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Abstract: Epicardial adipose tissue (EAT) constitutes a novel parameter for cardiometabolic risk
assessment and a target for therapy. Here, we evaluated for the first time the plasma microRNA
(miRNA) profile as a source of biomarkers for epicardial fat volume (EFV). miRNAs were profiled
in plasma samples from 180 patients whose EFV was quantified using multidetector computed
tomography. In the screening study, 54 deregulated miRNAs were identified in patients with high
EFV levels (highest tertile) compared with matched patients with low EFV levels (lowest tertile). After
filtering, 12 miRNAs were selected for subsequent validation. In the validation study, miR-15b-3p,
miR-22-3p, miR-148a-3p miR-148b-3p and miR-590-5p were directly associated with EFV, even
after adjustment for confounding factors (p value < 0.05 for all models). The addition of miRNA
combinations to a model based on clinical variables improved the discrimination (area under the
receiver-operating-characteristic curve (AUC) from 0.721 to 0.787). miRNAs correctly reclassified
a significant proportion of patients with an integrated discrimination improvement (IDI) index of
0.101 and a net reclassification improvement (NRI) index of 0.650. Decision tree models used miRNA
combinations to improve their classification accuracy. These results were reproduced using two
proposed clinical cutoffs for epicardial fat burden. Internal validation corroborated the robustness of
the models. In conclusion, plasma miRNAs constitute novel biomarkers of epicardial fat burden.
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fat volume; microRNA

J. Clin. Med. 2019, 8, 780; doi:10.3390/jcm8060780 www.mdpi.com/journal/jcm

http://www.mdpi.com/journal/jcm
http://www.mdpi.com
https://orcid.org/0000-0003-2240-3532
https://orcid.org/0000-0001-7845-3905
http://www.mdpi.com/2077-0383/8/6/780?type=check_update&version=1
http://dx.doi.org/10.3390/jcm8060780
http://www.mdpi.com/journal/jcm


J. Clin. Med. 2019, 8, 780 2 of 19

1. Introduction

MicroRNAs (miRNAs) are evolutionarily conserved small noncoding RNAs (ncRNAs) that
posttranscriptionally regulate gene expression playing a critical role in cellular pathways involved in
development, homeostasis and the response to stress [1]. In addition to their intracellular localization,
miRNAs have also been detected in the extracellular space and circulation [2]. Extracellular miRNAs
can be easily assayed by analyzing bodily fluids, they are stable against degradation, have a long
half-life in biological samples, and can be detected with techniques readily available in clinical
laboratories [3]. Thus, miRNA-based tests provide an interesting opportunity to develop novel tools to
assist in clinical decision-making [3]. A number of publications have proposed the use of circulating
miRNAs as biomarkers for a wide range of medical conditions [4,5]. Indeed, monitoring alterations
in the patterns of circulating miRNAs could be useful in the diagnosis and prognostic stratification
within diverse cardiovascular and metabolic disorders [6,7].

Epicardial adipose tissue (EAT), the visceral fat depot located between the myocardium and
visceral pericardium, is a metabolically active tissue that regulates cardiovascular homeostasis under
physiological conditions [8]. However, under pathological conditions, excessive accumulation of EAT
surrounding the myocardium and the coronary arteries actively contributes to the development and
progression of cardiovascular disease [9]. Although the mechanisms are not fully understood, EAT
has been directly implicated in different pathological processes via secretion of pro-inflammatory,
pro-fibrotic and metabolic mediators [10,11]. The relationship between epicardial fat burden and
cardiovascular disease has recently gained attention among the medical community. Multiple clinical
studies have demonstrated that epicardial fat is a risk factor for coronary artery disease (CAD) [12], heart
failure (HF) [13] and atrial fibrillation (AF) [14]. A prognostic value for major adverse cardiovascular
events and mortality has also been reported [15]. Furthermore, epicardial fat accumulation has been
correlated with metabolic diseases including diabetes and metabolic syndrome [16]. Consequently,
EAT constitutes a novel parameter for cardiometabolic risk assessment and a target for therapy [17,18].

Epicardial adipose tissue can be clinically measured using different imaging techniques such as
transthoracic echocardiography, cardiovascular magnetic resonance (CMR) and computed tomography
(CT). However, the need for specialized centers and trained personnel, in addition to the operating
expenses, limit the applicability of this methodology. Surprisingly, there are limited studies investigating
non-invasive and easily accessible biomarkers to quantify EAT [19,20]. Despite the potential of miRNAs
as clinical indicators, they have not yet been used to assess the epicardial fat burden. Here, we address
this important gap by evaluating the plasma miRNA profile to identify biomarkers for epicardial fat
volume (EFV).

