:617–27.

14.	 Fan HM, Sun XY, Guo W, Zhong AF, Niu W, Zhao L, et al. Dif-
ferential expression of microRNA in peripheral blood mononu-
clear cells as specific biomarker for major depressive disorder 
patients. J Psychiatr Res 2014;59:45–52.

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

16.	 Scaria V, Hariharan M, Brahmachari SK, Maiti S, Pillai B. 
microRNA: an emerging therapeutic. ChemMedChem 
2007;2:789–92.

17.	 Schulte C, Zeller T. microRNA-based diagnostics and therapy in 
cardiovascular disease-Summing up the facts. Cardiovasc Diagn 
Ther 2015;5:17–36.

18.	 Vijayarathna S, Oon CE, Jothy SL, Chen Y, Kanwar JR, Sasidharan 
S. MicroRNA pathways: an emerging role in identification of 
therapeutic strategies. Curr Gene Ther 2014;14:112–20.

19.	 Vegter EL, van der Meer P, de Windt LJ, Pinto YM, Voors AA. 
MicroRNAs in heart failure: from biomarker to target for therapy. 
Eur J Heart Fail 2016;18:457–68.

20.	Kuwabara Y, Ono K, Horie T, Nishi H, Nagao K, Kinoshita M, et al. 
Increased microRNA-1 and microRNA-133a levels in serum of 
patients with cardiovascular disease indicate myocardial dam-
age. Circ Cardiovasc Genet 2011;4:446–54.

21.	 Bugiardini R. Risk stratification in acute coronary syndrome: 
focus on unstable angina/non-ST segment elevation myocardial 
infarction. Heart 2004;90:729–31.

22.	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.

23.	Olivieri F, Antonicelli R, Lorenzi M, D’Alessandra Y, Lazzarini R, 
Santini G, et al. Diagnostic potential of circulating miR-499-5p in 
elderly patients with acute non ST-elevation myocardial infarc-
tion. Int J Cardiol 2013;167:531–6.

24.	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 
diagnostic value of circulating microRNAs. EMBO Mol Med 
2012;4:1176–85.

25.	 Chen Y, Li L, Lu Y, Su Q, Sun Y, Liu Y, et al. Upregulation of miR-
155 in CD4(+) T cells promoted Th1 bias in patients with unstable 
angina. J Cell Physiol 2015;230:2498–509.

26.	D’Alessandra Y, Carena MC, Spazzafumo L, Martinelli F, Bas-
setti B, Devanna P, et al. Diagnostic potential of plasmatic 
MicroRNA signatures in stable and unstable angina. PLoS One 
2013;8:e80345.

27.	 Luo P, Zhang W. MicroRNA4235p mediates H2O2induced apop-
tosis in cardiomyocytes through OGlcNAc transferase. Mol Med 
Rep 2016;14:857–64.

28.	Li C, Fang Z, Jiang T, Zhang Q, Liu C, Zhang C, et al. Serum 
microRNAs profile from genome-wide serves as a fingerprint for 
diagnosis of acute myocardial infarction and angina pectoris. 
BMC Med Genomics 2013;6:16.

29.	Vogel B, Keller A, Frese KS, Leidinger P, Sedaghat-Hamedani F, 
Kayvanpour E, et al. Multivariate miRNA signatures as bio-
markers for non-ischaemic systolic heart failure. Eur Heart J 
2013;34:2812–22.

30.	Karakas M, Schulte C, Appelbaum S, Ojeda F, Lackner KJ, Munzel T, 
et al. Circulating microRNAs strongly predict cardiovascular 
death in patients with coronary artery disease-results from the 
large AtheroGene study. Eur Heart J 2016; pii: ehw250. [Epub 
ahead of print].

31.	 Kiechl S, Lorenz E, Reindl M, Wiedermann CJ, Oberhollenzer F, 
Bonora E, et al. Toll-like receptor 4 polymorphisms and athero-
genesis. N Engl J Med 2002;347:185–92.

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

33.	McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Bohm M, 
Dickstein K, et al. ESC guidelines for the diagnosis and treat-
ment of acute and chronic heart failure 2012: The Task Force for 
the Diagnosis and Treatment of Acute and Chronic Heart Failure 
2012 of the European Society of Cardiology. Developed in col-
laboration with the Heart Failure Association (HFA) of the ESC. 
Eur J Heart Fail 2012;14:803–69.

