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Preface to ”Molecular Biomarkers In Cardiology”

It is a great pleasure to introduce the “Molecular Biomarkers In Cardiology” book.

The aim is to offer readers the best overview of the current state of knowledge of biomolecular

biomarkers in cardiovascular diseases.

Cardiovascular diseases still represent the leading cause of death worldwide. The need to

prevent the acute onset of such diseases and predict their occurrence is the major goal of medicine.

By succeeding in preventing the negative consequences of cardiovascular diseases, physicians can

prevent both the mortality and morbidity of the patients. Therefore, the improvement in the quality

of life and the reduction in the financial burden of health due to the reduced impact of chronic

comorbidities related to cardiovascular diseases will also improve the economics of the nations.

The use of biomarkers is key to conquering the tip of this target mountain.

Indeed, the ideal biomarkers should be sensitive and specific, able to detect the onset of

pathologies early and in time to allow physicians to counteract the progression of the disease.

Biomolecular approaches for the early identification of cardiovascular diseases before their onset

are an attractive field in cardiology. There is little evidence regarding a perfect biomarker able to

identify the unstable atherosclerotic plaque, the occurrence of aortic dissection, or the incipient onset

of heart failure.

The papers which had been included in this book focus on genetic and molecular aspects of

coronary artery and cerebrovascular diseases. The authors concentrated on possible methods of the

early identification of conditions and individual predisposition to atherosclerosis consequences.

The aim is to develop a possible model for individualizing the approach to each, single subject,

thus promoting targeted preventive strategies and therapies.

Pietro Scicchitano

Editor
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Abstract: In our prospective non-randomized, single-center cohort study (n = 161), we have
evaluated a multimarker approach including S100 calcium binding protein A12 (S100A1), interleukin 1
like-receptor-4 (IL1R4), adrenomedullin, copeptin, neutrophil gelatinase-associated lipocalin (NGAL),
soluble urokinase plasminogen activator receptor (suPAR), and ischemia modified albumin (IMA) in
prediction of subsequent cardiac adverse events (AE) during 1-year follow-up in patients with coronary
artery disease. The primary endpoint was to assess the combined discriminatory predictive value
of the selected 7 biomarkers in prediction of AE (myocardial infarction, coronary revascularization,
death, stroke, and hospitalization) by canonical discriminant function analysis. The main secondary
endpoints were the levels of the 7 biomarkers in the groups with/without AE; comparison of the
calculated discriminant score of the biomarkers with traditional logistic regression and C-statistics.
The canonical correlation coefficient was 0.642, with a Wilk’s lambda value of 0.78 and p < 0.001.
By using the calculated discriminant equation with the weighted mean discriminant score (centroid),
the sensitivity and specificity of our model were 79.4% and 74.3% in prediction of AE. These values
were higher than that of the calculated C-statistics if traditional risk factors with/without biomarkers
were used for AE prediction. In conclusion, canonical discriminant analysis of the multimarker
approach is able to define the risk threshold at the individual patient level for personalized medicine.

Keywords: multimarker approach; adverse event; risk prediction; canonical discriminant analysis;
C-statistics; coronary artery disease

1. Introduction

Cardiovascular mortality or morbidity risk scores are essential in primary and secondary
prevention of cardiovascular adverse events (AE), and are mostly based on traditional cardiovascular
risk factors, such as hypertension, diabetes mellitus, hyperlipidemia, smoking, and family history.
Risk scores are created and calculated for patients with acute coronary syndrome: Thrombolysis in

Biomolecules 2020, 10, 909; doi:10.3390/biom10060909 www.mdpi.com/journal/biomolecules1
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Myocardial Infarction (TIMI), Platelet Glycoprotein IIb/IIIa in Unstable Angina: Receptor Suppression
Using Integrilin (PURSUIT), the Global Registry of Acute Coronary Events (GRACE) [1], for stable
angina pectoris: Framingham Risk Score [2], Vienna and Ludwigshafen Coronary Artery Disease
(VILCAD) score [3], or for general patient population, such as the SCORE-European High Risk
Chart [4]. Previous studies suggested, that biomarkers of inflammation, fibrinolysis or fibrin formation,
endothelial function, oxidative stress, or renal or heart function parameter enhance the value of
risk prediction and enable early intervention and prevention of subsequent cardiovascular adverse
events (AE) [5]. Adding of routinely used biomarkers, such as troponin T or NT-pro-brain natriuretic
peptide (pro-BNP) or blood cholesterol level to the traditional risk factors enhanced moderately the
risk prediction in the individual patients [6]. Single or combined new biomarkers, such as copeptin,
neutrophil gelatinase-associated lipocalin (NGAL), or soluble urokinase plasminogen activator receptor
(suPAR) have been tested and validated in larger cohorts of patients, anticipating prognostic values of
these biomarkers [7–9]. However, statistical association between biomarkers and onset of AEs in a
large patient cohort is not necessarily useful for personalized risk stratification [10]. In contrast with
single blood marker analysis, the multi-biomarker approach by using traditional or new circulating
proteins might have the potential to enhance the risk stratification in individual patients.

We have selected 7 non-traditional biomarkers of different classes, possessing diagnostic or
prognostic significance in forecasting of cardiovascular AEs, and combined them in a multi-biomarker
approach to yield prognostic value for a single patient. The selected biomarkers were as follows:
S100 calcium binding protein A12 (S100A1) and interleukin 1 like-receptor-4 (ST2, IL1R4) (markers
of inflammation), adrenomedullin and copeptin (vasoactive markers), NGAL (tissue injury marker),
suPAR (fibrinolysis marker), and ischemia modified albumin (IMA) (oxidative stress marker).

S100A12 protein is released from activated macrophages and has been proposed to contribute
to the acceleration of atherosclerosis [11,12]. Midregional pro-adrenomedullin (MR-proADM,
adrenomedullin) is a potent vasodilatatory peptide, and a marker of hemodynamic stress [13,14].
Copeptin, the C-terminal portion of the vasopressin prohormone, is released stoichiometrically with
vasopressin in the neurohypophysis, and in combination with troponin T, improved the early risk
stratification of patients presenting with acute chest pain [15]. NGAL is a marker of acute kidney
injury but has also been associated with different cardiovascular diseases and elevated in patients
with heart failure after myocardial infarction [16]. The suPAR is a plasma marker of low-grade
inflammation that has been associated with cardiovascular risk [17,18]. IL1R4 is up-regulated in
conditions with increased myocardial strain [19–23]. IMA is a sensitive biomarker of myocardial
ischemia after percutaneous coronary intervention (PCI), or during coronary artery bypass surgery
(CABG), and used for risk stratification tool for suspected acute coronary syndrome or as a prognostic
marker in patients with cardiopulmonary resuscitation [24,25]. All of these biomarkers have been
associated with cardiovascular events in patients with coronary artery disease (CAD).

The aim of the multi-biomarker study was to evaluate the multimarker approach for personalized
medicine including the selected biomarkers S100A1, adrenomedullin, copeptin, NGAL, suPAR, IL1R4,
and IMA in prediction of subsequent cardiac AEs during 1-year follow-up (FUP) in patients with CAD.

2. Materials and Methods

2.1. Study Design

The multi-biomarker study and biobank is a prospective non-randomized, single-center cohort
study, including patients with either stable CAD or subacute myocardial infarction (AMI)—including
ST-segment elevation myocardial infarction (STEMI) or non-STEMI (NSTEMI). Blood samples were
taken to assess the discriminatory values of the single or multi-biomarker approach for prediction
of major cardiac AE during the 1-year FUP period. The study was conducted at the Department
of Cardiology, Medical University of Vienna in accordance with the Declaration of Helsinki (1975)

2



Biomolecules 2020, 10, 909

and approved by the Ethics Committee of the Medical University of Vienna (EK Nr: 2011/1091 and
1276/2019). Written informed consent was obtained from all patients.

2.2. Patient Population, Inclusion and Exclusion Criteria

Patients with stable CAD and recent AMI were included. Stable CAD was defined as previously
angiographical documented CAD, with/without previous PCI, AMI, CABG, with no angina pectoris
or inducible myocardial ischemia at the time of the study inclusion, recruited in the outpatient clinic.
Recent AMI was defined as current STEMI or NSTEMI after primary PCI, recruited in the internal
ward before hospital discharge post-AMI. The mean time of blood collection in the AMI group was
2.4 ± 0.3 days post AMI-onset.

Inclusion criteria were proven CAD (stable CAD or recent AMI) in patients older than 19 years,
and willing to participate in the study.

Exclusion criteria were known cancer, acute or chronic infective or auto-immune inflammatory
diseases, hemodynamically significant valvular diseases, hypertrophic or restrictive cardiomyopathy,
congenital heart disease, previous acute renal failure, major surgery within the last 3 months,
liver diseases requiring treatment, inability or unwillingness to comply with the study protocol,
and chronic renal failure with glomerular filtration rate (GFR) ≤ 40.

2.3. Endpoints of the Study

The primary endpoint of the study was to assess the combined discriminatory predictive value of
the biomarkers S100A1, adrenomedullin, copeptin, NGAL, suPAR, IL1R4, and IMA in prediction of
cardiac AE, defined as recurring myocardial infarction, coronary revascularization by PCI or CABG,
death, stroke, hospitalization due to angina pectoris without revascularization or heart failure and
implantation of pacemaker or automatic implantable cardioverter defibrillator /AICD/ due to malignant
arrhythmias, in comparison with the usual logistic regression or C-statistics.

The secondary endpoints of the study were the levels of the 7 selected biomarkers in the subgroups
of stable CAD (group CAD) and recent AMI (group AMI), association between the new biomarkers
and NT-proBNP.

