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Abstract

Background Patients with acute myocardial infarction (MI) are at high risk of upcoming events, in particular heart failure
(HF), but reliable stratification methods are lacking. Our goal was to evaluate the potential role of circulating miRNAs as prog-
nostic biomarkers in patients presenting with MI.
Methods and results We conducted a prospective study among 311 consecutive patients hospitalized with MI (65% ST-seg-
ment elevation MI & median age of 55 years) with long-term follow-up. An initial screening was conducted to select candidate
miRNAs, with subsequent study of 14 candidate miRNAs. The primary outcome was the composite of hospital admission for HF
or cardiovascular death. During a mean follow-up of 2.1 years miR-21-5p, miR-23a-3p, miR27b-3p, miR-122-5p, miR210-3p,
and miR-221-3p reliably predicted the primary outcome. Multivariate Cox regression analyses highlighted that miR-210-3p
[hazard ratio (HR) 2.65 per 1 SD increase, P < 0.001], miR-23a-3p (HR 2.11 per 1 SD increase, P < 0.001), and miR-221-3p
(HR 2.03 per 1 SD increase, P < 0.001) were able to accurately predict the primary outcome, as well as cardiovascular death,
HF hospitalizations, and long-term New York Heart Association (NYHA) functional class. These three miRNAs clearly improved
the performance of multivariate clinical models: ΔC-statistic = 0.10 [95% confidence interval (CI), 0.03–0.17], continuous net
reclassification index = 34.8% (95%CI, 5.8–57.4%), and integrated discrimination improvement (P < 0.001).
Conclusions This is the largest study evaluating the prognostic value of circulating miRNAs for HF-related events among pa-
tients with MI. We show that several miRNAs predict HF hospitalizations, cardiovascular mortality, and poor long-term NYHA
status and improve current risk prediction methods.
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Introduction

Cardiovascular diseases remain as the first cause of death
worldwide. Short-term mortality of myocardial infarction

(MI) has improved over the last decades, shifting the focus
towards the long-term consequences of these events. Heart
failure (HF) is the most frequent complication of MI and a
crucial prognostic factor. The chronic incidence of HF after
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MI stands above 30%.1 The importance of HF lies in the fre-
quent need of hospitalizations due to decompensations, the
overwhelming costs for healthcare systems, its great impact
on quality of life, and high mortality rate.2

There are not reliable methods to assess the risk of chronic
HF after MI, despite of its relevance. Clinical risk scores (i.e.
GRACE and TIMI) were designed to evaluate short-term mor-
tality risk at MI presentation but remain untested for chronic
HF-related events. Neither cardiac imaging techniques nor
biochemical markers (i.e. troponins and natriuretic peptides)
allow the early identification of a long-term maladaptive
myocardial response. Consequently, novel strategies are be-
ing pursued to improve risk stratification of patients and rec-
ognize those who might benefit from closer follow-up and
early HF treatment.

MicroRNAs (miRNAs) are small (20–25 nucleotides),
non-coding endogenous regulatory RNA molecules that
post-transcriptionally regulate gene expression. miRNAs play
critical roles in heart development, function, and response
to injury, such as ischemia/reperfusion damage.3 There is in-
creasing evidence suggesting that miRNAs may have a key
role in the pathogenesis of HF through regulation of genes in-
volved in adverse ventricular remodelling.4 While their effect
is mainly intracellular, they can be detected in cell-free body
fluids such as serum, conceiving them as suitable biomarkers
for clinical practice.

In this prospective study, we aimed to identify and validate
a panel of serum miRNAs differentially expressed in acute MI,
testing their ability to stratify the risk of long-term HF hospi-
talizations and cardiovascular mortality.

Methods

Study design

This is a prospective study with enrolment of consecutive pa-
tients with type 1 MI admitted at the Cardiac ICU of a large
tertiary hospital. The main inclusion criterion was type 1
MI, presenting as ST-segment elevation MI or non-ST-eleva-
tion MI. No explicit exclusion criteria were defined to avoid
selection bias. A comprehensive study of clinical and imaging
data, invasive angiography, and blood testing for established
and novel biomarkers was performed.5 Blood samples for de-
termination of serum miRNAs were extracted within the first
24 h of hospital admission and stored at the local Biobank. All
participants provided written informed consent.

A control group was also established, to serve as additional
reference for normal miRNA expression levels. Samples from
30 healthy individuals adjusted for age and sex with MI pa-
tients were obtained from the Biobank blood donor. Study
protocols were approved by the Local Ethics Committee (ref-

erences 175/13 and 061/16) and complied with the Declara-
tion of Helsinki.