34.	Topkara VK, Mann DL. Role of microRNAs in cardiac remodeling 
and heart failure. Cardiovasc Drugs Ther 2011;25:171–82.

35.	Zile MR, Mehurg SM, Arroyo JE, Stroud RE, DeSantis SM, 
Spinale FG. Relationship between the temporal profile 
of plasma microRNA and left ventricular remodeling in 
patients after myocardial infarction. Circ Cardiovasc Genet 
2011;4:614–9.

36.	Ellis KL, Cameron VA, Troughton RW, Frampton CM, Ellmers LJ, 
Richards AM. Circulating microRNAs as candidate markers to 
distinguish heart failure in breathless patients. Eur J Heart Fail 
2013;15:1138–47.

37.	 Zeller T, Keller T, Ojeda F, Reichlin T, Twerenbold R, Tzikas S, 
et al. Assessment of microRNAs in patients with unstable angina 
pectoris. Eur Heart J 2014;35:2106–14.

Brought to you by | King's College London
Authenticated

Download Date | 3/17/17 5:10 PM



Schulte et al.: microRNAs in cardiovascular disease      15

38.	Meder B, Keller A, Vogel B, Haas J, Sedaghat-Hamedani F, Kay-
vanpour E, et al. MicroRNA signatures in total peripheral blood 
as novel biomarkers for acute myocardial infarction. Basic Res 
Cardiol 2011;106:13–23.

39.	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;106:1035–9.

40.	Elia L, Quintavalle M, Zhang J, Contu R, Cossu L, Latronico MV, 
et al. The knockout of miR-143 and -145 alters smooth muscle 
cell maintenance and vascular homeostasis in mice: correlates 
with human disease. Cell Death Differ 2009;16:1590–8.

41.	 Liu T, Zhong S, Rao F, Xue Y, Qi Z, Wu S. Catheter ablation 
restores decreased plasma miR-409-3p and miR-432 in atrial 
fibrillation patients. Europace 2016;18:92–9.

42.	Adam O, Lohfelm B, Thum T, Gupta SK, Puhl SL, Schafers HJ, 
et al. Role of miR-21 in the pathogenesis of atrial fibrosis. Basic 
Res Cardiol 2012;107:278.

43.	Soeki T, Matsuura T, Bando S, Tobiume T, Uematsu E, Ise T, et al. 
Relationship between local production of microRNA-328 and 
atrial substrate remodeling in atrial fibrillation. J Cardiol 2016; 
doi: 10.1016/j.jjcc.2015.12.007. [Epub ahead of print].

44.	Ling TY, Wang XL, Chai Q, Lau TW, Koestler CM, Park SJ, et al. 
Regulation of the SK3 channel by microRNA-499--potential role 
in atrial fibrillation. Heart Rhythm 2013;10:1001–9.

45.	 McManus DD, Lin H, Tanriverdi K, Quercio M, Yin X, Larson MG, 
et al. Relations between circulating microRNAs and atrial fibrilla-
tion: data from the Framingham Offspring Study. Heart Rhythm 
2014;11:663–9.

46.	Goren Y, Meiri E, Hogan C, Mitchell H, Lebanony D, Salman N, 
et al. Relation of reduced expression of MiR-150 in platelets to 
atrial fibrillation in patients with chronic systolic heart failure. 
Am J Cardiol 2014;113:976–81.

47.	 Xiao J, Jing ZC, Ellinor PT, Liang D, Zhang H, Liu Y, et al. 
MicroRNA-134 as a potential plasma biomarker for the 
diagnosis of acute pulmonary embolism. J Transl Med 
2011;9:159.

48.	Guo L, Yang Y, Liu J, Wang L, Li J, Wang Y, et al. Differentially 
expressed plasma microRNAs and the potential regulatory func-
tion of Let-7b in chronic thromboembolic pulmonary hyperten-
sion. PLoS One 2014;9:e101055.