2.4. Clinical Data Collection

Baseline medical history (age, gender, presence of atherosclerotic risk factors, such as hypertension,
diabetes mellitus, hyperlipidemia, smoking, previous AMI, PCI, CABG, peripheral and/or carotid
artery disease), current medical treatment (daily regular dose of aspirin, clopidogrel, beta-blocker,
ACE inhibitor or ARB), and transthoracic echocardiography (TTE) data (global left ventricular function
expressed as wall motion score index) were recorded at the study inclusion and at the 1-year control
clinical investigation.

At 1-year FUP, patients were invited to medical examination and TTE. The follow-up clinical
history was documented, including the AEs.

2.5. Laboratory Procedures

Fasting venous blood samples were obtained into commercially available tubes. Serum and plasma
aliquots were stored at −80 ◦C until biomarker assay. Troponin T, N-terminal-proBNP (NT-proBNP),
and creatine kinase MB fraction (CK-MB) were assessed using a routine diagnostic analyzer in the
hospital laboratory.

Biomarker concentrations in samples were measured by commercially available enzyme-linked
immunosorbent assays (ELISA): S100A12 and copeptin from Cloud-Clone Corp. (Houston, TX, USA);
suPAR, adrenomedullin and IMA from MyBioSource Inc. (San Diego, CA, USA); NGAL (Lipocalin 2)
from ABCAM (Cambridge, UK) and IL1R4/ST2 from Sigma-Aldrich Co (St. Louis, MO, USA). All assays
were performed according to the manufacturer’s instructions.

3
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2.6. Statistics

The statistical analysis was performed using SPSS® version 23 (SPSS Inc, Chicago, IL).
Continuous parameters with normal or non-normal distribution were expressed as mean ± standard
deviations or median with interquartile range, respectively. Categorical variables were listed as number
and percentages. For all tests, two-sided analyses were used and the significance level was set at
p < 0.05.

The predictive power of the biomarkers in classification of AEs was calculated by using canonical
discriminant function analysis. The predictor (independent) variables were the 7 selected biomarkers
and NT-proBNP. Wilk’s lambda test was used to test the significance between the groups with/without
AEs. Parameters with discriminatory function<0.3 (non-significant correlation with the other parameter
with low discriminatory function between the groups) were stepwise excluded from the further
discriminant function model. A discriminant score was calculated by using weighted combination
of the biomarkers with >3 discriminatory function. The means and SDs of the discriminant scores
and the weighted mean score cut-off values between the groups (event yes/no) were calculated and
described as centroid. Sensitivity and specificity of the discriminatory score were determined from
the classification results. To confirm the correctness of the scoring, individual patient discriminant
scores were calculated, and the mean scores of the groups (AE or non-AE) were compared by 2-sided
Student t-test.

Multivariate binary logistic regression analysis was performed to analyze the traditional risk factors,
supplemented with the biomarkers predictive for subsequent cardiac AE. Continuous parameters
were transformed to binary parameter using the quadratic difference between supposed predictive
value (75% interquartile value) and observed binary outcome (0 for no event, 1 for event) for each
patient. The following parameters were included into the analysis: male gender, age, presence of
atherosclerotic risk factors (diabetes mellitus, hypertension, smoking, hyperlipidemia), all 7 selected
biomarkers, and NT-proBNP. C-statistics was performed to predict risk and sensitivity and specificity
of all included clinical and biomarker risk factors.

Linear regression analysis was used to search association between NT-proBNP (as established
prognostic marker) and the 7 selected biomarkers: S100A1, adrenomedullin, copeptin, NGAL, suPAR,
IL1R4, and IMA.

3. Results

A total of 181 patients were included in the study. Due to comorbidities possibly or definitively
influencing the blood levels of the selected 7 biomarkers, such as moderate to severe acute or chronic
renal failure, or malignant or other chronic disease diagnosed after study inclusion, 20 patients were
excluded from the biomarker measurement study. Therefore, blood levels of the 7 selected biomarkers
were measured in 161 patients and these 161 patients were included in the further analyses.

3.1. Clinical Events during the 1-Year FUP

In total, 48 cardiac AEs occurred. Four patients died, 8 patients experienced re-AMI, and 23 patients
were hospitalized for heart failure or angina pectoris, or implantation of pacemaker or automatic
implantable cardioverter defibrillator. Coronary revascularization was performed in 13 patients.

Table 1 lists the patient characteristics, and the baseline blood levels of biomarkers in all patients,
and the groups AE and non-AE. Patients with adverse event at the follow-up had more often diabetes
mellitus and previous bypass surgery, and more patients were smokers. NGAL, suPAR, and IL1R4
were significantly higher in group AE, however, large scatter of the data was observed.

4



Biomolecules 2020, 10, 909

Table 1. Clinical and laboratory parameters of patients with coronary artery disease with/without
cardiac adverse events (AE) during the 1-year follow-up.

Clinical and Laboratory Parameter
All Patients

n = 161
Group AE

n = 48
Group Non-AE

n = 113
p Value between

Groups

Male gender n (%) 126 (78.3%) 35 (72.9%) 91 (80.5%) 0.301
Age (y; mean ± SD) 67.0 ± 11.9 70.4 ± 11.1 65.6 ± 12.0 0.017

Diabetes mellitus n (%) 41 (25.5%) 18 (37.5%) 23 (20.4%) 0.030
Hypertension n (%) 129 (80.1%) 41 (85.4%) 88 (77.9%) 0.388

Hyperlipidemia n (%) 117 (72.7%) 37 (77.1%) 80 (70.8%) 0.447
Smoking n (%) 58 (36.0%) 26 (55.3%) 32 (28.3%) 0.011

Previous MI n (%) 83 (51.6%) 29 (60.4%) 54 (47.8%) 0.295
Previous PCI n (%) 85 (52.8%) 22 (45.8%) 63 (55.8%) 0.301

Previous CABG n (%) 31 (19.3%) 17 (35.4%) 14 (12.4%) 0.002
PAD n (%) 20 (12.4%) 9 (18.8%) 11 (9.7%) 0.123

Carotid artery disease n (%) 28 (17.4%) 9 (18.8%) 19 (17.0%) 0.822
Aspirin (%) 161 (100%) 48 (100%) 113 (100%) 1

Clopidogrel n (%) 132 (82.0%) 38 (79.2%) 94 (83.2%) 0.408
Beta-blocker n (%) 152 (94.4%) 43 (89.6%) 109 (96.4%) 0.398

ACE-inhibitor/ARB n (%) 146 (90.7%) 42 (87.5%) 104 (92.0%) 0.780
NT-proBNP (median; Q) (pg/mL) 280 (232; 335) 282 (243; 507) 279 (232; 309) 0.224

Troponin T (ng/L) (median; Q) (ng/mL) 0.01 (0.01; 0.41) 0.01 (0.01; 0.04) 0.01 (0.01; 0.08) 0.313
Creatine kinase (U/L) (median; Q) 116 (66; 188) 88 (67; 177) 118 (66; 106) 0.541

Baseline WMSI (mean ± SD) 1.31 ± 0.46 1.22 ± 0.45 1.34 ± 0.47 0.115
Follow-up WMSI (mean ± SD) 1.31 ± 0.51 1.28 ± 0.51 1.32 ± 0.51 0.651

Selected biomarkers (Median, 25% and
75% Quartiles)
S100A1(ng/mL) 5504 (0; 11858) 5311 (0; 14462) 5674 (0; 11327) 0.724

Adrenomedullin (ng/mL) 189 (146; 328) 178 (144; 279) 194 (150; 343) 0.187
Copeptin (pg/mL) 1049 (817; 1049) 938 (731; 1049) 1049 (844; 1049) 0.058

NGAL (pg/mL) 18.5 (11.0; 39.0) 40.3 (16.5; 57.7) 16.2 (9.9; 27.6) <0.05
suPAR (ng/mL) 5.37 (3.70; 8.51) 9.18 (3.58; 11.99) 4.94 (3.70; 6.95) <0.05
IL1R4 (pg/mL) 347 (211; 616) 542 (222; 769) 318 (193; 548) <0.05
IMA (ng/mL) 167 (53; 219) 156 (34; 211) 178 (76; 221) 0.120

MI: myocardial infarction; PCI: percutaneous coronary intervention; CABG: coronary artery bypass graft surgery;
PAD: peripheral artery disease; ACE: angiotensin converting enzyme; ARB: angiotensin receptor blocker; NT-proBNP:
N-terminal pro-brain natriuretic peptide; WMSI: wall motion score index, S100A1: S100 calcium binding protein
A12; NGAL: neutrophil gelatinase-associated lipocalin; suPAR: soluble urokinase plasminogen activator receptor;
IL1R4: interleukin 1 like-receptor-4; IMA: ischemia modified albumin. Q: 25% and 75% quartiles.

3.2. Multimarker Approach for Prediction of Adverse Events

The structure matrix of the canonical discriminant analysis including all selected 7 biomarkers
showed low (<0.3) Pearson correlation between S100A1, adrenomedullin, copeptin, and IMA and
the other biomarkers, with a low sensitivity of 43.5% and high specificity of 94.5% in prediction of
AE. In order to increase the sensitivity of the multiple biomarker testing, we have stepwise excluded
biomarkers with low level of correlation between the other markers. Finally, including the factors
with the strongest discriminant predictive power, NGAL, suPAR, and IL1R4, the canonical correlation
coefficient was 0.496, with a Wilk’s lambda value of 0.001, resulting in a discriminant model of:

Discriminant score = −2.01 + 0.025 × NGALi + 0.130 × suPARi + 0.001 × IL1R4i,

where i: individual value of the same patient.
The weighted mean discriminant score (cutting point, centroid) was 0.225 (Figure 1), resulting in a

sensitivity of 79.4% and specificity of 74.3% in prediction of adverse event, if the calculated discriminant
equation was used. Accordingly, 76.9% of patients have been correctly classified to groups AE or
non-AE if the calculated scores were used in the individual patient level. Patients with AEs had
significantly higher discriminant value (calculated from the discriminant equation) as compared with
patients without events (Figure 1).
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Figure 1. Discriminant scores, weighted mean of centroids, and C-statistics of patients experiencing
cardiovascular adverse events. (a) and (b) discriminant score values of patients with (a) or without (b)
adverse events at the 1-year follow-up (FUP); (c) mean (SD) discriminant scores of patients with or
without adverse events at the FUP.