Outcomes

The primary outcome was defined as the composite of hospi-
tal admission for HF or cardiovascular mortality. Several sec-
ondary outcomes were established: (i) cardiovascular mortal-
ity; (ii) hospital admission for HF, including visits to the
Emergency Department for HF with administration of intrave-
nous diuretics; and (iii) long-term New York Heart Association
(NYHA) functional class. All outcomes were reviewed by two
cardiologists blinded to miRNAs results. Follow-up was per-
formed on site every 6 months. Covariate definitions were
standardized for analysis.

MicroRNAs extraction from serum and
retrotranscription reaction

Prior to RNA isolation, a synthetic RNA (Spike-in) was added
to serum samples and served as a technical control of extrac-
tion homogeneity by further Spike-in amplification. Isolation
of total RNA enriched in miRNAs was performed using the
mini RNAeasy kit (Qiagen). As a control of complementary
DNA synthesis efficiency, an external RNA (cel-miR-39) was
added and further amplified. For complementary DNA syn-
thesis, Universal RT miRNA PCR System (Qiagen) was used.

MicroRNA array profiling

In order to identify serum miRNAs differentially expressed in
patients with an acute MI, a screening assay for 752 miRNAs
using quantitative reverse transcription PCR arrays was per-
formed in 6 patients with MI and 10 healthy controls ad-
justed for age, sex, and smoking habit (Supporting Informa-
tion, Table S1). The miRCURY LNA miRNA miRNome PCR
Panels I + II (YAHS-312 YG-8, Qiagen) were used. Array data
were normalized using the average of the expression of all
miRNAs exhibiting CT equal to or less than 34. Data were
analysed using GenEx v.6 software.

The following step, in order to achieve a panel of miRNAs
representative of the underlying biological processes, was
to perform a further depuration based on two criteria: (i) sta-
tistical and (ii) functional: miRNAs with biological significance
relevant for MI were selected based on bioinformatic analysis
(refer to Supporting Information, Methods section and Figure
S1). Data are available in GEO repository: accession number
GSE168856 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE168856).
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Validation of selected microRNAs by individual
quantitative reverse transcription PCR

Complementary DNA was diluted 1/11 with nuclease-free
sterile water, and 4 μL of dilution were used as template for
PCR. PCR detection was conducted using SYBR Green and
specific LNA probes for each selected miRNA (Qiagen). All re-
actions were performed in triplicate using a Light Cycler 480
instrument (Roche), and Ct values were computed using a
second derivative method (Light Cycler 480 Software 1.5,
Roche). miRNA expression values are presented as ΔCT, calcu-
lated as follows: ΔCT = miRNA Ct � housekeeping Ct.
Normfinder and Bestkeeper software were used to determine
the most stable housekeeping miRNAs. Finally, we found that
miR-103 expression showed the most stable values in our
population and was selected as housekeeping for data nor-
malization. Refer to Supporting Information, Methods section
for more detailed information.

Bioinformatics studies

miRGate database was used for obtaining the predicted tar-
get genes of those miRNAs associated with the study out-
comes. Target genes were selected based on the criteria that
they had at least two positive computational predictions
using different algorithms, or biological evidence had been
reported. Functional enrichment analysis was performed
using the clusterProfiler package for R, with a P value thresh-
old of 0.001 for filtering.6 Bipartite networks were built using
the selected miRNAs as source and putative regulated genes
as targets. Networks were represented using the ForceAtlas2
layout algorithm implemented in Gephi™.7

Statistical analysis

Clinical characteristics of study population are described ac-
cording to the occurrence of the main composite outcome.
Partial Spearman rank correlation coefficients were calculated
to describe the relationship among miRNAs. Survival analysis
was performed as follows: the relation of miRNA concentra-
tions with the primary endpoint was assessed by Cox propor-
tional hazards analyses adjusted for age and gender. In addi-
tional models, the age-adjustment and sex-adjustment was
extended on conventional risk factors: hypertension, smoking
status, diabetes, dyslipidaemia, and history of MI (Model 2);
cardiac injury with troponin I levels (Model 3); natriuretic pep-
tides with NT-proBNP (Model 4); the validated GRACE risk
score (Model 5); and the combination of left ventricular ejec-
tion fraction and Killip class (Model 6). No violation was found
for using Cox regression. The hazard ratios P values were
corrected for multiple testing (number of miRNAs) using the
Benjamini and Hochberg method. For all regression models,

the C-index was computed at the mean follow-up time
(2 years). Confidence intervals for the C-index and their in-
crease with the addition of each miRNA were computed using
a perturbation-resampling method using 1000 iterations.