49.	Zhou X, Wen W, Shan X, Qian J, Li H, Jiang T, et al. MiR-28-3p as 
a potential plasma marker in diagnosis of pulmonary embolism. 
Thromb Res 2016;138:91–5.

50.	Qin J, Liang H, Shi D, Dai J, Xu Z, Chen D, et al. A panel of 
microRNAs as a new biomarkers for the detection of deep vein 
thrombosis. J Thromb Thrombolysis 2015;39:215–21.

51.	 Zampetaki A, Mayr M. MicroRNAs in vascular and metabolic 
disease. Circ Res 2012;110:508–22.

52.	 van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, 
Gerard RD, et al. A signature pattern of stress-responsive micro-
RNAs that can evoke cardiac hypertrophy and heart failure. Proc 
Natl Acad Sci USA 2006;103:18255–60.

53.	 Ikeda S, Kong SW, Lu J, Bisping E, Zhang H, Allen PD, et al. 
Altered microRNA expression in human heart disease. Physiol 
Genomics 2007;31:367–73.

54.	Small EM, Frost RJ, Olson EN. MicroRNAs add a new dimension 
to cardiovascular disease. Circulation 2010;121:1022–32.

55.	 Jovanovic I, Zivkovic M, Jovanovic J, Djuric T, Stankovic A. The co-
inertia approach in identification of specific microRNA in early and 
advanced atherosclerosis plaque. Med Hypotheses 2014;83:11–5.

56.	Menghini R, Stohr R, Federici M. MicroRNAs in vascular aging 
and atherosclerosis. Ageing Res Rev 2014;17c:68–78.

57.	 Anand S. A brief primer on microRNAs and their roles in angio-
genesis. Vasc Cell 2013;5:2.

58.	Wienholds E, Kloosterman WP, Miska E, Alvarez-Saavedra E, 
Berezikov E, de Bruijn E, et al. MicroRNA expression in zebrafish 
embryonic development. Science 2005;309:310–1.

59.	 Kumar S, Kim CW, Simmons RD, Jo H. Role of flow-sensitive 
micrornas in endothelial dysfunction and atherosclerosis: 
mechanosensitive athero-miRs. Arterioscler Thromb Vasc Biol 
2014;34:2206–16.

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

61.	 Cominetti MR, Martin AC, Ribeiro JU, Djaafri I, Fauvel-Lafeve F, 
Crepin M, et al. Inhibition of platelets and tumor cell adhesion 
by the disintegrin domain of human ADAM9 to collagen I under 
dynamic flow conditions. Biochimie 2009;91:1045–52.

62.	Kaudewitz D, Skroblin P, Bender LH, Barwari T, Willeit P, 
Pechlaner R, et al. Association of microRNAs and YRNAs with 
platelet function. Circ Res 2016;118:420–32.

63.	Callis TE, Pandya K, Seok HY, Tang RH, Tatsuguchi M, Huang ZP, 
et al. MicroRNA-208a is a regulator of cardiac hypertrophy and 
conduction in mice. J Clin Invest 2009;119:2772–86.

64.	Dong S, Cheng Y, Yang J, Li J, Liu X, Wang X, et al. Micro-
RNA expression signature and the role of microRNA-21 in 
the early phase of acute myocardial infarction. J Biol Chem 
2009;284:29514–25.

65.	Wang H, Garzon R, Sun H, Ladner KJ, Singh R, Dahlman J, et al. 
NF-kappaB-YY1-miR-29 regulatory circuitry in skeletal myogen-
esis and rhabdomyosarcoma. Cancer Cell 2008;14:369–81.

66.	Ye Y, Perez-Polo JR, Qian J, Birnbaum Y. The role of microRNA 
in modulating myocardial ischemia-reperfusion injury. Physiol 
Genomics 2011;43:534–42.

67.	 Bostjancic E, Zidar N, Stajer D, Glavac D. MicroRNAs miR-1, 
miR-133a, miR-133b and miR-208 are dysregulated in human 
myocardial infarction. Cardiology 2010;115:163–9.

68.	van Rooij E, Sutherland LB, Qi X, Richardson JA, Hill J, Olson EN. 
Control of stress-dependent cardiac growth and gene expression 
by a microRNA. Science 2007;316:575–9.