Interestingly, including NT-proBNP into the model did not enhance the power of the analysis,
e.g., it did not increase the sensitivity/specificity values of the event prediction, most probably due to
the significant association between NT-proBNP and NGAL or suPAR or IL1R4, respectively (Figure 2).

Figure 2. Significant correlation between N-terminal-pro-brain natriuretic peptide (NT-proBNP)
(pg/mL) and new biomarkers with (a) neutrophil gelatinase-associated lipocalin (NGAL) (pg/mL);
(b) soluble urokinase plasminogen activator receptor (SUPAR) (ng/mL); (c) interleukin 1 like-receptor-4
(ST2, IL1R4) (pg/mL).

3.3. Risk Prediction Including Clinical Variables by Using Logistic Regression and C-Statistics

Binary logistic regression analysis including the traditional risk factors (age, male gender, diabetes,
hypertension, hyperlipidemia, and smoking) could not reveal any significant predictors for adverse
events. C-statistics revealed a C value (area under the curve of ROC analysis) of 0.58, with no significant
prediction value for AEs (Figure 3).
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Figure 3. C-statistics and receiver operator characteristics (ROC) curves of predictive adverse events of
patients experiencing cardiovascular adverse events. (a) ROC curve analysis if traditional risk factors
(male gender, older age, diabetes, hypertension, hyperlipidemia, and smoking) were included into the
analysis; (b) ROC curve if 7 biomarkers and NT-proBNP were additionally included into the analysis
of traditional risk factors.

Entering of the selected 7 biomarkers and NT-proBNP into the logistic regression analysis containing
also the traditional risk factors did not result in any significant predictors. However, adding the
8 biomarkers increased moderately but significantly the prediction of AEs by a C value of 0.668 (p = 0.047)
(Figure 3) in the C-statistics, with an optimized sensitivity and specificity values of 72.9% and 50.4%.

3.4. Diagnostic Value of Selected Biomarkers in Recent AMI

Patients were classified into subgroups CAD (n = 39) and AMI (n = 42). Table 2 lists the baseline
clinical variables of the subgroups. Patients in the group CAD had a higher incidence of previous AMI
and PCI. Patients in the AMI group had higher NT-proBNP, CK, and TnT 2.4 ± 0.3 days post AMI onset.

Table 2. Clinical and laboratory parameters of subgroup of patients with stable coronary artery disease
(subgroup CAD) or with recent acute myocardial infarction (subgroup AMI).

Clinical and Laboratory Parameter
Subgroup CAD

n = 111
Subgroup AMI

n = 50
p Value between

the Groups

Male gender n (%) 89 (80.2%) 37 (74.0%) 0.412
Age (y; mean ± SD) 68.4 ± 11.5 64.0 ± 12.3 0.036

Diabetes mellitus n (%) 34 (30.6%) 7 (14.0%) 0.031
Hypertension n (%) 92 (82.9%) 37 (74.0%) 0.205

Hyperlipidemia n (%) 77 (69.4%) 40 (80.0%) 0.185
Smoking n (%) 34 (30.6%) 24 (48.0%) 0.167

Previous MI n (%) 71 (64.0%) 12 (24.0%) <0.001
Previous PCI n (%) 74 (66.7%) 11 (22.0%) <0.001

Previous CABG n (%) 25 (22.5%) 6 (12.0%) 0.135
PAD n (%) 15 (13.5%) 5 (10.0%) 0.614

Carotid artery disease n (%) 23 (20.7%) 5 (10%) 0.117
Aspirin n (%) 111 (100%) 50 (100%) 1

Clopidogrel n (%) 92 (82.9%) 40 (80.0%) 0.666
Beta-blocker n (%) 102 (91.9%) 50 (100%) 0.863

ACE-inhibitor/ARB n (%) 102 (91.9%) 44 (88.0%) 0.814
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Table 2. Cont.

Clinical and Laboratory Parameter
Subgroup CAD

n = 111
Subgroup AMI

n = 50
p Value between

the Groups

NT-proBNP (median; Q) (pg/mL) 278 (241; 301) 359 (182; 881) 0.029
Troponin T (ng/L) (median; Q) (ng/mL) 0.01 (0.01; 0.01) 0.26 (0.04; 2.33) <0.001

Creatine kinase (U/L) (median; Q) 85 (55; 137) 248 (131; 569) <0.001
Baseline WMSI (mean ± SD) 1.29 ± 0.43 1.34 ± 0.54 0.611

Follow-up WMSI (mean ± SD) 1.29 ± 0.46 1.34 ± 0.64 0.716
FUP events n (%) 30 (27.0%) 18 (36.0%) 0.268

Hospitalization n (%) 16 (14.4%) 7 (14.0%)
Acute MI n (%) 6 (5.4%) 2 (4.0%)

Revascularization n (%) 6 (5.4%) 7 (14%)
Death n (%) 2 (1.8%) 2 (4.0%)

MI: myocardial infarction; PCI: percutaneous coronary intervention; ACBP: aorto-coronary bypass surgery; PAD:
peripheral artery disease; ACE: angiotensin converting enzyme; ARB: angiotensin receptor blocker; NT-proBNP:
N-terminal pro-brain natriuretic peptide; WMSI: wall motion score index; Q: 25% and 75% quartiles.

Table 2 and Figure 4 shows the blood levels of biomarkers. Beside the significantly elevated
NT-proBNP value in the AMI group, from the 7 new biomarkers, only suPAR showed a trend towards
higher value in the AMI group.

Figure 4. Blood levels of biomarkers of patients with stable coronary artery disease (subgroup CAD) or
with recent acute myocardial infarction (subgroup AMI). S100 calcium binding protein A12 (S100A1)
(ng/mL), adrenomedullin (ng/mL), copeptin (pg/mL), neutrophil gelatinase-associated lipocalin (NGAL)
(pg/mL), soluble urokinase plasminogen activator receptor (suPAR) (ng/mL), interleukin 1 like-receptor-4
(ST2, IL1R4) (pg/mL), ischemia modified albumin (IMA) ng/mL), N-terminal-pro-brain natriuretic
peptide (NT-proBNP) (pg/mL). No significant differences between the subgroups.

4. Discussion

To our knowledge, this is the first study to use the multi-biomarker approach by using the absolute
values of the blood biomarkers, by using canonical discriminant analysis. Our study demonstrated,
that (1) canonical discriminant analysis of the multimarker approach is able to define risk threshold
in the individual single patient level; (2) the weighted mean discriminant score (cutting point,
centroid) resulted in a sensitivity of 79.4% and specificity of 74.3% in prediction of adverse event,
if calculated discriminant equation was used, with 76.9% of patients classified correctly to groups
AE or non-AE; (3) classical C-statistics for adverse event prediction including the traditional risk
factors (age, male gender, diabetes, hypertension, hyperlipidemia, and smoking) and 8 biomarkers
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revealed a C value of 0.719 (p = 0.022), with a sensitivity and specificity values of 75.0% and 58.4%;
(4) canonical discriminant analysis using the absolute values of biomarkers of coronary artery disease
has a better sensitivity and specificity in prediction of adverse events than the usual logistic regression
or C-statistics in a single patient level. Additionally, our study revealed low diagnostic value of the
selected 7 biomarkers in patients with recent AMI.

We have selected different class biomarkers (inflammation, vasoactive, fibrinolysis, oxidative
stress, and tissue injury), since the biomarker of the same or similar classes may have coincidental
information, failing to give additive values in event prediction. Additionally, a limited number of
non-correlative markers may better improve the risk stratification than a larger number of biomarkers
acting in the similar biological pathway. Most probably, this might be the reason, why the additive
biomarker NT-proBNP did not improve the sensitivity/specificity values in our study, since NT-proBNP
showed a significant correlation with all 3 biomarkers entered into the discriminant equation.

Previous studies investigating the role of multiple biomarkers in patients with or without
CAD have demonstrated only modest improvement in predictive accuracy, by using C-statistic,
if biomarkers were added to traditional clinical risk factors [26,27]. C-statistics are commonly applied
to quantify and evaluate the risk score in patients with predefined AEs [28]. In C-statistics, a receiver
operating characteristic (ROC) curve displays the diagnostic capacity of a binary classification system.
In contrast discriminant analysis, it is allowed to utilize the continuous absolute values of the measured
parameters without compulsory transformation of the continuous variables to categorical ones.
Therefore, this analysis type may separate the groups by the most exact way and discard parameters
mathematically which have less prediction value in the group classification. We did not include the
established clinical risk factors into our discriminant model, because (1) dichotomy variables might
weaken the prediction of AEs in our mathematical model; (2) the control of the cardiovascular risk
factors via first and second prevention and guided therapies modify the course of heart diseases,
effectively balancing the pre-existing risk; and (3) presence of multiple risk factors influences the
co-incident risk factors, such as diabetic nephropathy results in hypertension, or male patients have
higher risk for event in younger age than woman in similar age.

The sensitivity and specificity values of our discriminant model were 79.4.% and 74.3%, below the
expected prediction values of over 80%, even if Wilk’s lambda statistic value was significant. This is
probably due to the heterogeneous patient population. We recognized a large scatter of the blood
levels of the individual biomarkers, raising methodological concerns of the available ELISA kits.

The usual multivariate binary logistic regression model including the traditional risk factors did
not reveal any significant predictors, even not, if the biomarkers (7 selected and NT-proBNP) were
included into the model with mandatory transformation of the continuous variables to categorical
ones. In contrast, C-statistics presented non-significant predictor values of the traditional risk factors,
but adding the 8 biomarkers to the model improved the prediction significantly, albeit moderately.
However, this latter approach still presented a less predictive accuracy with less optimal sensitivity and
specificity values. The discrepancies between the outcomes of the logistic regression and C-statistics
indicate the inconsistencies in statistical results, if individual patient risk prediction is required.