The multivariate clinical model with the highest C-index
was compared with vs. without miRNAs using the integrated
discrimination improvement (IDI) index method, which com-
pares the average difference in correctly predicting the risk
for patients who have the primary outcome event with those
who do not, and the continuous net reclassification improve-
ment (cNRI), detailed in methods of the supporting
information.8 The area under the receiver-operating curve
was computed to display effect strength. Relation between
miRNAs and NYHA class at the last follow-up was evaluated
using logistic regression. The statistical analyses were per-
formed using SPSS software v.22.0 (SPSS Inc, Chicago, Illinois,
USA) and R v.4.0.0.

Results

Patient profile

Baseline characteristics of the 311 patients enrolled are de-
tailed in Table 1. Median age was 55 years, 81% were male,
and ST-segment elevation MI was the predominant clinical
presentation in 65% of cases. Successful revascularization of
the culprit lesion was achieved in 94% of cases, and 1 year
follow-up was achieved in 90% of patients.

During a mean follow-up of 2.1 years, 43 patients (13.8%)
presented the primary outcome, including 24 patients
(7.7%) with hospitalizations for HF and 25 (8.0%) cardiovascu-
lar deaths. The mean time to the first primary outcome event
was 6 months. At the last follow-up, 25% of patients had a
NYHA functional class II or higher.

Serum microRNAs differentially expressed in
myocardial infarction

The profiling study identified a subset of miRNAs that are dif-
ferentially expressed in MI. Following a sequential approach,
based on their statistical significance and biological function
assessed with bioinformatic target prediction tools, 14
miRNAs were selected for further validation in the 311 MI pa-
tients and 30 healthy controls adjusted for age and sex. Dur-
ing the global validation process, 11 out of the 14 candidate
miRNAs statistically confirmed their difference between MI
patients and healthy controls (Table S2).

The expression levels of the majority of studied miRNAs
were associated with a more severe clinical presentation of
the index event. Briefly, the baseline expression levels of
miR-20a-5p, miR-21-5p, miR-23a-3p, miR-27b-3p, miR-30b-
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5p, miR-106b-5p, miR-107, miR-148b-3p, miR-210-3p, and
miR-221-3p were significantly increased in subjects with
higher Killip class, GRACE risk score, troponin I, NT-proBNP,
and poorer left ventricular ejection fraction. Distribution de-
tails are provided in Figures S2 and S3.

In order to exclude redundancy among the selected
miRNAs, partial Spearman rank correlation coefficients
(R) were calculated for the 14 miRNAs after normalization
(Table 2). Analyses yielded a weak correlation of most pairs
of miRNAs, reflecting low collinearity among the selected
miRNAs.

Prognostic value of microRNAs

miR-21-5p, miR-23a-3p, miR-27b-3p, miR-122-5p, miR-210-
3p, and miR-221-3p reliably predicted the occurrence of the
primary endpoint (Figure 1A, Table 3, & Figure S4), even in
the advanced adjustment models. Cox regression analyses
adjusted for age and gender highlighted in particular miR-
210-3p (HR 2.65 per 1 SD increase, P < 0.001), miR-23a-3p
(HR 2.11 per 1 SD increase, P < 0.001), miR-221-3p (HR
2.03 per 1 SD increase, P < 0.001), and miR-21-5p (HR 2.0
per 1 SD increase, P< 0.001) for precise prediction of the pri-
mary endpoint.

When considered individually, each one of these miRNAs
achieved high C-statistic values (Figure S5), while the combi-
nation of the three most prominent (i.e. miR-210-3p, miR-
23a-3p, and miR-221-3p) to the baseline multivariate Cox
model showed a significant improvement in the area under
the curve as compared with the baseline multivariate Cox
model: 0.86 vs. 0.77, P < 0.001 (Figure 2). The cNRI index
was 34.8% (95% CI, 5.8–57.4%, P = 0.015) while the IDI
showed a substantial incremental predictive ability
(P < 0.001) when miRNAs were added to the clinical multi-
variate model (Figure S6).

In addition, we evaluated the association of circulating
miRNAs with secondary endpoints. Eight out of 14 miRNAs
(miR-21-5p, miR-23a-3p, miR-27b-3p miR-106b-5p, miR-107,
miR-122-5p, miR-210-3p, and miR-221-3p) independently
predicted cardiovascular death (Figure 1B, Table S3, & Figure
S7). The predictive value of the miRNAs remained mainly un-
changed, irrespective of adjustment for variables in the dif-
ferent models presented. Regarding HF hospitalizations,
three miRNAs (i.e. miR-23a-3p, miR-210-3p, and miR-221-
3p) were able to identify patients at higher risk (Figure 1C
& Table S4). Finally, miR-21-5p, miR-23a-3p, miR-210-3p,
and miR-221-3p were able to identify patients with poor
functional class (NYHA II or higher) at the end of follow-up
(Figure 1D and Table S5).