69.	Chen JF, Murchison EP, Tang R, Callis TE, Tatsuguchi M, Deng 
Z, et al. Targeted deletion of Dicer in the heart leads to dilated 
cardiomyopathy and heart failure. Proc Natl Acad Sci USA 
2008;105:2111–6.

70.	Matkovich SJ, Van Booven DJ, Youker KA, Torre-Amione G, Diwan 
A, Eschenbacher WH, et al. Reciprocal regulation of myocardial 
microRNAs and messenger RNA in human cardiomyopathy and 
reversal of the microRNA signature by biomechanical support. 
Circulation 2009;119:1263–71.

71.	 Satoh M, Minami Y, Takahashi Y, Tabuchi T, Nakamura M. Expres-
sion of microRNA-208 is associated with adverse clinical outcomes 
in human dilated cardiomyopathy. J Card Fail 2010;16:404–10.

72.	 Thum T, Batkai S. MicroRNAs in right ventricular (dys)function 
(2013 Grover Conference series). Pulm Circ 2014;4:185–90.

73.	 Paulin R, Sutendra G, Gurtu V, Dromparis P, Haromy A, 
Provencher S, et al. A miR-208-Mef2 axis drives the decompen-
sation of right ventricular function in pulmonary hypertension. 
Circ Res 2015;116:56–69.

74.	 Reddy S, Bernstein D. Molecular mechanisms of right ventricular 
failure. Circulation 2015;132:1734–42.

Brought to you by | King's College London
Authenticated

Download Date | 3/17/17 5:10 PM



16      Schulte et al.: microRNAs in cardiovascular disease

75.	 Kakimoto Y, Tanaka M, Kamiguchi H, Hayashi H, Ochiai E, Osawa 
M. MicroRNA deep sequencing reveals chamber-specific miR-
208 family expression patterns in the human heart. Int J Cardiol 
2016;211:43–8.

76.	Mause SF, Weber C. Microparticles: protagonists of a novel com-
munication network for intercellular information exchange. Circ 
Res 2010;107:1047–57.

77.	 Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. 
Exosome-mediated transfer of mRNAs and microRNAs is a novel 
mechanism of genetic exchange between cells. Nat Cell Biol 
2007;9:654–9.

78.	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 USA 2011;108:5003–8.

79.	Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, 
Remaley AT. MicroRNAs are transported in plasma and delivered 
to recipient cells by high-density lipoproteins. Nat Cell Biol 
2011;13:423–33.

80.	Gupta SK, Bang C, Thum T. Circulating microRNAs as biomarkers 
and potential paracrine mediators of cardiovascular disease. 
Circ Cardiovasc Genet 2010;3:484–8.

81.	 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;31:2765–73.

82.	Leistner DM, Boeckel JN, Reis SM, Thome CE, De Rosa R, Kel-
ler T, et al. Transcoronary gradients of vascular miRNAs and 
coronary atherosclerotic plaque characteristics. Eur Heart J 
2016;37:1738–49.

83.	Ji X, Takahashi R, Hiura Y, Hirokawa G, Fukushima Y, Iwai N. 
Plasma miR-208 as a biomarker of myocardial injury. Clin Chem 
2009;55:1944–9.

84.	Jaeger C, Wildi K, Twerenbold R, Reichlin T, Rubini Gimenez M, 
Neuhaus JD, et al. One-hour rule-in and rule-out of acute myo-
cardial infarction using high-sensitivity cardiac troponin I. Am 
Heart J 2016;171:92–102.e1–5.

85.	Cheng C, Wang Q, You W, Chen M, Xia J. MiRNAs as biomark-
ers of myocardial infarction: a meta-analysis. PLoS One 
2014;9:e88566.

86.	Widera C, Gupta SK, Lorenzen JM, Bang C, Bauersachs J, Beth-
mann K, et al. Diagnostic and prognostic impact of six circulat-
ing microRNAs in acute coronary syndrome. J Mol Cell Cardiol 
2011;51:872–5.

87.	 Niculescu LS, Simionescu N, Sanda GM, Carnuta MG, Stancu CS, 
Popescu AC, et al. MiR-486 and miR-92a identified in circulating 
HDL discriminate between stable and vulnerable coronary artery 
disease patients. PLoS One 2015;10:e0140958.