Our study has some limitations. There are several biomarkers associated with autoimmune
diseases (such as copeptin with multiple sclerosis, NGAL, and systemic lupus erythematosus),
therefore we have excluded patients with autoimmune disorders from our study [29,30]. We have also
excluded patients with moderate or severe renal failure, because circulating levels of several biomarkers
(copeptin, NT-proBNP, NGAL) are influenced by chronic kidney disease, independent from the coronary
artery disease. Most of the assumptions needed for the correct calculation of the discriminant analysis
were fulfilled, e.g., independent cases, within-group variance-co-variance matrices are equal across the
groups; categorical parameter is used for group variable. However, some predictor variables do not
have multivariate normal distribution, but our analysis including 161 patients is robust enough to
overcome this assumption, and has high sensitivity and specificity to balance the outliers. As usual,
in academic studies, our patient collective is heterogeneous, with a relatively small effect size in terms
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of AEs. However, a multimarker approach with calculated discriminant scores might be helpful
for individual patient stratification, and improves the risk calculation at the individual patient level.
Measuring more biomarkers would definitively increase in cost, with eventually only minor additive
value in risk prediction.

5. Conclusions

Our canonical discriminatory model with multimarker approach is able to define a risk threshold
at the individual patient level, additive to the conventional risk stratifications as part of personalized
medicine in cardiology.
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Abstract: Coronary artery disease (CAD) is a major cause of end-stage cardiac disease. Although
profound efforts have been made to illuminate the pathogenesis, the molecular mechanisms of CAD
remain to be analyzed. To identify the candidate genes in the advancement of CAD, microarray
dataset GSE23766 was downloaded from the Gene Expression Omnibus database. The differentially
expressed genes (DEGs) were identified, and pathway and gene ontology (GO) enrichment analyses
were performed. The protein-protein interaction network was constructed and the module analysis
was performed using the Biological General Repository for Interaction Datasets (BioGRID) and
Cytoscape. Additionally, target genes-miRNA regulatory network and target genes-TF regulatory
network were constructed and analyzed. There were 894 DEGs between male human CAD samples
and female human CAD samples, including 456 up regulated genes and 438 down regulated genes.
Pathway enrichment analyses revealed that DEGs (up and down regulated) were mostly enriched in
the superpathway of steroid hormone biosynthesis, ABC transporters, oxidative ethanol degradation
III and Complement and coagulation cascades. Similarly, geneontology enrichment analyses revealed
that DEGs (up and down regulated) were mostly enriched in the forebrain neuron differentiation,
filopodium membrane, platelet degranulation and blood microparticle. In the PPI network and
modules (up and down regulated), MYC, NPM1, TRPC7, UBC, FN1, HEMK1, IFT74 and VHL
were hub genes. In the target genes-miRNA regulatory network and target genes—TF regulatory
network (up and down regulated), TAOK1, KHSRP, HSD17B11 and PAH were target genes. In
conclusion, the pathway and GO ontology enriched by DEGs may reveal the molecular mechanism
of CAD. Its hub and target genes, MYC, NPM1, TRPC7, UBC, FN1, HEMK1, IFT74, VHL, TAOK1,
KHSRP, HSD17B11 and PAH were expected to be new targets for CAD. Our finding provided clues
for exploring molecular mechanism and developing new prognostics, diagnostic and therapeutic
strategies for CAD.

Keywords: coronary artery disease; differentially expressed genes; hub genes; protein-protein
interaction network; pathway enrichment analyses

1. Introduction

Coronary artery disease (CAD), the most common type of heart disease, is considered a complicated
disease. CAD is caused due to narrowing or blockage of the coronary arteries due to buildup of
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cholesterol and fatty deposits on the inner walls of the arteries [1]. The causes of CAD consist of genetic
risk and environmental influence [2–4]. Compared with histological classification, genes play many
key roles in the diagnosis, treatment, and prognosis of CAD [5]. Alteration in genes such as ABCA1 [6]
and human paraoxonase/arylesterase (HUMPONA) [7] were associated with development of CAD.
Polymorphism in genes such as β fibrinogen [8] apolipoprotein A-I [9] heme oxygenase-1 [10], PON1
and PON2 [11], PAI-1 [12], MMP-2, MMP-3, MMP-9 and MMP-12 [13], NADH/NADPH oxidase [14]
and angiotensin II type 1 receptor [15] were responsible for the progression of CAD. To date, the precise
molecular mechanisms of CAD are still unknown, it is extremely important to uncover the underlying
genes contributed to CAD.

With the rapid development of microarray technology, some high throughput platforms for
analysis of gene expression are widely used to explore the differentially expressed genes (DEGs) during
progression of cardiac diseases and molecular mechanisms of cardiovascular drugs [16,17]. However,
the DEGs diagnosed with microarray dependon the sample size, gender, grading, and ethnic group,
etc. The genes obtained from microarrays might be more representative.

In the current study, messenger RNA (mRNA) microarray datasets (GSE23766) were downloaded
from the Gene Expression Omnibus (GEO) database, which were subsequently analyzed to obtain
overlapping DEGs. Pathway and gene ontology (GO) enrichment analysis and PPI network construction,
module analysis, target genes-miRNA regulatory network construction and target genes-TF regulatory
network construction were applied to diagnose the important genes linked with CAD.

2. Materials and Methods

2.1. Microarray Data and Data Processing

Flowchart of materials and methods is shown in Figure 1. The gene expression profile
GSE23766 was downloaded from the GEO database (http://www.ncbi.nlm.nih.gov/geo/), which were
all based on GPL6480 Agilent-014850 Whole Human Genome Microarray 4 × 44K G4112F (AGILENT
TECHNOLOGIES, INC, 5301 Stevens Creek Blvd, Santa Clara, CA 95051, USA). The GSE23766 dataset
contained 16 male human CAD samples and 16 female human CAD samples. Series Matrix text files of
the dataset were obtained. Subsequently, background correction, quartile normalization and probe
summarization were performed with the limma R package [18,19].

Figure 1. Study design (flow diagram of study).

2.2. Identification of DEGs between Male CAD and Female CAD Samples

In this study, we used an empirical Bayes t-test (eBayes) to identify the DEGs between male human
CAD samples and female human CAD samples with cutoff value |log2(Fold Change)| > 0.1694 for up
regulated genes, |log2(Fold Change)| > 0.229 for down regulated genes and adjusted p-value < 0.05.
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2.3. Pathway Enrichment Analysis of DEGs

The pathway enrichment of candidate DEGs were analyzed using multiple online databases.
ToppGene (ToppFun) (https://toppgene.cchmc.org/enrichment.jsp) [20] is a website for gene annotation
and visualization with an integrated discovery function and can, therefore, provide the biological
meaning of genes, including gene annotations and visualization. Pathway enrichment analysis of
DEGs was carried out using the Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.
genome.jp/kegg/) [21], Pathway Interaction Database (PID, http://pid.nci.nih.gov/) [22], Reactome
(https://reactome.org/PathwayBrowser/) [23], Molecular signatures database (MSigDB, http://software.
broadinstitute.org/gsea/msigdb/) [24], GenMAPP (http://www.genmapp.org/) [25], Pathway Ontology
(https://bioportal.bioontology.org/ontologies/PW) [26] and PantherDB (http://www.pantherdb.org/) [27]
websites, with p < 0.05 as the cutoff value.

2.4. GO Enrichment Analysis of DEGs

GO (http://www.geneontology.org/) [28] analysis is a common genes analysis method, which
can contribute functional classification for genomic data, with categories of biological processes (BP),
cellular component (CC), and molecular function (MF). ToppGene (ToppFun) (https://toppgene.cchmc.
org/enrichment.jsp) [20] is an online tool for gene functional classification, which can systematic and
integrative analysis of large gene lists.

2.5. Comprehensive Analysis of PPI Network and Modules

We used Biological General Repository for Interaction Datasets (BioGRID) (https://thebiogrid.org/)
to assess protein–protein interaction (PPI) information [29]. In addition, in order to explore
the relationship between DEGs, we used the BioGRID which is integrated with various protein
interaction database partners such as Molecular INTeraction Database (MINT, https://mint.bio.
uniroma2.it/) [30], IntAct (https://www.ebi.ac.uk/intact/) [31], Database of Interacting Proteins (DIP,
https://dip.doe-mbi.ucla.edu/dip/Main.cgi) [32], Pathway Commons (http://www.pathwaycommons.
org/) [33], iRefIndex (http://irefindex.org/wiki/index.php?title=iRefIndex) [34], STRING (https://string-
db.org/) [35], MatrixDB (http://matrixdb.univ-lyon1.fr/) [36], MPIDB (https://www.jcvi.org/mpidb/
about.php) [37], InnateDB (https://www.innatedb.com/) [38], iRefWeb (http://wodaklab.org/iRefWeb/
search/index) [39], I2D (http://ophid.utoronto.ca/ophidv2.204/) [40] and converted the results visually
by using Cytoscape software (http://www.cytoscape.org/) [41]. Topological properties of PPI network
such as node degree [42], betweenness [43], stress [44], closeness [45] and clustering coefficient [46]
were calculated. Furthermore, module analysis was performed by using the PEWCC1 [47] plugin
(version 1.3) to explore the most important clustering modules in the huge PPI network (degree
cutoff = 5, k-core = 2, node score cutoff = 0.2, and max. Depth rom Seed: 100).