2. Experimental Section

2.1. Study Population

This is a prospective study including clinically stable patients referred for coronary computed
tomography angiography (CCTA) in the Cardiac Imaging Unit of the Hospital de la Santa Creu i Sant
Pau (Barcelona, Spain). According to miRNA profiling data, accepting a significance level of 0.05 and a
power of 80% in a two-sided test, and assuming a common standard deviation (SD) of 0.9, 51 subjects
were necessary in both study groups to recognize as statistically significant a difference greater than
or equal to 0.5 arbitrary units (au). EAT assessment was performed after blood collection. Therefore,
the sample size used was higher to ensure the necessary number of patients. Finally, 180 consecutive
patients were enrolled in the study. Exclusion criteria included suspected acute coronary syndrome,
contraindications to CCTA imaging, any survival-limiting disease or any severe infectious disease.
Detailed demographic, anthropometric, clinical and pharmacological information was obtained from
electronic medical records. All subjects gave written informed consent before participating in the study.
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The study protocol was approved by the local ethical committee of the Hospital de la Santa Creu i Sant
Pau. The study was performed in accordance with the Helsinki Declaration.

2.2. Coronary Computed Tomography Angiography (CCTA)

A CCTA exam using a 256-slice CT scanner (Brilliance iCT 256; Philips Healthcare, Amsterdam,
the Netherlands) was performed on all participants. A contrast-enhanced scan was performed to assess
CAD and EFV. The scan was prospectively triggered at 75% of the RR interval using 100 kV (120 kV in
patients with a body mass index >30 kg m−2) if the heart rate was below 65 beats per min (bpm), and
retrospectively gated (helical acquisition) if the heart rate was higher than 65 bpm. Iodinated contrast
(Xenetix 350; Guerbet, Aulnay-sous-Bois, France) was administered at a dose of 0.7–1 mL kg−1 (range
50–120) and followed by a 40 mL saline flush, and both injected at a rate of 5–6 mL/s. CCTA studies
were subsequently analyzed off-line. Coronary artery plaques were defined as any tissue structure
>1 mm2 that existed either within the coronary artery lumen or adjacent to the coronary artery lumen
that could be distinguished from the surrounding pericardial tissue, epicardial fat, or the lumen itself.
Coronary artery disease was quantified for stenosis by quantitative coronary angiography (CT-QCA)
in any luminal diameter narrowing ≥50% of the reference luminal diameter. The methodology to
calculate EFV was performed with a dedicated software as follows (OsiriX MD, v 6.5, FDA cleared,
Pixmeo): first, the upper and lower slice limits of pericardium were manually defined in an axial view.
Then, the EFV was marked in each slice by drawing regions of interest with voxel densities between
−150 to −30 Hounsfield units (corresponding to adipose tissue). A contiguous 3-dimensional volume
render was then performed and quantified in cubic centimeters (cm3), and indexed to body surface
area (cm3 m−2) to produce an EFV-index (EFVi). Body surface area data was available for 160 patients.
Patients were stratified according EFV tertiles: first and second tertiles (11.93–118.00 cm3) and third
tertile (118.74–257.35 cm3). Additionally, we used two binary cutoffs previously proposed as clinically
relevant: EFV > 125 cm3 [15] and EFVi > 68.1 cm3 m−2 [21].

2.3. Blood Collection

Blood collection and processing were performed using standardized protocols [22]. Blood
samples were obtained in K2-ethylenediaminetetra-acetic acid (EDTA) blood collection tubes (BD)
by venipuncture after a night of fasting and before beginning any interventional procedure or
administration of contrast agents. The blood was processed within 2 h after isolation. To obtain plasma,
blood samples were fractionated by centrifugation at 1300 × g for 15 min at room temperature. After
centrifugation, plasma supernatant was aliquoted into 1.5 mL DNA LoBind tubes and stored at −80 ◦C
until analysis.

2.4. Epicardial Adipose Tissue (EAT)

Epicardial adipose tissue explants were obtained from patients undergoing cardiac surgery (N = 8).
Patients were diagnosed with either CAD (N = 4) or valve disease (N = 4). 100 mg pieces of EAT were
incubated for 24 h in 1 mL serum-free DMEM supplemented with antibiotics in 5% CO2. miRNAs
were isolated from tissue and from the conditioned media.

2.5. High-Sensitive C-Reactive Protein (CRP) Concentration

High-sensitive C-reactive protein (hs-CRP) concentrations were determined using an
immunoturbidimetry method on the Roche Cobas c501 analyzer (Roche Diagnostics, Mannheim,
Germany). The hs-CRP assay has an analytic range from 0.3 to 350 mg L−1. The assay had interrun
coefficients of variation that ranged from 1.2 to 3.6%.
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2.6. MicroRNA Isolation

Profiling of miRNA was conducted in the same laboratory and under the same conditions.
Experienced staff blinded to clinical data performed all laboratory measurements. Total RNA was
isolated from 150 µL of frozen plasma samples or conditioned medium samples using miRNeasy
Serum/Plasma Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. For EAT,
total RNA was isolated from 100 mg of tissue using the miRNeasy Mini Kit (Qiagen). For normalization
of extracellular miRNAs, synthetic Caenorhabditis elegans miR-39-3p (cel-miR-39-3p), lacking sequence
homology to human miRNAs, was added as an external reference miRNA (1.6 × 108 copies µL−1).
The mixture was also supplemented with 1µg of MS2 carrier RNA (Roche, Merck, Darmstadt, Germany)
to improve extracellular miRNA yield. Purification of RNA was performed with RNeasy MinElute
or RNeasy Mini Spin columns according to the manufacturer’s instructions. RNA was eluted in
nuclease-free H2O and stored in a −80 ◦C freezer.