88.	Liu J, Liu Y, Sun YN, Li S, Liu XQ, Li J, et al. miR-28-5p Involved 
in LXR-ABCA1 pathway is increased in the plasma of unstable 
angina patients. Heart Lung Circ 2015;24:724–30.

89.	Hoekstra M, van der Lans CA, Halvorsen B, Gullestad L, Kuiper 
J, Aukrust P, et al. The peripheral blood mononuclear cell micro-
RNA signature of coronary artery disease. Biochem Biophys Res 
Commun 2010;394:792–7.

90.	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;93:633–44.

91.	 Corsten MF, Dennert R, Jochems S, Kuznetsova T, Devaux Y, 
Hofstra L, et al. Circulating MicroRNA-208b and MicroRNA-499 
reflect myocardial damage in cardiovascular disease. Circ Car-
diovasc Genet 2010;3:499–506.

92.	Marfella R, Di Filippo C, Potenza N, Sardu C, Rizzo MR, 
Siniscalchi M, et al. Circulating microRNA changes in heart 
failure patients treated with cardiac resynchronization 
therapy: responders vs. non-responders. Eur J Heart Fail 
2013;15:1277–88.

93.	Goren Y, Kushnir M, Zafrir B, Tabak S, Lewis BS, Amir O. Serum 
levels of microRNAs in patients with heart failure. Eur J Heart 
Fail 2012;14:147–54.

94.	Thum T, Galuppo P, Wolf C, Fiedler J, Kneitz S, van Laake LW, 
et al. MicroRNAs in the human heart: a clue to fetal gene repro-
gramming in heart failure. Circulation 2007;116:258–67.

95.	 Ren XP, Wu J, Wang X, Sartor MA, Qian J, Jones K, et al. Micro-
RNA-320 is involved in the regulation of cardiac ischemia/rep-
erfusion injury by targeting heat-shock protein 20. Circulation 
2009;119:2357–66.

96.	Luo P, He T, Jiang R, Li G. MicroRNA-423-5p targets O-GlcNAc 
transferase to induce apoptosis in cardiomyocytes. Mol Med 
Rep 2015;12:1163–8.

97.	 Zampetaki A, Willeit P, Tilling L, Drozdov I, Prokopi M,  
Renard JM, et al. Prospective study on circulating MicroRNAs  
and risk of myocardial infarction. J Am Coll Cardiol  
2012;60:290–9.

98.	Schulte C, Molz S, Appelbaum S, Karakas M, Ojeda F, Lau DM, 
et al. miRNA-197 and miRNA-223 predict cardiovascular death 
in a cohort of patients with symptomatic coronary artery dis-
ease. PLoS One 2015;10:e0145930.

99.	Cakmak HA, Coskunpinar E, Ikitimur B, Barman HA, Karadag B, 
Tiryakioglu NO, et al. The prognostic value of circulat-
ing microRNAs in heart failure: preliminary results from a 
genome-wide expression study. J Cardiovasc Med (Hagerstown) 
2015;16:431–7.

100.	Bruno N, ter Maaten JM, Ovchinnikova ES, Vegter EL, Valente 
MA, van der Meer P, et al. MicroRNAs relate to early worsen-
ing of renal function in patients with acute heart failure. Int J 
Cardiol 2016;203:564–9.

101.	 Dong S, Ma W, Hao B, Hu F, Yan L, Yan X, et al. microRNA-21 pro-
motes cardiac fibrosis and development of heart failure with 
preserved left ventricular ejection fraction by up-regulating 
Bcl-2. Int J Clin Exp Pathol 2014;7:565–74.

102.	 Villar AV, Garcia R, Merino D, Llano M, Cobo M, Montalvo C, 
et al. Myocardial and circulating levels of microRNA-21 reflect 
left ventricular fibrosis in aortic stenosis patients. Int J Cardiol 
2013;167:2875–81.

103.	 Cheng Y, Liu X, Zhang S, Lin Y, Yang J, Zhang C. MicroRNA-21 pro-
tects against the H(2)O(2)-induced injury on cardiac myocytes 
via its target gene PDCD4. J Mol Cell Cardiol 2009;47:5–14.