2.6. Construction of Target Genes-miRNA Regulatory Network

The miRNAs of target genes were predicted by two established miRNA target prediction
databases such as DIANA-TarBase (http://diana.imis.athena-innovation.gr/DianaTools/index.php?
r=tarbase/index) [48] and miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/php/download.php) [49].
The miRNAs predicted by online tool NetworkAnalyst (https://www.networkanalyst.ca/) [50] were
selected as the miRNAs of target genes. A network based on correlation analysis of target genes and
miRNAs linked with CAD was constructed by Cytoscape software (http://www.cytoscape.org/, version
3.7.2, National Institutes of Health, Bethesda, MD, USA) [41]. In the network, a green (up regulated)
and red (down regulated) circular node represented the target genes and a white and blue diamond
shape node represented the miRNA, their interaction was represented by a line. The numbers of lines
in the networks indicated the contribution of one miRNA to the surrounding target genes, and the
higher the degree, the more central the target gene was within the network.
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2.7. Construction of Target Genes-TF Regulatory Network

The transcription factors (TFs) of target genes were predicted by established TF target prediction
databases such as JASPAR (http://jaspar.genereg.net/) [51]. The miRNAs predicted by online tool
Network Analyst (https://www.networkanalyst.ca/) [50] were selected as the TFs of target genes.
A network based on correlation analysis of target genes and TFs linked with CAD was constructed
by Cytoscape software (http://www.cytoscape.org/) [41]. In the network, a green (up regulated) and
red (down regulated) circular node represented the target genes and a gray and blue triangle shape
node represented the TF, their interaction was represented by a line. The numbers of lines in the
networks indicated the contribution of one TF to the surrounding target genes, and the higher the
degree, the more central the target gene was within the network.

2.8. Hub Gene Expression Levels in CAD

The Human Protein Atlas (HPA) (https://www.proteinatlas.org/) was used to validate the
expression level of the hub genes [52].

2.9. Receiver Operating Characteristic Curve Analysis

Receiver operating characteristic curve (ROC) analysis was performed using R package
“pROC” [53] to distinguish male CAD samples from female CAD tissues. In GSE23766, we worked out
the AUC to distinguish male CAD samples from female CAD tissues. After that, we compared the
expression levels of candidate hub genes in male CAD and female CAD tissues using GSE23766.

3. Results

3.1. Identification of DEGs

After quality control, normalization and batch effect adjustment, gene expression profiles from
CAD samples with male and female were compared. The boxplot proved good normalization of the
GSE23766 data (Figure 2A,B). A total of 894 significant DEGs (adjusted p-value < 0.05, |log2(Fold
Change)| > 0.1694 for up regulated genes, |log2(Fold Change)| > 0.229 for down regulated genes),
including 456 up regulated and 438 down regulated genes, were identified from GSE23766 dataset
(Table S1). The volcano plot of each gene expression profile data was shown in Figure 3. Hierarchical
clustering analysis showed the expression pattern of DEGs among samples, which suggested that the
expression of genes in CAD with male significantly differ from those in adjacent CAD with female
(Figures 4 and 5).

Figure 2. Box plots of the gene expression data before (A) and after normalization (B). Horizontal axis
represents the sample symbol and the vertical axis represents the gene expression values. The black
line in the box plot represents the median value of gene expression. (A1–A16 = male human CAD
samples; B1–B16 = female human CAD samples).
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Figure 3. Volcano plot of differentially expressed genes. Genes with a significant change of more than
two-fold were selected.

Figure 4. Heat map of up regulated differentially expressed genes. Legend on the top left indicate log
fold change of genes. (A1, A2, A3, A4, A5, A6, A7, A8, A9, A10, A11, A12, A13, A14, A15, A16 =male
human CAD samples; B1, B2, B3, B4, B5, B6, B7, B8, B9, B10, B11, B12, B13, B14, B15, B16 = female
human CAD samples).
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Figure 5. Heat map of down regulated differentially expressed genes. Legend on the top left indicate
log fold change of genes. (A1, A2, A3, A4, A5, A6, A7, A8, A9, A10, A11, A12, A13, A14, A15, A16=male
human CAD samples; B1, B2, B3, B4, B5, B6, B7, B8, B9, B10, B11, B12, B13, B14, B15, B16 = female
human CAD samples).

3.2. Pathway Enrichment Analysis

To gain further insight into the identified DEGs (up and down regulated genes), pathway
and GO enrichment analyses were conducted using ToppGene and are given in Tables S2 and
S3. Pathway enrichment analysis showed that up regulated genes were mainly involved in PABC
transporters, BARD1 signaling events, androgen/estrogene/progesterone biosynthesis and multidrug
resistance-associated protein mediated transport, while down regulated genes were mainly involved
to complement and coagulation cascades, FOXA2 and FOXA3 transcription factor networks, fatty
acid metabolism and fibrinolysis pathway. Gene ontology (GO) enrichment analysis showed that
up regulated genes were mainly associated in biological processes (BP), cellular component (CC)
and molecular function (MF), including forebrain neuron differentiation, filopodium membrane and
DNA binding, bending, while down regulated genes were mainly associated in biological processes
(BP), cellular component (CC) and molecular function (MF), including platelet degranulation, blood
microparticle and peptidase regulator activity.

3.3. GO Enrichment Analysis of DEGs

Enrichment analyses for the up regulated and down regulated genes were performed by ToppGene.
The up regulated genes were mainly enriched in forebrain neuron differentiation and negative regulation
of immune system process by BP, filopodium membrane and nucleolus by CC and DNA binding,
bending and protein dimerization activity by MF, respectively (Table S4). Meanwhile, down regulated
genes were mainly enriched in platelet degranulation and response to inorganic substance by BP,
blood microparticle and extracellular space by CC and peptidase regulator activity and endopeptidase
inhibitor activity by MF, respectively (Table S5).
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3.4. Comprehensive Analysis of PPI Network and Modules

The PPI network of up regulated genes consisted of 5840 nodes and 16,142 edges (Figure 6). Hub
genes with high node degree such as MYC (degree= 998), NPM1 (degree= 820), UBE2D3 (degree= 488),
TERF1 (degree= 429) and PSMA3 (degree= 403) were listed in Table S6. R square= 0.724 and correlation
coefficient = 0.986 for node degree (Figure 7A). Hub genes with high betweenness such as MYC
(betweenness = 0.15430897), NPM1 (betweenness = 0.11756148), TERF1 (betweenness = 0.06992938),
PSMA3 (betweenness = 0.05585022) and MDFI (betweenness = 0.055025) were listed in Table S6.
R square = 0.473 and correlation coefficient = 0.170 for betweenness (Figure 7B). Hub genes with
high stress such as MYC (stress = 168499346), NPM1 (stress = 107362468), PSMA3 (stress = 49381886),
MDFI (stress = 39487556) and TERF1 (stress = 32105062) were listed in Table S6. R square = 0.017 and
correlation coefficient = −0.032 for stress (Figure 7C). Hub genes with high closeness such as NPM1
(closeness = 0.38413706), MYC (closeness = 0.37588193), TERF1 (closeness = 0.36795083), CCT6A
(closeness = 0.36512827) and RPS14 (closeness = 0.36450945) were listed in Table S6. R square = 0.286
and correlation coefficient = 0.183 for closeness (Figure 7D). Hub genes with low clustering coefficient
such as TRPC7 (clustering coefficient = 0), TNFRSF11B (clustering coefficient = 0), ABCB4 (clustering
coefficient = 0), DPY19L2 (clustering coefficient = 0) and ABCG5 (clustering coefficient = 0) were listed
in Table S6. R square = 0.471 and correlation coefficient = 0.790 for clustering coefficient (Figure 7E).
The PPI network of down regulated genes consisted of 4014 nodes and 8815 edges (Figure 8). Hub
genes with high node degree such as UBC (degree = 799), FN1 (degree = 718), VHL (degree = 587),
HSPA8 (degree = 576) and SOD1 (degree = 245) were listed in Table S6. R square = 0.710 and correlation
coefficient = 0.974 for node degree (Figure 9A). Hub genes with high betweenness such as FN1
(betweenness = 0.32861508), UBC (betweenness = 0.21817265), HSPA8 (betweenness = 0.17366877),
VHL (betweenness = 0.09640801) and SOD1 (betweenness = 0.0712639) were listed in Table S6.
R square = 0.394 and correlation coefficient = 0.172 for betweenness (Figure 9B). Hub genes with
high stress such as UBC (stress = 75534956), FN1 (stress = 48390654), HSPA8 (stress = 48349874),
VHL (stress = 18147816) and SOD1 (stress = 17465716) were listed in Table S6. R square = 0.282
and correlation coefficient = 0.015 for stress (Figure 9C). Hub genes with high closeness such as
FN1 (closeness = 0.437081), HSPA8 (closeness = 0.39532803), UBC (closeness = 0.39232515), VHL
(closeness = 0.37550751) and SOD1 (closeness = 0.36971275) were listed in Table S6. R square = 0.106
and correlation coefficient = 0.224 for closeness (Figure 9D). Hub genes with low clustering coefficient
such as HEMK1 (clustering coefficient = 0), ADH1C (clustering coefficient = 0), CYSLTR2 (clustering
coefficient = 0), CYP2E1 (clustering coefficient = 0) and COX7C (clustering coefficient = 0) were listed
in Table S6. R square = 0.651 and correlation coefficient = 0.940 for clustering coefficient (Figure 9E).

Figure 6. Protein–protein interaction network of up regulated genes. Green nodes denotes up
regulated genes.
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Figure 7. Regression diagrams for up regulated genes (A) Node degree; (B) Betweenness centrality; (C)
Stress centrality; (D) Closeness centrality; (E) Clustering coefficient.

Figure 8. Protein–protein interaction network of down regulated genes. Orange nodes denotes down
regulated genes.

Figure 9. Regression diagrams for down regulated genes (A) Node degree; (B) Betweenness centrality;
(C) Stress centrality; (D) Closeness centrality; (E) Clustering coefficient.
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After cluster analysis, according to the given parameters, four significant modules (module
4, module 5, module 12 and module 14) were obtained from PPI network for up regulated genes
(Figure 10), while four significant modules (module 2, module 4, module 8 and module 13) were
obtained from PPI network for down regulated genes (Figure 11). Pathway and GO enrichment analysis
showed that up regulated genes in module 4, module 5, module 12 and module 14 were closely related to
signaling pathways regulating pluripotency of stem cells, platinum drug resistance, negative regulation
of immune system process and protein dimerization activity, while down regulated genes in module 2,
module 4, module 8 and module 13 were closely related to amb2 Integrin signaling, hypoxia-inducible
factor in the cardiovascular system, platelet degranulation and response to inorganic substance.