2.7. Quantification of MicroRNA

Quantitative polymerase chain reaction (qPCR) was performed according to the protocol for the
miRCURY LNA Universal RT microRNA PCR System (Exiqon, Qiagen, Hilden, Germany), which
offers an optimal performance [23]. According to the manufacturer’s instructions, different protocols
for cDNA synthesis were used for extracellular or tissue miRNAs. The RNA in the plasma and
conditioned media cannot be accurately quantified. Therefore, we used the same starting sample
volume rather than RNA quantity (2 µL of RNA). For tissue, total RNA concentration was determined
with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). Then, RNA samples were
adjusted to a concentration of 5 ng µL−1 using nuclease-free H2O. RNA was reverse transcribed in
10 µL reactions using the Universal cDNA Synthesis Kit II (Exiqon). The RT reaction was performed
with the following conditions: incubation for 60 min at 42 ◦C followed by heat-inactivation for 5 min at
95 ◦C; the reaction was then immediately cooled to 4 ◦C. cDNA was stored at −20 ◦C.

For the screen, we used the 384 well Serum/Plasma Focus microRNA PCR Panel V4 (Exiqon).
The panel included primer sets for 179 miRNAs commonly found in serum and plasma samples. Each
selected miRNA was validated in plasma, conditioned media and tissue using 384-well Pick-&-Mix
microRNA PCR Plates (V4) (Exiqon). qPCR was performed in 10 µL reactions using the 7900HT Fast
Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific, Waltham, Massachusetts, USA)
with the following cycling conditions: 10 min at 95 ◦C, 40 cycles of 10 s at 95 ◦C and 1 min at 60 ◦C,
followed by a melting curve analysis. The synthetic UniSp3 assay was analyzed as interplate calibrator.
The SDS v2.3 software was used to determine the quantification cycle number (Cq) and perform the
melting curve analysis. The Cq was defined as the fractional cycle number at which the fluorescence
exceeded a given threshold. The specificity of the qPCR was corroborated by melting curve analysis.
miRNAs were considered to be expressed at Cq values < 35. Relative quantification was performed
using the 2−dCq method, where dCq = CqmiRNA −Cqcel-miR-39-3p for extracellular miRNAs and CqmiRNA

− CqSNORD48 for tissue miRNAs. Expression levels were log2-transformed for statistical analyses.

2.8. Statistical Analysis

Statistical analysis was performed using the statistical software package R version 3.5.2. Descriptive
statistics were used to summarize the characteristics of the study population. The Kolmogorov–Smirnov
test was used to test normality. Data were described as the mean ± SD and median (P25–P75) for
continuous variables. Frequency (percentage) was used for categorical variables. Continuous variables
were compared between groups using the Student’s t-test and Mann–Whitney U test for normally
distributed and nonnormally distributed variables, respectively. Categorical variables were compared
between groups using Fisher’s exact test. Spearman’s rho coefficient was used to assess the correlation
between continuous variables. In the screen, heat map visualization was used to determine whether
plasma miRNAs can differentiate between patients according to EFV tertile [24]. In the validation study,
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logistic regression analyses were used to investigate whether plasma miRNAs were independently
associated with EFV.

Backward stepwise regression models were used to explore the performance of plasma miRNAs,
in combination with clinical covariates, as biomarkers of EFV. Clinical covariates were chosen based
on statistical differences observed between study groups (p value < 0.1): age, sex, body mass index
(BMI) and diabetes mellitus. The results were presented as an odds ratio (OR) and 95% confidence
intervals (CI). Receiver-operating-characteristic (ROC) curves were constructed to assess the global
discriminative ability. The results were presented as the area under the ROC curve (AUC) and 95%
CI. The added discrimination capacity of plasma miRNA over the multiparameter clinical model
was tested by the DeLong test [25]. The Integrated Discrimination Improvement (IDI) index and Net
Reclassification Improvement (NRI) index were computed to assess the reclassification capacity of
plasma miRNAs [26]. The internal validity of the final models was tested for 500 bootstrap resamples,
using the ‘rms’ package by Frank Harrell [27] in the R Project for Statistical Computing. The calibration
of the models was assessed by the corresponding plots using the same package.

Decision tree models were developed using a chi-squared automatic interaction detector (CHAID)
algorithm [28]. The CHAID algorithm utilizes statistical significance from Chi-square tests to
establish a hierarchy of predictors, here the parameters that composed our clinical model and
plasma miRNAs. CHAID analysis identifies potential interactions among the predictors and selects
the optimal combination of variables and cutoff values for classification. The two-tailed significance
level was set at p value < 0.05.