104.	Roy S, Khanna S, Hussain SR, Biswas S, Azad A, Rink C, et al. 
MicroRNA expression in response to murine myocardial infarc-
tion: miR-21 regulates fibroblast metalloprotease-2 via phos-
phatase and tensin homologue. Cardiovasc Res 2009;82:21–9.

105.	 Wu K, Ye C, Lin L, Chu Y, Ji M, Dai W, et al. Inhibiting miR-21 
attenuates experimental hepatic fibrosis by suppressing both 
ERK1 pathway in HSC and hepatocyte EMT. Clin Sci (Lond) 
2016;130:1469–80.

106.	Thum T, Gross C, Fiedler J, Fischer T, Kissler S, Bussen M, et al. 
MicroRNA-21 contributes to myocardial disease by stimulating 
MAP kinase signalling in fibroblasts. Nature 2008;456:980–4.

107.	 Cheng M, Wu G, Song Y, Wang L, Tu L, Zhang L, et al. Celastrol-
induced suppression of the MiR-21/ERK signalling pathway 
attenuates cardiac fibrosis and dysfunction. Cell Physiol 
Biochem 2016;38:1928–38.

Brought to you by | King's College London
Authenticated

Download Date | 3/17/17 5:10 PM



Schulte et al.: microRNAs in cardiovascular disease      17

108.	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;17:393–404.

109.	Nair N, Kumar S, Gongora E, Gupta S. Circulating miRNA as 
novel markers for diastolic dysfunction. Mol Cell Biochem 
2013;376:33–40.

110.	 Watson CJ, Gupta SK, O’Connell E, Thum S, Glezeva N, 
Fendrich J, et al. MicroRNA signatures differentiate preserved 
from reduced ejection fraction heart failure. Eur J Heart Fail 
2015;17:405–15.

111.	 Mitra AK, Agrawal DK. In stent restenosis: bane of the stent era. 
J Clin Pathol 2006;59:232–9.

112.	 Ji R, Cheng Y, Yue J, Yang J, Liu X, Chen H, et al. MicroRNA 
expression signature and antisense-mediated depletion reveal 
an essential role of MicroRNA in vascular neointimal lesion 
formation. Circ Res 2007;100:1579–88.

113.	 Boettger T, Beetz N, Kostin S, Schneider J, Kruger M, Hein 
L, et al. Acquisition of the contractile phenotype by murine 
arterial smooth muscle cells depends on the Mir143/145 gene 
cluster. J Clin Invest 2009;119:2634–47.

114.	 Cheng Y, Liu X, Yang J, Lin Y, Xu DZ, Lu Q, et al. MicroRNA-145, 
a novel smooth muscle cell phenotypic marker and modula-
tor, controls vascular neointimal lesion formation. Circ Res 
2009;105:158–66.

115.	 He M, Gong Y, Shi J, Pan Z, Zou H, Sun D, et al. Plasma microR-
NAs as potential noninvasive biomarkers for in-stent resteno-
sis. PLoS One 2014;9:e112043.

116.	 McDonald RA, Halliday CA, Miller AM, Diver LA, Dakin RS, 
Montgomery J, et al. Reducing in-stent restenosis: therapeutic 
manipulation of miRNA in vascular remodeling and inflamma-
tion. J Am Coll Cardiol 2015;65:2314–27.

117.	 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:e80738.

118.	 Fan X, Wang E, Wang X, Cong X, Chen X. MicroRNA-21 is a 
unique signature associated with coronary plaque instabil-
ity in humans by regulating matrix metalloproteinase-9 via 
reversion-inducing cysteine-rich protein with Kazal motifs. Exp 
Mol Pathol 2014;96:242–9.

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

120.	 Gao H, Guddeti RR, Matsuzawa Y, Liu LP, Su LX, Guo D, et al. 
Plasma levels of microRNA-145 are associated with severity of 
coronary artery disease. PLoS One 2015;10:e0123477.

121.	 Latronico MV, Catalucci D, Condorelli G. Emerging role of micro-
RNAs in cardiovascular biology. Circ Res 2007;101:1225–36.