Table 1 Clinical characteristics according to the occurrence of primary outcome

Total (n = 311) No event (n = 268) Event (n = 43) P value

Age (years)a 55 (48, 71) 54 (47, 68) 77 (55, 85) <0.001
Male sex (%) 81 82 79 0.382
Cardiovascular risk factors

BMI, (kg/m2)a 27.3 (25, 30) 27.5 (25, 30) 26.7 (24, 29) 0.540
Hypertension (%) 57 55 72 0.018
Diabetes (%) 26 23 42 0.005
Dyslipidaemia (%) 51 50 58 0.458
Active smoker (%) 40 43 26 0.390

MI index event
ST-elevation MI (%) 65 66 61 0.908
Successful revascularization (TIMI 3) (%) 94 95 84 0.002
Killip class ≥ II (%) 23 15 67 <0.001
GRACE risk scorea 133 (114, 171) 129 (111, 159) 196 (144, 238) <0.001
Charlson Comorbidity Indexa 4 (2, 5) 3 (2, 5) 6 (5, 7) <0.001

Laboratory parameters
NT-proBNP (pg/mL)a 903 (363, 2415) 617 (215, 1541) 5701 (2115, 14 714) <0.001
Troponin-I (at 24 h)a 8.8 (1, 38) 6.9 (1, 32) 29.1 (6, 88) <0.001
GFR (mL/min/1.73 m2)a 91 (73, 103) 93 (78, 104) 52 (33, 78) <0.001
Total cholesterol (mg/dL)a 177 (147, 206) 179 (148, 209) 158 (137, 192) 0.028
Triglycerides (mg/dL)a 122 (88, 169) 122 (88, 169) 123 (89, 169) 0.999

Echocardiographic findings
LVEF at discharge (%)a 57 (46, 65) 58 (48, 65) 43 (36, 58) <0.001
LVEF < 50% (%) 33 27 67 <0.001

Medications at discharge
β-Blocker (%) 83 83 78 0.556
ACE inhibitor or ARB (%) 82 82 83 0.967
Mineralocorticoid antagonist (%) 37 10 33 <0.001
High intensity statin (%) 97 97 92 0.025

ACE, angiotensin-converting enzyme; ARB, angiotensin-II receptor blocker; BMI, body mass index; GFR, glomerular filtration rate; LVEF,
left ventricular ejection fraction; MI, myocardial infarction.
aMedian (25th and 75th quartile cut-point).
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MicroRNAs functional significance

The biological significance of the eight circulating miRNAs
with prognostic capability was explored by means of bioin-
formatic studies. Prediction of their target genes using ap-
propriated databases and further clustering of the miRNAs
based on common targets is shown in Figures 3 and S8.
As it can be observed, all these miRNAs share common tar-
gets. Particularly, miR-21-5p, miR-122-5p, miR-106b-5p, and
miR-221-3p exhibited stronger relations based on higher
number of common targets, including PKD2, RhoA, HMGB3,
TSC1, FNBP1, and PKM. The relationship exhibited
among miRNAs suggests that they coordinately
mediate through their targets the cardiac recovery after
injury.

MicroRNAs as useful tools for prognostic
reclassification

As circulating miRNAs accurately predicted cardiovascular
death and HF hospitalizations in our study, we explored their
capacity to restratify patient risk. A hierarchical cluster was
built with the six miRNAs associated with the primary out-
come (Figure 4). Patients that presented the primary out-
come exhibited different expression profile of miRNAs, partic-
ularly miR-21-5p and miR23a-3p. This different miRNAs’
expression is independent from other clinical characteristics,
unveiling new molecular information that might be clinically
useful and relevant.

Circulating miRNAs also exhibited different grades of rela-
tion among them: miR-21-5p and miR23a-3p were more

Figure 1 Summary of risk of the primary and secondary endpoints in the multivariate Cox survival model adjusted for age and sex. The boxes indicate
the point estimates and the horizontal lines are 95% CIs. (A) Composite endpoint: HF hospitalizations + CV death, (B) cardiovascular death, (C) HF hos-
pitalizations, and (D) NYHA class II or higher. CI, confidence interval; CV, cardiovascular; HF, heart failure; HR, hazard ratio; NYHA, New York Heart
Association.
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Table 3 Association of serum miRNAs per 1 SD increase with the composite of heart failure hospitalizations or cardiovascular death
during follow-up among patients with myocardial infarction

HR per 1 SD increase
(95% CI) P value

C-statistic
(95% CI)