3. Results

3.1. Study Population

Table 1 shows the characteristics of the study population. The mean age was 65.0 ± 12.8 years,
and 104 patients (58%) were male. The prevalence for hypertension, dyslipidemia, diabetes mellitus
and active or former smoker was 62%, 57%, 21% and 33%, respectively. Patients underwent multiple
pharmacological therapies including antiplatelet drugs (41%), statins (48%), beta-blockers (32%),
angiotensin-converting-enzyme (ACE) inhibitors (54%) and diuretics (27%).

Standardized quantitative categories for EFV are currently lacking. Therefore, the study population
was stratified according to EFV tertiles: patients in the first and second tertiles (low-medium epicardial
fat burden) and patients in the third tertile (high epicardial fat burden). Compared to patients in the
first and second tertiles of EFV, patients in the third tertile were typically older, more frequently male
with a higher BMI and prevalence of diabetes mellitus (Table 1). The use of statin, an antiplatelet drug,
and beta-blockers was also higher in patients in the third tertile.
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Table 1. Characteristics of the study population.

Variable
All Tertile 1&2 Tertile 3 p Value

N = 180 N = 120 N = 60

Clinical characteristics
Age (years), mean ± SD 65.0 ± 12.8 63.5 ± 13.8 68.1 ± 9.9 0.011
Male, N (%) 104 (58) 63 (53) 41 (68) 0.055
Body mass index (kg m−2), median
(P25–P75)

27.0 (24.8–30.3) 25.9 (24.2–29.2) 29.4 (26.3–32.1) <0.001

Body surface area (m2), median
(P25–P75) N = 160

1.8 (1.7–2.0) 1.8 (1.7–1.9) 1.9 (1.9–2.1) 0.001

Hypertension, N (%) 111 (62) 70 (58) 41 (68) 0.255
Dyslipidemia, N (%) 102 (57) 66 (55) 36 (60) 0.632
Diabetes mellitus, N (%) 37 (21) 18 (15) 19 (32) 0.011
Active or former smoker, N (%) 59 (33) 36 (30) 23 (38) 0.310
hs-CRP (mg L−1), median (P25–P75) 2.00 (0.97–4.07) 1.90 (0.85–4.00) 2.10 (1.11–4.62) 0.590
Coronary artery disease, N (%) 55 (30.6) 35 (29.2) 20 (33.3) 0.608
Glomerular filtration rate < 60
mL/mi/1.73 m2, N (%) 16 (9) 11 (9) 5 (8) 1.000

Medication use
Antiplatelet drugs, N (%) 73 (41) 43 (36) 40 (50) 0.071
Statins, N (%) 87 (48) 52 (43) 35 (58) 0.052
Beta-blockers, N (%) 58 (32) 34 (28) 24 (40) 0.086
Angiotensin-converting-enzyme
inhibitors, N (%) 97 (54) 64 (53) 33 (55) 0.746

Diuretics, N (%) 48 (27) 31 (26) 17 (28) 0.718
Epicardial fat burden
Epicardial fat volume (cm3), median
(P25–P75)

96.0 (66.5–130.6) 79.3 (55.8–96.4) 146.4 (130.5–178.4) <0.001

Epicardial fat volume-indexed (cm3

m−2), median (P25–P75) N = 160
50.0 (38.2–67.2) 42.0 (32.1–52.4) 76.3 (67.4–92.9) <0.001

Data are presented as frequencies (percentages) for categorical variables. Continuous variables are presented as
mean ± standard deviation (SD) or median (P25–P75). Differences between groups were analyzed using Student’s
t-test, Mann–Whitney U test or Fisher’s exact test. hs-CRP: High-sensitive C-reactive protein.