122.	 Yang B, Lu Y, Wang Z. Control of cardiac excitability by microR-
NAs. Cardiovasc Res 2008;79:571–80.

123.	 Wang Z, Lu Y, Yang B. MicroRNAs and atrial fibrillation: new 
fundamentals. Cardiovasc Res 2011;89:710–21.

124.	 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;122:2378–87.

125.	 Liu Z, Zhou C, Liu Y, Wang S, Ye P, Miao X, et al. The expression 
levels of plasma micoRNAs in atrial fibrillation patients. PLoS 
One 2012;7:e44906.

126.	 Wei XJ, Han M, Yang FY, Wei GC, Liang ZG, Yao H, et al. Biologi-
cal significance of miR-126 expression in atrial fibrillation and 
heart failure. Braz J Med Biol Res 2015;48:983–9.

127.	 van den Hoogen P, van den Akker F, Deddens JC, Sluijter JP. 
Heart failure in chronic myocarditis: a role for microRNAs? Curr 
Genomics 2015;16:88–94.

128.	 Xu HF, Ding YJ, Zhang ZX, Wang ZF, Luo CL, Li BX, et al. Micro-
RNA21 regulation of the progression of viral myocarditis to 
dilated cardiomyopathy. Mol Med Rep 2014;10:161–8.

129.	 Corsten MF, Papageorgiou A, Verhesen W, Carai P, Lindow M, 
Obad S, et al. MicroRNA profiling identifies microRNA-155 as 
an adverse mediator of cardiac injury and dysfunction during 
acute viral myocarditis. Circ Res 2012;111:415–25.

130.	 Zhang Y, Zhang M, Li X, Tang Z, Wang X, Zhong M, et al. Silenc-
ing microRNA-155 attenuates cardiac injury and dysfunction in 
viral myocarditis via promotion of M2 phenotype polarization 
of macrophages. Sci Rep 2016;6:22613.

131.	 Corsten M, Heggermont W, Papageorgiou AP, Deckx S, Tijsma A, 
Verhesen W, et al. The microRNA-221/-222 cluster balances the 
antiviral and inflammatory response in viral myocarditis. Eur 
Heart J 2015;36:2909–19.

132.	 Chen Z, Nakajima T, Tanabe N, Hinohara K, Sakao S, Kasahara 
Y, et al. Susceptibility to chronic thromboembolic pulmonary 
hypertension may be conferred by miR-759 via its targeted 
interaction with polymorphic fibrinogen alpha gene. Hum 
Genet 2010;128:443–52.

133.	 Kessler T, Erdmann J, Vilne B, Bruse P, Kurowski V, Diemert P, 
et al. Serum microRNA-1233 is a specific biomarker for diag-
nosing acute pulmonary embolism. J Transl Med 2016;14:120.

134.	 Jaguszewski M, Osipova J, Ghadri JR, Napp LC, Widera C, Franke 
J, et al. A signature of circulating microRNAs differentiates 
takotsubo cardiomyopathy from acute myocardial infarction. 
Eur Heart J 2014;35:999–1006.

135.	 Samanta S, Balasubramanian S, Rajasingh S, Patel U, 
Dhanasekaran A, Dawn B, et al. MicroRNA: a new therapeutic 
strategy for cardiovascular diseases. Trends Cardiovasc Med 
2016;26:407–19.

136.	 Christopher AF, Kaur RP, Kaur G, Kaur A, Gupta V, Bansal P. 
MicroRNA therapeutics: discovering novel targets and develop-
ing specific therapy. Perspect Clin Res 2016;7:68–74.

137.	 Wang Z. The guideline of the design and validation of MiRNA 
mimics. Methods Mol Biol 2011;676:211–23.

138.	 Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Mano-
haran M, et al. Silencing of microRNAs in vivo with ‘antago-
mirs’. Nature 2005;438:685–9.

139.	 Caroli A, Cardillo MT, Galea R, Biasucci LM. Potential thera-
peutic role of microRNAs in ischemic heart disease. J Cardiol 
2013;61:315–20.

140.	Ebert MS, Neilson JR, Sharp PA. MicroRNA sponges: competi-
tive inhibitors of small RNAs in mammalian cells. Nat Methods 
2007;4:721–6.