Figure 10. Modules in protein–protein interaction (PPI) network. The green nodes denote the up
regulated genes.

Figure 11. Modules in PPI network. The orange nodes denote the down regulated genes.
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3.5. Construction of Target Genes-miRNA Regulatory Network

MicroRNAs (miRNAs) expressions were responsible for progression of CAD [54]. The miRNAs
that may control the up and down regulated target genes are shown in Figures 12 and 13. Top five
up regulated target genes such as TAOK1 interacts with 222 miRNAs (ex, hsa-mir-3941), HMGB1
interacts with 143 miRNAs (ex, hsa-mir-1183), ZNF708 interacts with 104 miRNAs (ex, hsa-mir-6832-5p),
MYC interacts with 103 miRNAs (ex, hsa-mir-4662b) and ZNF101 interacts with 91 miRNAs (ex,
hsa-mir-3187-3p) are listed in Table S7. Top five down regulated target genes such as KHSRP interacts
with 178 miRNAs (ex, hsa-mir-548ac), TRIM72 interacts with 123 miRNAs (ex, hsa-mir-6890-3p),
MLLT1 interacts with 95 miRNAs (ex, hsa-mir-5681a), C3 interacts with 93 miRNAs (ex, hsa-mir-3135b)
and DDIT4 interacts with 82 miRNAs (ex, hsa-mir-3607-3p) are listed in Table S7.

Figure 12. The network of up regulated genes and their related miRNAs. The green circles nodes are
the up regulated genes, and white diamond nodes are the miRNAs.

Figure 13. The network of down- regulated genes and their related miRNAs. The red circles nodes are
the down regulated genes, and blue diamond nodes are the miRNAs.

3.6. Construction of Target Genes–TF Regulatory Network

Transcription factors (TFs) expressions were responsible for progression of CAD [55]. The TFs
that may control the up and down regulated target genes are shown in Figures 14 and 15. Top five up
regulated target genes such as HSD17B11 interacts with 166 TFs (ex, FOXC1), HEPACAM2 interacts

22



Biomolecules 2020, 10, 35

with 128 TFs (ex, GATA2), CACYBP interacts with 88 TFs (ex, FOXL1), NAPG interacts with 76 TFs (ex,
YY1) and PSMA3 interacts with 59 TFs (ex, USF2) are listed in Table S8. Top five down regulated target
genes such as PAH interacts with 149 TFs (ex, FOXC1), CYP3A4 interacts with 118 TFs (ex, GATA2),
CP interacts with 76 TFs (ex, YY1), COX7C interacts with 66 TFs (ex, SRF) and TTTY10 interacts with
59 TFs (ex, FOXL1) are listed in Table S8.

Figure 14. The network of up regulated genes and their related TFs. The green circles nodes are the up
regulated genes, and brown triangle nodes are the TFs.

Figure 15. The network of down regulated genes and their related TFs. The green circles nodes are the
down regulated genes, and blue triangle nodes are the TFs.

3.7. Validation of Hub Genes by Immunohistochemistry from HPA Database and Receiver Operating
Characteristic Curve analysis

The analysis from The Human Protein Atlas indicated that the expression of hub genes
(up regulated) such as NPM1, ATM, TRIP6, HSP90B1 and HIST1H1C are enhanced in CAD smooth
muscle tissue (Figure 16), whereas, the expression of hub genes (down regulated) such as UBC, FN1,
RPL14, UBB and EEF1A1 are reduced in CAD smooth muscle tissue (Figure 17). The results of ROC
curve indicated that NPM1, TRIP6, HSP90B1, UBC, FN1, RPL14, UBB and EEF1A1 could distinguish
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male CAD samples from female CAD tissues best, among all the up and down regulated hub genes
(NPM1: AUC = 1; ATM: AUC = 0.875; TRIP6: AUC = 1; HSP90B1: AUC = 1, HIST1H1C: AUC = 0.938;
UBC: AUC = 1; FN1: AUC = 1; RPL14: AUC = 1; UBB: AUC = 1; EEF1A1: AUC = 1) (Figure 18).

Figure 16. Validation of the hub genes (up regulated) with immunohistochemistry from HPA database.
Hub genes NPM1, ATM, TRIP6, HSP90B1 and HIST1H1C were high expressed in CAD.

Figure 17. Validation of the hub genes (up regulated) with immunohistochemistry from HPA database.
Hub genes UBC, FN1, RPL14, UBB and EEF1A1 were low expressed in CAD.

Figure 18. Receiver operating characteristic (ROC) curves and area under the curve (AUC) statistics
to evaluate the diagnostic efficiency of the hub genes in GSE23766. (A) NPM1 (B) ATM (C) TRIP6
(D) HSP90B1 (E) HIST1H1C (F) UBC (G) FN1 (H) RPL14 (I) UBB (J) EEF1A1.

4. Discussion

The majority of patients with CAD are diagnosed at advanced stages and have poor overall
survival [56]. However, the molecular mechanisms associated in the development of CAD
remain unclear.

In the current study, the raw gene expression data of GSE23766 was obtained from the GEO
and a total of 894 important DEGs were identified in male CAD samples compared with female
CAD samples, including 456 up regulated genes and 438 down regulated genes. Low expression of
LIN28 was associated with progression of cardiac ischaemia [57], but this gene may be linked with
development of CAD. DUSP9 was involved in progression of cardiac hypertrophy [58], but this gene
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may be responsible for progression of CAD. Mutation in PSMC6 was important for progression of type
1 diabetes [59], but variation in this gene may be associated with the development of CAD. Decrease
expression of ATP5H was liable for progression of mitochondrial dysfunction in cardiomyocytes [60],
but low expression of this gene may be linked with the advancement of CAD. Genes such as IRAK4 [61],
albumin (ALB) [62] and plasminogen (PLG) [63] were involved in progression of CAD. Alteration
in SEPP1 was important for development of peripheral arterial disease [64], but modification in this
gene may be liable for advancement of CAD. Polymorphism in ALDH2 was liable for development of
CAD [65]. Modification in SERPINA1 was diagnosed with development of large artery stroke [66], but
this altered gene may be liable for progression of CAD.

In pathway enrichment analysis, up regulated genes were enriched in various pathway databases
such as superpathway of steroid hormone biosynthesis, ABC transporters, BARD1 signaling events,
ABC-family proteins mediated transport, methionine metabolism, telomeres, telomerase, cellular
aging, and immortality, androgen/estrogene/progesterone biosynthesis, multidrug resistance-associated
protein mediated transport and lysosomal acid lipase deficiency (Wolman Disease). Mutation in
HSD17B3 was linked with development of type 2 diabetes [67], but this variant gene may be
responsible for progression of CAD. ABCG5 was linked with progression of CAD [68]. Mutation in
ataxia telangiectasia mutated (ATM) was responsible for progression of CAD in male [69]. ABCC5
was expressed in heart disease [70], but this gene may be associated with advancement of CAD.
Lysosomal acid, cholesterol esterase (LIPA) was important for development of CAD [71]. In these
pathways genes such as HSD17B11, ABCB4, ABCC2, ABCA6, FANCD2, UBE2D3, NPM1, PSMA3,
methionyl-tRNA synthetase (MARS), 5-methyltetrahydrofolate-homocysteine methyltransferase
(MTR), v-myc myelocytomatosis viral oncogene homolog (avian) (MYC) and TERF1 were predicted as
novel prognostic or diagnostic biomarkers and new therapeutic target in CAD. Up regulated genes
such as ABCB4, ABCC2, ABCG5, ABCC5 and ABCA6 were involved in centralized pathway of ABC
transporters was associated with pathogenesis of CAD [72]. Down regulated genes were enriched in
various pathway databases such as oxidative ethanol degradation III, complement and coagulation
cascades, FOXA2 and FOXA3 transcription factor networks, metallothioneins bind metals, fatty acid
metabolism, fibrinolysis pathway, plasminogen activating cascade, altered lipoprotein metabolic and
enoxaparin pathway. Polymorphism in fibrinogen alpha chain (FGA) was liable for progression
of myocardial infarction [73], but this polymorphic gene may be involved in pathogenesis of CAD.
Fibrinogen gamma chain (FGG) was diagnosed with progression of ischemic stroke [74], but this
gene may be identified with development of CAD. Increased expression of genes such as CPB2 was
liable for advancement of myocardial infarction [75], but elevated expression of this gene may be
associated with progression of CAD. Over expression of complement component 3 (C3) was responsible
for advancement of CAD in female [76]. Low expression of C4B was culpable for pathogenesis of
myocardial infarction [77], but decrease expression of this gene may be involved in progression of CAD.
Genes such as APOA1 [78] IGFBP1 [79], ACAT1 [80], apolipoprotein B (APOB) [81] and APOC1 [82]
were important for pathogenesis of CAD. Genes such as PCK1 [83] and ALDH1A1 [84] were associated
with development of diabetes and obesity, but these genes may be linked with progression of CAD.
Polymorphism in genes such as MT1A [85], MT2A [86], CYP2C9 [87], CYP3A4 [88], fibrinogen
beta chain (FGB) [89], ADH1C [90], lipoprotein, Lp(a) (LPA) [91] and APOC3 [92] were liable for
advancement of CAD. Alteration in APOC2 was involved in progression of hypertriglyceridaemia [93],
but this gene may be responsible for the development of CAD. Down regulated genes such as ACAT1,
ADH1A, ADH1C, ADH4, ACAA2, ALDH1A1, ALDH2, CYP2C9, CYP2E1, CYP3A4 were involved in
centralized pathway of fatty acid metabolism was associated with pathogenesis of CAD [94]. In these
pathways genes such as CYP2E1, A2M, coagulation factor II (thrombin) (F2), complement factor I (CFI),
SERPINC1, integrin, alpha X (complement component 3 receptor 4 subunit) (ITGAX), complement
factor B (CFB), C1S, C4BPA, KNG1, transthyretin (prealbumin, amyloidosis type I) (TTR) aldolase B,
fructose-bisphosphate (ALDOB), G6PC, MT1B, MT1E, MT1F, MT1G, MT1H, MT1M, MT1X, ADH1A,
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ADH4 and ACAA2 were predicted as novel prognostic or diagnostic biomarkers and new therapeutic
targets in CAD.