Increase in C-statistic
(95% CI)

miR-20a-5pa 1.03 (0.77–1.38) 0.827 n/a n/a
Model 2 1.07 (0.80–1.43) 0.656 n/a n/a
Model 3 1.04 (0.77–1.40) 0.815 n/a n/a
Model 4 1.26 (0.94–1.70) 0.117 n/a n/a
Model 5 1.01 (0.78–1.32) 0.920 n/a n/a
Model 6 1.01 (0.77–1.33) 0.933 n/a n/a

miR-21-5pa 2.00 (1.52–2.63) 0.000 0.7828 (0.7141–0.8517) 0.0517 (0.0011–0.1024)
Model 2 2.07 (1.56–2.74) 0.000 0.7928 (0.7147–0.8709) 0.0565 (0.0022–0.1109)
Model 3 1.87 (1.41–2.48) 0.000 0.7962 (0.7258–0.8666) 0.0376 (0–0.0807)
Model 4 1.82 (1.36–2.46) 0.000 0.8403 (0.7618–0.9188) 0.0143 (0–0.0393)
Model 5 1.52 (1.13–2.04) 0.005 0.8110 (0.7389–0.8830) 0.0181 (0–0.0458)
Model 6 1.42 (1.05–1.93) 0.022 0.8316 (0.7677–0.8954) 0.0104 (0–0.0296)

miR-23a-3pa 2.11 (1.53–2.90) 0.000 0.7909 (0.7246–0.8572) 0.0598 (0.0135–0.1061)
Model 2 2.17 (1.56–3.01) 0.000 0.7991 (0.7233–0.8749) 0.0628 (0.0111–0.1145)
Model 3 2.00 (1.43–2.79) 0.000 0.7969 (0.7323–0.8616) 0.0383 (0–0.0827)
Model 4 1.89 (1.33–2.70) 0.000 0.8529 (0.7934–0.9124) 0.0270 (0–0.0584)
Model 5 1.59 (1.16–2.18) 0.004 0.8233 (0.7619–0.8848) 0.0305 (0–0.0653)
Model 6 1.50 (1.09–2.06) 0.013 0.8410 (0.7842–0.8978) 0.0198 (0–0.0501)

miR-27b-3pa 1.79 (1.21–2.65) 0.004 0.7562 (0.6612–0.8512) 0.0251 (0–0.0663)
Model 2 1.75 (1.18–2.59) 0.005 0.7618 (0.6618–0.8618) 0.0255 (0–0.0637)
Model 3 1.52 (1.01–2.28) 0.043 0.7648 (0.6781–0.8514) 0.0061 (0–0.0358)
Model 4 2.20 (1.39–3.48) 0.001 0.8300 (0.7555–0.9044) 0.0040 (0–0.0437)
Model 5 1.37 (0.97–1.95) 0.075 0.8024 (0.7192–0.8857) 0.0096 (0–0.0355)
Model 6 1.40 (0.99–2.00) 0.059 0.8252 (0.7482–0.9021) 0.0040 (0–0.0274)

miR-30b-5pa 1.22 (0.87–1.73) 0.251 n/a n/a
Model 2 1.25 (0.87–1.77) 0.226 n/a n/a
Model 3 1.18 (0.84–1.67) 0.342 n/a n/a
Model 4 1.46 (1.00–2.15) 0.051 n/a n/a
Model 5 1.16 (0.85–1.58) 0.351 n/a n/a
Model 6 1.13 (0.81–1.57) 0.471 n/a n/a

miR-106b-5pa 1.16 (0.87–1.55) 0.319 n/a n/a
Model 2 1.19 (0.88–1.61) 0.271 n/a n/a
Model 3 1.17 (0.87–1.56) 0.294 n/a n/a
Model 4 1.39 (1.01–1.91) 0.043 n/a n/a
Model 5 1.09 (0.85–1.41) 0.491 n/a n/a
Model 6 1.06 (0.80–1.40) 0.694 n/a n/a

miR-107a 1.39 (0.94–2.05) 0.098 n/a n/a
Model 2 1.46 (0.97–2.18) 0.067 n/a n/a
Model 3 1.45 (0.98–2.15) 0.062 n/a n/a
Model 4 1.48 (0.93–2.37) 0.097 n/a n/a
Model 5 1.42 (0.96–2.10) 0.081 n/a n/a
Model 6 1.28 (0.87–1.90) 0.213 n/a n/a

miR-122-5pa 1.80 (1.30–2.48) 0.000 0.7427 (0.6528–0.8325) 0.0115 (0–0.0579)
Model 2 1.81 (1.30–2.51) 0.000 0.7589 (0.6655–0.8523) 0.0226 (0–0.0722)
Model 3 1.70 (1.26–2.30) 0.001 0.7747 (0.6888–0.8606) 0.0161 (0–0.0544)
Model 4 1.64 (1.21–2.22) 0.001 0.8236 (0.7474–0.8998) 0.0024 (0–0.0186)
Model 5 1.31 (0.96–1.78) 0.087 0.7880 (0.7096–0.8663) 0.0049 (0–0.0105)
Model 6 1.30 (0.94–1.79) 0.116 0.8181 (0.7437–0.8925) 0.0031 (0–0.0107)