3.2. Profiling of Plasma MicroRNAs

To determine whether the plasma miRNAs were differentially expressed between study groups,
we first profiled the expression of 179 miRNAs in patients with low (first EFV tertile, N = 8) and high
epicardial fat burden (third EFV tertile, N = 8) (Table S1). Due to the sample size and in order to gain
statistical power, patients in the second EFV tertile were not included in this phase. To minimize
potential confounding variables, we also restricted our analysis to patients in the first and third tertiles
who matched according to age, sex, BMI, cardiovascular risk factors and hs-CRP levels. The expression
level of miR-208a-3p was below the limit of detection in 94% of the samples and was excluded from
additional analyses. Unsupervised hierarchical clustering based on miRNA expression profile clearly
separated patients in the third tertile from patients in the first tertile (Figure 1A). Analysis of the data
identified 54 significantly differentially expressed miRNAs (Figure 1B, Table S2). To identify potential
biomarkers, we selected 8 miRNAs (miR-15b-3p, miR-15b-5p, miR-22-3p, miR-27b-3p, miR-146a-5p,
miR-148b-3p, miR-339-3p and miR-590-5p) for further validation based on their statistical significance
(p ≤ 0.01) and abundance in the circulation (median Cq < 30, maximum Cq = 32 and detected in all
samples) (Figure 1C, Table S2). Several differentially expressed miRNAs belonged to the same family
as our candidates: miR-21-5p, miR-27a-3p, miR-148a-3p (p value = 0.065) and miR-152-3p (Figure 1C,
Table S2). Members within the same miRNA family share seed sequences and could be functionally
related (Table S3). Thus, these miRNAs were also selected for further validation in order to test whether
the combination of all family members could have higher potential as biomarker than individual
members. These miRNAs were all abundantly expressed in the circulation, meeting the established
criteria. Except for miR-15b-3p and miR-15b-5p, all of the candidates were derived from different
miRNA genomic clusters (>10 kb) (Table S3).
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Figure 1. Plasma microRNA (miRNA) profiling. (A) Unsupervised hierarchical clustering. The heat
map diagram shows the result of a two-way hierarchical clustering of patients and miRNAs. Each
column represents a patient (Tertile 1 of epicardial fat volume vs. Tertile 3 of epicardial fat volume).
Each row represents a miRNA. The patient clustering tree is shown on top. The miRNA clustering tree
is shown on the left. The color scale illustrates the relative expression level of miRNAs. The expression
intensity of each miRNA in each sample varies from red to blue, which indicates relatively high or low
expression, respectively. (B) p value for the comparison between study groups. Each point represents a
miRNA. Red dots represent the selected candidates. (C) Plasma expression levels of miRNAs in study
groups. (D) Expression levels of miRNAs in epicardial adipose tissue explants. Each point represents a
sample. (E) Expression levels of miRNAs in conditioned media exposed to epicardial adipose tissue
explants. Each point represents a sample. Relative quantification was performed using cel-miR-39-3p
as the external standard for extracellular miRNAs and SNORD48 as the internal standard for tissue
miRNAs. MicroRNA levels were log2-transformed. MicroRNA expression levels are expressed as
arbitrary units. Differences between groups were analyzed using the Mann–Whitney U test. p values
describe the significance level of differences for each comparison.
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To further characterize the potential of these miRNAs as biomarkers of EFV, we evaluated their
expression levels in human EAT explants and in conditioned media that was exposed to human EAT
explants. The miRNA profiles were similar in both sample sets, and all of the miRNAs were detected
in all tissue and conditioned media samples (Cq < 35) (Figure 1D,E).

3.3. Plasma MicroRNAs and Epicardial Fat Volume

Selected miRNAs from the screen were validated in the whole study population (N = 180). To do
that, patients were stratified into two categories: low-medium epicardial fat burden (patients in the
first and second EFV tertiles, N = 120) and high epicardial fat burden (patients in the third EFV tertile,
N = 60). Representative patients in the first-second and third EFV tertiles are shown in Figure 2A,B. As
shown in Figure 2C, the plasma expression levels of miR-15b-3p, miR-22-3p, miR-148a-3p, miR-148b-3p
and miR-590-5p were significantly higher in patients in the third tertile compared with those in the
first and second tertiles. Plasma miR-15b-3p, miR-22-3p, miR-148a-3p and miR-148b-3p were directly
correlated with EFV (Table S4).

Logistic regression models were used to evaluate the associations between EFV (first and second
tertiles vs. third tertile) and miRNAs (Table 2). Using unadjusted logistic regression models (model 1),
the plasma levels of miR-15b-3p, miR-22-3p, miR-148a-3p, miR-148b-3p and miR-590-5p were directly
associated with EFV. After correcting for confounding factors including age, sex, BMI, diabetes mellitus,
medication use (antiplatelet drugs, statin use and beta-blockers use) and CAD (models 2, 3 and 4), the
association between the EFV and these miRNAs remained statistically significant.
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Figure 2. Plasma microRNA (miRNA) validation. (A–B) Examples of multidetector computed
tomography scans and the corresponding epicardial fat volume of patients in the first-second and third
tertiles of epicardial fat volume. (C) Plasma expression levels of miRNAs in study groups. MicroRNA
levels were log2-transformed. MicroRNA expression levels are expressed as arbitrary units. Differences
between groups were analyzed using Student’s t-test for independent samples. p values describe the
significance level of differences for each comparison. EFV: epicardial fat volume.
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Table 2. Association between circulating microRNAs and epicardial fat volume.