In GO enrichment analysis, up regulated genes were enriched in all GO categories such as forebrain
neuron differentiation, filopodium membrane and DNA binding, bending. SEMA3A was responsible
for progression of myocardial infarction [95], but this gene may be associated with pathogenesis of
CAD. Genes such as HES1 [96] and NRP1 [97] were important for progression of cardiac ischemia, but
these genes may be linked with CAD. Loss of utrophin (UTRN) was involved in the advancement
of cardiomyopathy [98], but this gene may be liable for progression of CAD. Increased expression of
HMGB1 was answerable for progression of CAD [99]. In these GO categories, genes such as PHLDA1,
SATB2, ROBO2, LEF1, MYO10 and integrin, alpha V (ITGAV) were predicted as novel prognostic or
diagnostic biomarkers and new therapeutic target in CAD. Down regulated genes were enriched in all
GO categories such as platelet degranulation, blood microparticle and peptidase regulator activity.
Polymorphism in apolipoprotein H (APOH) was linked with progression of hypercholesterolemia [100],
but this polymorphic gene may be liable for development of CAD. Genes such as IGF2 [101], ITIH4 [102],
haptoglobin (HP) [103] and ceruloplasmin (ferroxidase) (CP) [104] were important for advancement of
CAD. High expression of SOD1 was involved in the progression of CAD [105]. ITIH3 was answerable
for advancement of myocardial infarction [106], but this gene may be associated with development
of CAD. Transferrin (TF) was identified with progression of acute stroke [107], but this gene may be
linked with development of CAD. Loss of CFHR1 was important for progression of hypertension [108],
but loss this gene may be responsible for advancement of CAD. Polymorphism in genes such as
angiotensinogen (AGT) [109] and HSPA8 [110] were important for theadvancement of CAD. In these
GO categories genes such as alpha-2-HS-glycoprotein (AHSG), histidine-rich glycoprotein (HRG), FN1,
ORM1, ORM2, TMPRSS13, ACTG1, haptoglobin-related protein (HPR), alpha-1-microglobulin/bikunin
precursor (AMBP), APOA2, group-specific component (GC), ITIH1, ITIH2, acrosin binding protein
(ACRBP) and PEBP1 were predicted as novel prognostic or diagnostic biomarkers and new therapeutic
target in CAD.

In PPI network, up regulated genes such as MYC, NPM1, UBE2D3, TERF1, PSMA3, MDFI, CCT6A
and RPS14 were identified as hub genes showing the highest node degree, betweenness, stress and
closeness. Up regulated genes such as TRPC7, TNFRSF11B, ABCB4, DPY19L2 and ABCG5 were
identified as hub genes showing the lowest clustering coefficient. TRPC7 was linked with development
of CAD [111]. Polymorphism in TNFRSF11B was identified with development of ischemic stroke [112],
but this gene may be important for progression of CAD. In this PPI network genes such as myoD
family inhibitor (MDFI), CCT6A, RPS14 and DPY19L2 were predicted as novel prognostic or diagnostic
biomarkers and new therapeutic target in CAD. Down regulated genes such as UBC, FN1, VHL, HSPA8
and SOD1 were identified as hub genes showing the highest node degree, betweenness, stress and
closeness. Down regulated genes such as HEMK1, ADH1C, CYSLTR2, CYP2E1 and COX7C were
identified as hub genes showing the lowest clustering coefficient. In this PPI network genes such as
ubiquitin C (UBC), VHL (von Hippel-Lindau tumor suppressor), HEMK1, CYSLTR2 and COX7C were
predicted as novel prognostic or diagnostic biomarkers and new therapeutic target in CAD.

In module analysis, up regulated genes such as NPM1, RPL5, NOP58, RBM34, MYC, PSMA3,
PSMC6, IFT74 and IFT8 were identified as hub genes showing the highest node degree in all four
significant modules. In these modules genes such as RPL5, NOP58, RBM34, IFT74 and IFT8 were
predicted as novel prognostic or diagnostic biomarkers and new therapeutic target in CAD. Down
regulated genes such as FN1, HSPA8, EEF1A1, RPS27, VHL, RPL7A, RPL30, RPLP0, RPL3, RPL14,
ALB, TTR, APOA1, APOC3, APOC1, CFB, AHSG, FGA, HP, APOA2, FGB, FGG, ALDH2 and FGA
were identified as hub genes showing the highest node degree in all four significant modules. In these
modules genes such as EEF1A1, RPS27, RPL7A, RPL30, RPLP0, RPL3 and RPL14 were predicted as
novel prognostic or diagnostic biomarkers and new therapeutic target in CAD.

In target gene-miRNA network, up regulated genes such as TAOK1, HMGB1, ZNF708, MYC
and ZNF101 were identified as target genes showing the highest number of integration with miRNAs.
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In this network gene such as TAOK1, ZNF708 and ZNF101 along with miRNA such as hsa-mir-3941,
hsa-mir-1183, hsa-mir-6832-5p, hsa-mir-4662b and hsa-mir-3187-3p were predicted as novel prognostic
or diagnostic biomarkers and new therapeutic target in CAD. Whereas, down regulated genes such
as KHSRP, TRIM72, MLLT1, C3 and DDIT4 were identified as target genes showing the highest
number of integration with miRNAs. Low expression of TRIM72 was responsible for development of
cardiovascular diseases [113], but loss of this gene may be linked with progression of CAD. In this
network down regulated genes such as KH-type splicing regulatory protein (FUSE binding protein 2)
(KHSRP), MLLT1 and DDIT4 along with miRNA such as hsa-mir-548ac, hsa-mir-6890-3p, hsa-mir-5681a,
hsa-mir-3135b and hsa-mir-3607-3p were predicted as novel prognostic or diagnostic biomarkers and
new therapeutic target in CAD.

In the target gene-TF network, up regulated genes such as HSD17B11, HEPACAM2, CACYBP,
NAPG and PSMA3 were identified as target genes showing the highest number of integration
with TFs. In this network genes such as HEPACAM2, calcyclin binding protein (CACYBP) and
N-ethylmaleimide-sensitive factor attachment protein, gamma (NAPG) along TFs such as FOXC1,
FOXL1, YY1 and USF2 were predicted as novel prognostic or diagnostic biomarkers and new therapeutic
target in CAD. Transcription factor GATA2 was linked with pathogens of CAD [114]. Down regulated
genes such as PAH, CYP3A4, CP, COX7C and TTTY10 were identified as target genes showing the
highest number of integration with TFs. Phenylalanine hydroxylase (PAH) was associated with
development of cardiovascular diseases [115], but this gene may be identified with advancement of
CAD. In this network down regulated gene TTTY10 along transcription factor SRF (serum response
factor) were predicted as novel prognostic or diagnostic biomarkers and new therapeutic target in CAD.

In conclusion, the present study identified 13 hub genes (up regulated) and 10 hub genes (down
regulated) that may be associated in the progression of CAD. Among them, 12 hub genes (up regulated)
and 7 hub genes (down regulated) are closely related to the prognosis of CAD. Also identified
10 miRNA and 10 TFs may be associated in the progression of CAD. These hub genes may be regarded
as diagnostic and prognostic biomarkers, and could become potential therapeutic target for future
CAD therapeutic strategies. However, bioinformatics only plays a predictive role; the function of these
hub genes in CAD needs further study to elucidate the biological characteristics.
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Abstract: Inflammation has been involved in the development of atherosclerosis, type 2 diabetes
mellitus, insulin resistance, and obesity. Interleukin 20 is a pro-inflammatory cytokine encoded by a
polymorphic gene located in chromosome 1. The aim of the study was to evaluate the association of two
IL-20 polymorphisms (rs1400986 and rs1518108) with subclinical atherosclerosis (SA), cardiovascular
risk factors and IL-20 levels in a cohort of Mexican individuals. The polymorphisms were determined
in 274 individuals with SA and 672 controls. Under different models, rs1400986 (OR = 0.51,
Pcodominant1 = 0.0001; OR = 0.36, Pcodominant2 = 0.014; OR = 0.49, Pdominant = 0.0001 and OR = 0.55,
Padditive = 0.0001) and rs1518108 (OR = 0.62, Pcodominant2 = 0.048 and OR = 0.79, Padditive = 0.048) were
associated with a lower risk of SA. These polymorphisms were associated with cardiovascular risk
factors in individuals with SA and controls. Controls with the rs1400986 TT genotype presented high
levels of IL-20 (p = 0.031). In individuals with the rs1400986 CC genotype, we observed a negative
correlation between IL-20 levels and total abdominal tissue (TAT), visceral abdominal tissue (VAT)
and subcutaneous abdominal tissue (SAT). Our results indicate that the IL-20 rs1400986 and rs1518108
polymorphisms were associated with decreased risk of developing SA and with some cardiovascular
risk factors in individuals with SA and healthy controls. Negative correlation between BMI and
VAT/SAT ratio in individuals with rs1400986 CC genotype and among IL-20 levels and TAT, VAT and
SAT was observed.