miR-148b-3pa 1.14 (0.84–1.55) 0.402 n/a n/a
Model 2 1.15 (0.85–1.56) 0.363 n/a n/a
Model 3 1.16 (0.85–1.57) 0.345 n/a n/a
Model 4 1.42 (0.98–2.06) 0.650 n/a n/a
Model 5 1.03 (0.77–1.38) 0.845 n/a n/a
Model 6 1.15 (0.83–1.60) 0.409 n/a n/a

miR-210-3pa 2.65 (1.92–3.64) 0.000 0.8026 (0.7319–0.8732) 0.0714 (0.0068–0.1360)
Model 2 2.70 (1.95–3.73) 0.000 0.8050 (0.7194–0.8906) 0.0687 (0–0.1420)
Model 3 2.42 (1.75–3.34) 0.000 0.8079 (0.7322–0.8835) 0.0492 (0–0.1074)
Model 4 2.21 (1.57–3.12) 0.000 0.8443 (0.7742–0.9143) 0.0183 (0–0.0511)
Model 5 1.88 (1.32–2.67) 0.000 0.8257 (0.7579–0.8935) 0.0329 (0–0.0793)
Model 6 1.84 (1.30–2.59) 0.001 0.8432 (0.7743–0.9121) 0.0220 (0–0.0562)

miR-221-3pa 2.03 (1.47–2.80) 0.000 0.7809 (0.7091–0.8526) 0.0497 (0–0.1039)
Model 2 2.04 (1.45–2.86) 0.000 0.7864 (0.7046–0.8682) 0.0501 (0–0.1115)
Model 3 1.92 (1.40–2.64) 0.000 0.7991 (0.7227–0.8756) 0.0405 (0–0.0879)

(Continues)
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related, exhibiting similar tendency in all patients attending
to endpoints but lower relation with the rest of miRNAs that
clustered in the other group, being miR-27b-3p and miR-221-
3p tightly related. This hierarchical cluster indicates that cir-
culating miRNAs reclassify patients independently of baseline
clinical data, but with closer association with outcomes, thus
enhancing the appeal of these molecular markers.

Discussion

In this study, we have demonstrated, for the first time, the
prognostic value of serum miRNAs to identify patients at
higher risk of HF-related events after an acute MI. This pro-

spective study with patients hospitalized for MI identified
several miRNAs that were independently associated with HF
hospitalizations, cardiovascular death, and poorer functional
status. The novel information provided by miRNAs was inde-
pendent but complementary to other clinical and biochemi-
cal parameters, and significantly improved conventional clin-
ical risk prediction models when used as single variables or in
combination.

Currently, robust evidence regarding the prognostic role of
miRNAs in MI patients is lacking. Based on a rigorous screen-
ing selection among 752 miRNAs, we found independent as-
sociation between six miRNAs and the primary composite
endpoint of HF requiring hospital admission or cardiovascular
mortality. Hence, the event rates doubled per 1 SD increase
of miR-21-5p, miR-23a-3p, miR-210-3p, and miR-221-3p and

Table 3 (continued)

HR per 1 SD increase
(95% CI) P value

C-statistic
(95% CI)

Increase in C-statistic
(95% CI)

Model 4 2.13 (1.45–3.13) 0.000 0.8663 (0.8107–0.9219) 0.0403 (0–0.0852)
Model 5 1.70 (1.23–2.37) 0.001 0.8231 (0.7598–0.8864) 0.0303 (0–0.0683)
Model 6 1.58 (1.14–2.19) 0.006 0.8498 (0.7896–0.9101) 0.0286 (0–0.0632)

CI, confidence interval; HR, hazard ratio; n/a, not applicable; SD, standard deviation.
Model 2: adjusted for age, sex, hypertension, smoking status, diabetes, dyslipidaemia, and history of MI. Model 3: adjusted for age, sex,
and log (troponin I). Model 4: adjusted for age, sex, and log (NT-proBNP). Model 5: adjusted for age, sex, and GRACE risk score. Model 6:
adjusted for age, sex, left ventricular ejection fraction (LVEF), and Killip class. P values presented are corrected for multiple comparisons
(number of miRNAs) using the Benjamini and Hochberg correction. HRs and 95% CIs are presented without correction.
aAge and sex adjusted.