Model 1 Model 2 Model 3 Model 4

OR (95% CI) p Value OR (95% CI) p Value OR (95% CI) p Value OR (95% CI) p Value

miR-15b-3p 1.701 (1.158–2.500) 0.007 1.800 (1.177–2.753) 0.007 1.832 (1.181–2.844) 0.007 1.793 (1.174–2.738) 0.007
miR-15b-5p 1.132 (0.907–1.412) 0.273 1.183 (0..923–1.516) 0.185 1.168 (0.905–1.507) 0.234 1.182 (0.922–1.515) 0.188
miR-21-5p 1.092 (0.824–1.446) 0.540 1.169 (0.856–1.596) 0.327 1.127 (0.816–1.555) 0.468 1.168 (0.855–1.596) 0.329
miR-22-3p 1.551 (1.075–2.239) 0.019 1.677 (1.113–2.527) 0.013 1.655 (1.089–2.516) 0.018 1.669 (1.109–2.514) 0.014
miR-27a-3p 1.100 (0.865–1.398) 0.438 1.146 (0.880–1.492) 0.311 1.120 (0.852–1.471) 0.417 1.142 (0.877–1.488) 0.324
miR-27b-3p 1.269 (0.976–1.651) 0.076 1.331 (0.994–1.781) 0.055 1.320 (0.977–1.782) 0.070 1.325 (0.989–1.774) 0.059
miR-146a-5p 1.010 (0.781–1.305) 0.942 1.066 (0.805–1.410) 0.657 1.027 (0.768–1.372) 0.858 1.062 (0.801–1.406) 0.677
miR-148a–3p 1.387 (1.052–1.829) 0.020 1.417 (1.045–1.921) 0.025 1.429 (1.045–1.955) 0.025 1.417 (1.045–1.923) 0.025
miR-148b-3p 1.444 (1.081–1.929) 0.013 1.563 (1.130–2.161) 0.007 1.527 (1.096–2.128) 0.012 1.558 (1.127–2.154) 0.007
miR-152-3p 1.222 (0.945–1.581) 0.127 1.310 (0.982–1.748) 0.066 1.283 (0.953–1.728) 0.101 1.306 (0.979–1.744) 0.070
miR-339-3p 1.304 (0.985–1.726) 0.064 1.350 (0.992–1.838) 0.056 1.317 (0.960–1.806) 0.088 1.344 (0.988–1.830) 0.060
miR-590-5p 1.449 (1.018–2.062) 0.039 1.571 (1.062–2.324) 0.024 1.541 (1.030–2.306) 0.036 1.564 (1.059–2.312) 0.025

Model 1: Unadjusted; Model 2: Adjusted for age, sex, body mass index and diabetes mellitus; Model 3: Model 2 adjusted for antiplatelet drugs, statins use and beta-blockers use; Model 4:
Model 2 adjusted for coronary artery disease. OR: odds ratio; 95% CI: 95% confidence interval.
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3.4. Performance of Plasma MicroRNAs as Biomarkers of Epicardial Fat Volume

The AUC was used to assess the discriminative capacity of plasma miRNAs as biomarkers
for EFV. As shown in Figure 3A, all of the individual miRNAs showed poor discrimination ability
(AUC = 0.518–0.625). The discrimination capacity was also modest for the combination of miRNAs in
pairs or families (AUC = 0.590–0.642).

To further explore the role of plasma miRNAs as potential biomarkers for EFV, we evaluated
the effect of adding our miRNAs on the discrimination capacity of a model originally based on
clinical variables: age, sex, BMI and diabetes mellitus (clinical model). When the miRNAs were
added as independent variables (clinical model + plasma miRNAs), miR-27a-3p and miR-148b-3p
were significant predictors of EFV (Figure 3B). Comparison of ROC curves showed that the AUC for
the clinical model + plasma miRNAs was significantly higher (9.2%) than that of the clinical model
alone: AUC = 0.721 vs. 0.787. Adding both miRNAs to the clinical model also led to a significant
reclassification of the patients: IDI = 0.101 and NRI = 0.650. Bootstrap internal validation supported
the robustness of the model including plasma miRNAs (Figure S1A).

Decision tree models were constructed using the CHAID algorithm. First, we included the
variables from the clinical model. As shown in Figure 3C, the decision tree identified the cutoff values
for BMI and age. The first variable selected was BMI. For patients with a BMI >25.8 kg m−2, age was
the next most relevant predictor with a cutoff value of 54 years. Second, in addition to the variables
from the clinical model, we included the miRNA candidates (Figure 3D). Again, BMI was the first
variable selected. In this case, miR-148b-3p was the next most significant predictor for patients with
BMI >25.8 kg m−2. A cutoff expression value of 14.29 arbitrary units (au) allowed the enrichment in two
subgroups of patients in the first and second tertiles (70.9%) and the third tertile (61.1%). In patients
with a BMI >25.8 kg m−2 and miR-148b-3p expression levels ≤14.29 au, a miR-146a-5p expression level
>14.65 au increased the percentage of patients in the first and second tertiles to 91.3%. In patients with
BMI >25.8 kg m−2 and miR-148b-3p expression levels >14.29 au, age was the most significant predictor,
increasing the percentage of patients older than 59 years that belonged to the third tertile to 74.4%.
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Figure 3. Plasma microRNAs (miRNAs) as biomarkers of epicardial fat volume, according to EFV
tertiles. (A) Area under the ROC curve (AUC) for each individual miRNAs and for combinations of
miRNAs in pairs or families. (B) Performance of plasma miRNAs as biomarkers. (C,D) Decision trees
calculated by chi-squared automatic interaction detector (CHAID) algorithm. The following variables
were included in the clinical model: age, sex, body mass index and diabetes mellitus. MicroRNA levels
were log2-transformed. For logistic regression models, data are presented as an odds ratio (OR) and
95% confidence intervals (CI). For discrimination analysis, data are presented as the AUC and 95% CI.
For reclassification analysis, data are presented as the Integrated Discrimination Improvement (IDI)
index and Net Reclassification Improvement (NRI) index and their respective and 95% CI. For decision
trees, data are shown as frequency (percentage) of patients in each study group.
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3.5. Validation Using Alternative Cutoffs of Epicardial Fat Volume