141.	 Franco-Zorrilla JM, Valli A, Todesco M, Mateos I, Puga MI, Rubio-
Somoza I, et al. Target mimicry provides a new mechanism for 
regulation of microRNA activity. Nat Genet 2007;39:1033–7.

142.	 Ebert MS, Sharp PA. MicroRNA sponges: progress and pos-
sibilities. RNA 2010;16:2043–50.

143.	 Xiao J, Yang B, Lin H, Lu Y, Luo X, Wang Z. Novel approaches for 
gene-specific interference via manipulating actions of microR-
NAs: examination on the pacemaker channel genes HCN2 and 
HCN4. J Cell Physiol 2007;212:285–92.

144.	Karakikes I, Chaanine AH, Kang S, Mukete BN, Jeong D, Zhang 
S, et al. Therapeutic cardiac-targeted delivery of miR-1 reverses 
pressure overload-induced cardiac hypertrophy and attenuates 
pathological remodeling. J Am Heart Assoc 2013;2:e000078.

Brought to you by | King's College London
Authenticated

Download Date | 3/17/17 5:10 PM



18      Schulte et al.: microRNAs in cardiovascular disease

145.	 Pan Z, Sun X, Shan H, Wang N, Wang J, Ren J, et al. MicroRNA-101 
inhibited postinfarct cardiac fibrosis and improved left ventricular 
compliance via the FBJ osteosarcoma oncogene/transforming 
growth factor-beta1 pathway. Circulation 2012;126:840–50.

146.	Bernardo BC, Nguyen SS, Winbanks CE, Gao XM, Boey EJ, Tham 
YK, et al. Therapeutic silencing of miR-652 restores heart func-
tion and attenuates adverse remodeling in a setting of estab-
lished pathological hypertrophy. FASEB J 2014;28:5097–110.

147.	 Huang F, Li ML, Fang ZF, Hu XQ, Liu QM, Liu ZJ, et al. Overex-
pression of MicroRNA-1 improves the efficacy of mesenchymal 
stem cell transplantation after myocardial infarction. Cardiol-
ogy 2013;125:18–30.

148.	Ye Y, Hu Z, Lin Y, Zhang C, Perez-Polo JR. Downregulation of 
microRNA-29 by antisense inhibitors and a PPAR-gamma ago-
nist protects against myocardial ischaemia-reperfusion injury. 
Cardiovasc Res 2010;87:535–44.

149.	Che HL, Bae IH, Lim KS, Uthaman S, Song IT, Lee H, et al. Novel 
fabrication of microRNA nanoparticle-coated coronary stent 
for prevention of post-angioplasty restenosis. Korean Circ J 
2016;46:23–32.

150.	 O’Sullivan JF, Martin K, Caplice NM. Microribonucleic acids for 
prevention of plaque rupture and in-stent restenosis: “a finger 
in the dam”. J Am Coll Cardiol 2011;57:383–9.

151.	 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;35:1945–53.

152.	 Willeit P, Zampetaki A, Dudek K, Kaudewitz D, King A, Kirkby 
NS, et al. Circulating microRNAs as novel biomarkers for plate-
let activation. Circ Res 2013;112:595–600.

153.	 Lordkipanidze M. Advances in monitoring of aspirin therapy. 
Platelets 2012;23:526–36.

154.	Binderup HG, Houlind K, Madsen JS, Brasen CL. Aspirin 
resistance may be identified by miR-92a in plasma 
combined with platelet distribution width. Clin Biochem 
2016;49:1167–72.

155.	 Hardikar AA, Farr RJ, Joglekar MV. Circulating microRNAs: 
understanding the limits for quantitative measurement by real-
time PCR. J Am Heart Assoc 2014;3:e000792.

156.	 Kaudewitz D, Zampetaki A, Mayr M. MicroRNA biomarkers for 
coronary artery disease? Curr Atheroscler Rep 2015;17:70.

157.	 Shah R, Tanriverdi K, Levy D, Larson M, Gerstein M, 
Mick E, et al. Discordant expression of circulating micro-
RNA from cellular and extracellular sources. PLoS One 
2016;11:e0153691.

Brought to you by | King's College London
Authenticated

Download Date | 3/17/17 5:10 PM