Figure 2 Prognostic reclassification with the addition of miR-210-3p, miR-23a-3p, and miR-221-3p. (Left) Receiver-operating characteristic curves for
the baseline clinical multivariate Cox model (adjusted for age and sex) in blue and with the addition of miR-210-3p, miR-23a-3p, and miR-221-3p, in
red. (Top right) Forest plots for the study outcomes adjusted for age and sex. (Bottom right) Incidence of the composite of heart failure hospitalizations
or cardiovascular death with the Kaplan–Meier method. AUC, area under the curve; CV, cardiovascular; HF, heart failure; ROC, receiver-operating
characteristic.
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increased by more than 50% for miR-27b-3p and miR-122-5p.
Furthermore, the combination of several miRNAs consistently
improved all the different multivariate models that were
tested, certifying their independent prognostic ability regard-
less of adjustment for clinical variables, as assessed by
marked improvements in IDI and cNRI. This was likely
achieved due to the low correlation among the selected
miRNAs (reflected by a low Spearman’s rho), derived from
the selection criteria applied and the different functional
pathways that each one of miRNAs is involved.

Considering the secondary endpoints, we also found a sig-
nificant association between eight miRNAs and cardiovascu-
lar mortality rates, with more than two-fold increases per 1
SD for miR-21-5p, miR-23a-3p, miR-27b-3p, miR-107, and
miR-210-3p in all multivariate-adjusted models. Additionally,
levels of three miRNAs (miR-23a-3p, miR-210-3p, and miR-
221-3p) were independently associated with hospitalizations

for HF and predicted a poorer functional status at the end
of follow-up.

It is noteworthy to highlight that the prognostic value of-
fered by these miRNAs was additive and independent of
other parameters. Current clinical risk scores in MI are of lim-
ited value for the prediction of long-term complications re-
lated to HF. Therefore, the possibility to improve recognition
of individuals with an acute MI that are at a higher risk of
HF-related events represents an actionable goal to tailor
more adequate therapy.

MicroRNAs in large-scale studies

Ours is the first prospective study with circulating miRNAs in
MI that evaluates long-term HF-related complications (includ-
ing cardiovascular mortality). To date, only one other

Figure 3 Target gene networks of microRNAs that exhibited prognostic capabilities. Only microRNAs that displayed independent association with out-
come events are shown, highlighted in blue. Genes with at least two potential interactions are labelled. Genes with just one connection are unlabelled.
Colour nodes of regulated genes are proportional to node degree (number of connections).
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large-scale study has been performed in secondary preven-
tion, where miR-197 and miR-223 predicted cardiovascular
death in a population that included stable angina9; a
substudy of the same cohort that used a literature-based se-
lection of candidate miRNAs subsequently identified another
eight miRNAs, including miR-210, that reached statistical sig-
nificance for the prediction of cardiovascular mortality, but
with high collinearity.10 Smaller studies such as Maciejak
et al. evaluated several miRNAs after MI using a
profiling-validation approach, but the small sample size and
the use of left ventricular ejection fraction as surrogate of
HF limit the value of their observations.11 Other studies using
a case–control approach detected that several miRNAs iden-
tify patients at higher risk of recurrent events after MI and
improve GRACE and clinical risk prediction models.12,13 Be-
cause there is not a generally accepted risk stratification tool
for HF events after MI, our data emphasized the potential
role of the determination of miRNAs circulating levels, partic-

ularly the analysis of miR-210-3p, miR-221-3p, and miR23a-
3p, in the prognosis stratification and the assessment of the
risk of developing HF after an acute coronary event.

Pathophysiology

Hypoxic conditions stimulate the miRNome, and a growing
number of miRNAs have been included in the group of
oxygen-responsive miRNAs, as miRNAs are common targets
of transcription factors.14 However, long-term pathophysio-
logical consequences of MI are a multifaceted process due
to the complex molecular mechanisms involved in adverse
ventricular remodelling. The focus of our study was to iden-
tify, among all miRNAs differentially expressed in MI, those
with prognostic value.

In our study, the most relevant and influential was miR-
210-3p, regulated by hypoxia through the HIF-1 pathway,

Figure 4 Heat map and hierarchical cluster of the validated microRNAs reclassifying MI patients according to the risk of the composite of heart failure
hospitalization/cardiovascular death. The six validated microRNAs analysed by quantitative reverse transcription PCR in 311 patients with myocardial
infarction reclassify patients according to their risk, independently of clinical features and based on miRNA pattern expression. MI, myocardial infarc-
tion; LVEF, left ventricular ejection fraction.
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which was independently associated with HF, cardiovascular
mortality and functional class during follow-up, suggesting a
pivotal role in cardiac regeneration. miR-210-3p expression
increases shortly (<3 h) after MI,15 and it has been found
to inhibit apoptosis of cardiomyocytes. In our study, pa-
tients with higher expression levels of miR-210-3p pre-
sented more frequently HF decompensations and adverse
ventricular remodelling, in line with results from experimen-
tal models.16