To validate these findings, we evaluated the ability of our miRNAs to serve as biomarkers using
previously published binary cutoffs of epicardial fat burden: Spearman et al. (EFV ≤125 cm3 vs.
EFV >125 cm3) [15] (Figure 4) and Shmilovich et al. (EFVi≤68.1 cm3 m−2 vs. (EFVi >68.1 cm3 m−2) [21]
(Figure S2). The discrimination capacity was modest for all individual miRNAs and when combined in
pairs or families for both clinical ranges (Figure 4A, Figure S2A). In support of the above findings, adding
the candidates to the clinical models demonstrated that plasma miRNAs, in particular miR-27a-3p,
miR-146a-5p, miR-148b-3p and miR-152-3p, were significant predictors of EFV and EFVi (Figure 4B,
Figure S2B). The addition of miRNAs significantly augmented the discriminative power of the clinical
models and reclassify a significant proportion of the patients (Figure 4B, Figure S2B). The robustness of
the models including miRNAs was confirmed by bootstrap (Figure S1B,C).

The decision tree model identified several plasma miRNAs, miR-27b-3p, miR-146a-5p and
miR-148b-3p for classification using the clinical range proposed by Spearman et al. (Figure 4C,D).
miR-27a-3p and miR-339-3p were also selected using the clinical range proposed by Shmilovich et al.
(Figure S2C,D).
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Figure 4. Plasma microRNAs (miRNAs) as biomarkers of epicardial fat volume, according to the cutoff
values proposed by Spearman et al. [15]. (A) Area under the ROC curve (AUC) for each individual
miRNAs and for combinations of miRNAs in pairs or families. (B) Performance of plasma miRNAs as
biomarkers. (C,D) Decision trees calculated by Chi-squared Automatic Interaction Detector (CHAID)
algorithm. The following variables were included in the clinical model: age, sex, body mass index and
diabetes mellitus. MicroRNA levels were log2-transformed. For logistic regression models, data are
presented as an odds ratio (OR) and 95% confidence intervals (CI). For discrimination analysis, data
are presented as the AUC and 95% CI. For reclassification analysis, data are presented as the Integrated
Discrimination Improvement (IDI) index and Net Reclassification Improvement (NRI) index and their
respective 95% CI. For decision trees, data are shown as frequency (percentage) of patients in each
study group.
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4. Discussion

Our study provides the first insight into the value of the circulating miRNA signature as a source
of clinical indicators for epicardial fat assessment.

First, we showed that patients with high EFV had higher plasma levels of miR-15b-3p, miR-22-3p,
miR-148a-3p, miR-148b-3p and miR-590-5p. Plasma miR-15b-3p, miR-22-3p, miR-148a-3p and
miR-148b-3p were also directly correlated with EFV. Importantly, these miRNAs were associated
with EFV even after extensive adjustment for demographic, anthropometric and clinical variables,
including medication use. The results support the previously suggested link between circulating
miRNAs and different fat depots [29–34]. Indeed, we have recently demonstrated that serum levels
of the cardiomyocyte-enriched miR-1 and miR-133a-3p are positively correlated with myocardial
steatosis in type 2 diabetes patients [35]. We then evaluated the performance of plasma miRNAs
as biomarkers of EFV and EFVi. The expression of miRNAs, individually, pairwise, or in families,
showed modest discrimination values for all EFV and EFVi cutoffs. The substantial overlap in plasma
miRNA levels between patients with high or low levels of epicardial fat suggests that miRNAs should
not be used alone to predict EFV. Conversely, the comparison of ROC curves showed that different
combinations of miR-27a-3p, miR-146a-5p, miR-148b-3p and miR-152-3p improved the discrimination
ability over a clinical model that included significant predictors of EFV: age, sex, BMI and diabetes
mellitus. The same miRNAs correctly reclassify patients misclassified by the clinical model alone.
Decision tree models supported these findings. As expected, BMI was the most powerful predictor for
both EFV and EFVi in those decision trees when considering clinical variables. The inclusion of plasma
miRNAs in the decision tree models yielded more specific patient subgroups. These results were
observed using three independent EFV cutoffs: EFV tertiles in our study population, the EFV clinical
range proposed by Spearman et al. [15] and the EFVi clinical range proposed by Shmilovich et al. [21].