Similarly, we found that miR-221-3p is a marker of more
severe index event and worse long-term outcomes. miR-221
is linked with endothelial dysfunction through regulation of
endothelial nitric oxide synthase, and it has been successfully
evaluated as part of a miRNA prosurvival cocktail to improve
cell engraftment of transplanted cardiac progenitor cells in
mice with MI.17 Interestingly, miR-23, a member of the miR-
23/27/24 cluster, has been proposed as protective regulator
after MI both in vitro and in vivo experimental models, linked
with ventricular remodelling and HF18; miR-27b has a
pro-angiogenic effect and its targeted overexpression in-
duced recruitment of bone marrow derived cells to the
neovasculature, decreased fibrosis, and increased ejection
fraction in experimental models.19 miR-21-5p is a well-known
miRNA induced by hypoxia that modulates cardiomyocyte
survival, and it has been associated in animal studies with ad-
verse ventricular remodelling and HF after MI,18 potentially
reversible by the use of an antimiR-21.20 Likewise, a crucial
cardiac role has also been implicated for miR-122 by modulat-
ing cardiomyocyte cell death in vitro21; elevated levels of
miR-122 have been found in patients with acute HF.22 To
our knowledge, none of the abovementioned miRNAs have
been previously identified as predictors of survival free of
events after an MI.

Functional analyses of the eight miRNAs reliably associated
to adverse events, indicate that at least four of them, that is,
miR-21-5p, miR-122-5p, miR-106b-5p, and miR-221-3p share
common targets, including PKD2, RhoA, HMGB3, TSC1,
FNBP1, and PKM. These genes have been proved relevant
for heart function and remodelling after injury, such as
PKD2, an intracellular calcium channel expressed in cardio-
myocytes that has been associated with dilated
cardiomyopathy.23 RhoA, a key gene for cytoskeleton dynam-
ics, and the RhoK/RhoA pathway have been found to play
crucial roles in response to ischemia, leading to their current
evaluation as therapeutic target in cardiovascular medicine.24

HMGB3, belonging to the HMGB transcription factors family,
is involved in skeletal muscle regeneration and elicits both
harmful and beneficial responses during and after cardiac
injury25; TSC1 is a specific gene of myocytes connected with
arterial injury and the development of HF and ventricular
hypertrophy26; FNBP1, involved in degradation through lyso-
somal pathway and PKM2, a key enzyme for cell metabolism
involved in Warburg effect, that it is involved in embryonic
cardiac development, has been recently associated to HF

through cell metabolism impairment.27 Based on these rele-
vant common targets, it is conceivable that circulating
miRNAs detected in our population could be part of the mo-
lecular and cellular pathways cooperatively acting in the car-
diac injury and repair process.

Conversely, several miRNAs linked with cardiovascular
events did not show prognostic capability in our population.
Thus, miR-106b-5p and miR-144-3p did not provide prognos-
tic information despite they have been associated with car-
diovascular mortality in healthy population.28 As for miR-
30b-5p and miR-let-7a-5p, none of them showed differential
expression among patients with MI during the validation,
nor did miR-20a-5p, miR-93-5p, and miR-148b-3p provide
any prognostic information.

Limitations

This study has some limitations. First, the selection of candi-
date miRNAs was independent and based on our own initial
observations; while this approach was chosen to avoid repet-
itive testing of same miRNAs previously described in the liter-
ature, this might have led to exclusion of potentially relevant
miRNAs. Second, several Cox regression analyses are pre-
sented in order to evaluate the behaviour of miRNAs in differ-
ent settings, although caution should be paid for interpreta-
tion due to the possibility of over-adjustment.

Conclusions

We have demonstrated, for the first time, the capability of
several miRNAs to independently predict long-term hospital-
izations for HF and cardiovascular mortality in patients after
an acute MI. Based on an independent profiling-validation
process, our study identifies a set of circulating miRNAs, in
particular miR-210-3p, miR-221-3p, and miR-23a-3p, with a
strong and independent prognostic value.

Translational perspective

Patients who suffer an MI are at high risk of developing
long-term complications, but mechanisms leading to poor re-
covery are largely unknown. miRNAs specifically mediate
pathophysiological processes and can be easily detectable
as circulating biomarkers. This work positively evaluates the
prognostic value of circulating miRNAs to identify patients
at higher risk of future hospitalizations of HF, cardiovascular
death and poor functional status. The novel information pro-
vided by miRNAs was independent to other parameters and
improved conventional risk prediction models. Future studies
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will determine whether miRNAs might constitute as new
therapeutic targets or be useful to guide secondary therapy.

Competency in patient care and
procedural skills

Long-term complications including HF and cardiovascular
death are common among patients with MI, and circulating
miRNAs have the capability to identify those at higher risk
of upcoming events.

Translational outlook

Additional studies are required in order to elucidate whether
circulating miRNAs might be useful to guide secondary ther-
apy, based on the stratification of prognostic risk.
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