According to our findings, the addition of certain miRNA signatures to clinical variables may
help classify patients by their EFV. It seems that the ideal scenario for miRNA testing is based on
the concept of several miRNAs-one disease contrary to the one miRNA-one disease concept, at least
for EAT assessment. Therefore, the use of miRNA signatures may provide more comprehensive
information for a clinical decision than the analysis of individual miRNAs. Additionally, our results
suggest a potential of circulating miRNAs as biomarkers of EFV in specific patient subpopulations.
These results are consistent with a new strategy that recommends the clinical application of biomarkers
in individuals or subgroups of individuals as an alternative to the classical one size fits all. Overall,
this study provides useful hypothesis-generating data. Using signatures of miRNAs is a promising
strategy to identify biomarkers for EFV or EFVi, and subsequently, cardiometabolic disease. Because
different pharmacological interventions and lifestyle changes have been proposed to treat epicardial
fat accumulation [36,37], our results may have a clinical impact. The quantification of EFV is important
in stratifying patients according to their cardiometabolic risk profile and evaluating the effect of
treatments. However, imaging techniques are limited by methodology and operating expenses. In this
context, miRNA-based tests have emerged as a cost-effective alternative for risk assessment and disease
monitoring [38]. Therefore, the incorporation of a diagnostic assessment tool that combines information
from clinical variables and plasma miRNA signatures into clinical workflows could provide substantial
health and economic benefits in the management of cardiometabolic disease (e.g., as gatekeeper for the
inclusion or exclusion of patients in subsequent imaging studies).

Epicardial fat is a source of signaling molecules that can modulate the structure and function of
adjacent tissues, i.e., myocardium and vasculature. The secretion of pro-inflammatory adipocytokines
from EAT into the circulatory system may also affect the systemic inflammatory state [39]. Extracellular
miRNAs have been proposed to function as paracrine and endocrine signals [40,41]. Here, we have
demonstrated that our miRNAs are secreted from human EAT explants and are presented in the
circulation. Although the understanding of circulating ncRNA biology is still at an early stage [42], it
is possible to speculate about the role of miRNAs in the cross-talk between EAT and target tissues.
Indeed, miRNAs secreted from fat tissue may be novel adipokines that can regulate metabolism in
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distant tissues [34,43]. Previous findings are consistent with this hypothesis. miR-27a derived from
adipocytes of high-fat diet mice induced insulin resistance in skeletal muscle cells, which suggests
that this miRNA mediates cross-talk between adipose tissue and skeletal muscle [44]. Exosomes
derived from miR-146a-modified adipose-derived stem cells attenuated myocardial damage in an acute
myocardial infarction model in rats [45]. Thus, the miRNAs identified in this study may participate
in regulating molecular pathways implicated in cardiometabolic physiology and pathology. Further
investigation to determine the mechanisms are warranted, with a special focus on the precise role of
plasma miRNAs in intercellular communication.

The strengths of this study include the use of CCTA to quantify epicardial fat, an accurate imaging
method widely used in clinical studies [46], and the complete volumetric analysis of epicardial fat instead
of using markers such as linear thickness. The use of plasma miRNAs as potential biomarkers was
explored using three distinct classifications for epicardial fat burden, including quantitative methods
proposed for standardization. In addition, decision tree models were incorporated in the evaluation of
plasma miRNAs as indicators. However, the results of our study should be interpreted with respect to
the study design and its limitations. First, the study population was a heterogeneous group of patients
referred for CCTA. Although these patients represented a group at high cardiometabolic risk, the
application of the results to other populations is limited. The results require further corroboration in a
real-world setting. Nonetheless, our intention was to test the potential of using circulating miRNAs as
biomarkers of epicardial fat content. Second, the classification used for the evaluation of miRNAs as
biomarkers was arbitrary: EFV tertiles. As stated above, the cutoffs proposed by the bibliography have
been reported as clinically relevant. However, they have not been widely accepted by clinical practice.
Therefore, patients were divided into two categories: first and second EFV tertiles (low-medium
epicardial fat burden) vs. third EFV tertile (high epicardial fat burden). Third, only 12 of all the
candidates initially identified in the screen were further validated in the patient population. Other
miRNAs may be potential biomarkers. Fourth, although EAT has unique metabolic properties and
is associated with cardiovascular risk independent of other indicators of adiposity [14], it remains
possible that other visceral fat depots may be confounding factors. Fifth, we cannot exclude the impact
caused by physiological and pathological conditions that were not recorded in the plasma miRNA
profile [47].

In any case, our results established the strength of plasma miRNAs as biomarkers for the evaluation
of EFV. This investigation provides a rationale for larger and multicentric studies focused on the use of
miRNAs in the routine quantification of epicardial fat burden.
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