Keywords: cardiovascular risk factors; genetic association; inflammation; interleukin 20; polymorphisms;
subclinical atherosclerosis

1. Introduction

Cardiovascular disease, principally coronary artery disease (CAD) is the leading cause of
preventable death worldwide [1]. A major reason for this trend is the ongoing epidemic of type 2
diabetes mellitus (T2DM) and obesity-induced insulin resistance (IR) [2]. Substantial evidence shows
that IR is associated with CAD risk factors and is likely a common ground for the diabetic atherogenic
milieu [3]. Further, IR and T2DM are thought to be mechanistically linked to CAD via subclinical
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atherosclerosis (SA) [4]. SA develops over several decades and often remains asymptomatic until the
occurrence of an acute, life-threatening event. Two subclinical measures of atherosclerosis have been
used to predict CAD. One is carotid intima-media thickness (cIMT), a measure of the intimal and
medial layers of the carotid artery walls and the other is coronary artery calcification (CAC), a marker
of subclinical coronary atherosclerosis [5,6]. Visceral adipose tissue (VAT) accumulation is clearly
associated with a higher risk of T2DM and CAD and is positively associated with cardiovascular
risk factors [7–9]. It is well known that inflammation plays an important role in the development of
T2DM, IR, obesity and CAD [10–12]. IL-20 is a pro-inflammatory cytokine produced preferentially by
monocytes [13]. It belongs to the IL-10 family, which also includes IL-19, IL-22, IL-24, IL-26, IL-28 and
IL-29 [14]. This cytokine acts stimulating the angiogenic activity through the induction of vascular
endothelial growth factor (VEGF) and IL-8 production. Chen et al. [15] analyzed the expression
of IL-20 and its receptor complex in human and mice (apolipoprotein E-deficient) atherosclerotic
lesions. The results of this study suggest that IL-20 is a proatherogenic cytokine that contribute to
the progression of the disease. The IL-20 gene is located in chromosome 1 and two polymorphisms
(rs1400986 and rs1518108) have been associated with inflammatory diseases, such as, psoriasis and
ulcerative colitis [14,15]. Also, these polymorphisms were associated with chronic hepatitis B infection
in African-Americans [16]. On the other hand, an “in silico” analysis that we made showed that the
rs1400986 polymorphism modify a binding site for the MZF1 transcriptional factor, having a possible
functional effect. Despite the important role of this cytokine in the inflammatory process and in
consequence in the development of atherosclerosis [15,17], at the present, there are not studies that
analyzed the association of the polymorphisms located in the gene that encodes this cytokine with the
presence of atherosclerosis and cardiovascular risk factors. Thus, the aim of the present study was to
evaluate the association of rs1400986 and rs1518108 IL-20 polymorphisms with SA and cardiovascular
risk factors in a Mexican population.

2. Materials and Methods

2.1. Study Population

The study complies with the Declaration of Helsinki and was approved by the Ethics Committee
of the Instituto Nacional de Cardiología Ignacio Chávez (INCICH). All participants provided written
informed consent. Study participants were a subset of the Genetics of Atherosclerotic Disease (GEA)
Mexican Study (n = 946) population. To be included in the study, volunteers were apparently
healthy and asymptomatic without family history of premature CAD. Participants were recruited from
blood bank donors and through brochures posted in social services centers. Computed tomography
(CT) scans of the chest and abdomen were performed using a 64-channel multidetector helical
computed tomography system (Somatom Cardiac Sensation, 64, Forcheim, Germany) and interpreted
by experienced radiologists. Scans were read to assess and quantify various parameters: (a) total
abdominal tissue (TAT), subcutaneous abdominal tissue (SAT) and visceral abdominal tissue (VAT)
areas as previously reported by Kvist et al. (1988) [18]; (b) liver to spleen attenuation ratio (L:SAR)
as described by Longo et al. (1993) [19]; and (c) coronary arterial calcification (CAC) score using the
Agatston method [20]. Fatty liver was defined as L:SAR ≤ 1.0. In all individuals, clinical, demographic,
anthropometric and biochemical parameters were evaluated as previously described [21–23]. Exclusion
criteria were congestive heart failure, liver, renal, thyroid or oncological disease and premature CAD.

2.2. Definition of Subclinical Atherosclerosis

CAC quantified by the Agatston score has been known to be an excellent biomarker of
atherosclerosis, independently predicting clinical outcomes, such as coronary heart disease [24–26].
In our group, after performing the computed tomography scans, 274 individuals were classified into
the SA group (individuals with a CAC score > 0), while 672 participants comprised the healthy control
group (CAC score = 0).
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2.3. Quantification of IL-20 Concentration

In a subsample of 106 control individuals, IL-20 plasma concentrations were quantified. For the
determination of the IL-20 levels, we designed a panel, which also included the IL-19 and IL-22 cytokines
(Bio-Rad, Hercules, CA, USA). The levels were detected using Luminex multi-analyte technology
(Bio-Plex ProTM, Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instruction. Before
starting the bioassay, the samples were thawed on ice and once ready for use, they were centrifuged
at 10,000 rpm for 4 min. Samples were incubated with antibodies immobilized on color-coded
microparticles, washed to remove unbound material and then incubated with biotinylated antibodies
to the molecules of interest. After further washing, the streptavidin-phycoerythrin conjugate that
binds to the biotinylated antibodies was added before the final washing step. The Luminex analyzer
was used to determine the magnitude of the phycoerythrin-derived signal in a microparticle-specific
manner. The data were analyzed using Bio-Plex Manager software. Data were expressed in pg/mL.

2.4. Genetic Analysis

Genomic DNA from whole blood containing ethylenediamine-tetra-acetic acid was isolated with
a no enzymatic method [27]. According to the manufacturer’s instructions (Applied Biosystems,
Foster City, CA, United States), the rs1400986 (C___1747382_10) and rs1518108 (C___1747381_10) IL-20
polymorphisms were determined in genomic DNA using 5′ exonuclease TaqMan genotyping assays
on an ABI Prism 7900HT Fast Real-Time polymerase chain reaction (PCR) system. Ten percent of the
samples were determined twice in order to corroborate the assignment of the genotypes.

2.5. Statistical Analysis

Data are expressed as the mean (standard deviation), median (interquartile range) or frequencies.
Normality of distribution was tested by the Kolmogorov-Smirnov test. The differences in continuous
variables between groups were assessed with t-Student’s test and Mann-Whitney U test, as appropriate.
Nominal variables were analyzed using the chi-squared test. The analysis was made using the SPSS
version 20.0 statistical package (SPSS, Chicago, II, USA). The associations of the polymorphisms with SA
and cardiovascular risk factors were analyzed using logistic regression under the following inheritance
models: additive (add-major allele homozygotes vs. heterozygotes vs. minor allele homozygotes),
codominant 1 (cod1-major allele homozygotes vs. heterozygotes), codominant 2 (cod2-major
allele homozygotes vs. minor allele homozygotes), dominant (dom-major allele homozygotes vs.
heterozygotes+minor allele homozygotes) and recessive (rec-major allele homozygotes+heterozygotes
vs. minor allele homozygotes). When the association with SA was tested, the models were
adjusted for age, gender, body mass index, current smoking status, alanine aminotransferase,
aspartate aminotransferase and uric acid. To evaluate the association with cardiovascular risk
factors, the models were adjusted for age, gender and BMI. Bonferroni correction was used for
multiple testing due to the increased risk of Type I error (0.05 divided by 5; P < 0.01). Statistical
power to detect associations of polymorphisms with SA exceeded 0.80 as estimated with QUANTO
software (http://hydra.usc.edu/GxE/). Genotype frequencies did not deviate from Hardy-Weinberg
equilibrium in any case (HWE, p > 0.05). Pairwise linkage disequilibrium (LD, D’) estimations
between polymorphisms and haplotype reconstruction were performed with Haploview version 4.1
(https://www.broadinstitute.org/haploview/haploview) (Broad Institute of Massachusetts Institute of
Technology and Harvard University, Cambridge, MA, USA).

3. Results

3.1. Study Samples Characteristics

Table 1 summarizes the baseline characteristics of the study groups. After all the experiments and
the data compilation, 274 individuals with SA (199 males and 75 females) and 672 healthy controls
(257 males and 415 females) were included in the final analysis. Descriptive statistics of the study
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participants and differences in median by clinical features for each predictor variable are provided
in Tables 1 and 2. In comparison with the healthy control group, individuals with SA exhibited
higher levels of systolic and diastolic blood pressure, VAT, SAT, total-cholesterol (TC), low density
lipoprotein-cholesterol (LDL-C), triglycerides, non-high density lipoprotein-cholesterol (non-HDL-C),
gamma-glutamyl transpeptidase (GGT), apolipoprotein B, glucose, homeostasis model assessment of
insulin resistance (HOMA-IR), creatinine, adiponectin, uric acid and albumin (Table 1).

Table 1. Clinical and metabolic characteristics of the studied groups.

Control (n = 672) SA (n = 274) p

Age (years) 52 ± 9 59 ± 8 <0.0001
Gender (% male) 38.2 72.6 <0.0001
Body Mass Index (kg/m2) 27.9 (25.4–30.9) 28.1 (25.6–31.3) 0.219
Waist Circumferences (cm) 93.4 ± 11.7 97.4 ± 11.1 <0.0001
Systolic Blood Pressure (mmHg) 115 (106–126) 124 (113–137) <0.0001
Diastolic Blood Pressure (mmHg) 72 (66–78) 77 (70–83) <0.0001
Total Adipose Fat (cm3) 443 (350–542) 442 (353–569) 0.391
Visceral Adipose fat (cm3) 146 (105–188) 180 (141–230) <0.0001
Subcutaneous Adipose fat (cm3) 286 (218–371) 260 (193–340) 0.002
Total Cholesterol (mg/dL) 190 (168–209) 198 (171–221) 0.002
HDL-C (mg/dL) 47 (37–57) 43 (36–50) <0.0001
LDL-C (mg/dL) 115.6 (96.2–133.2) 124.4 (102.3–145.2) <0.0001
Triglycerides (mg/dL) 141 (107–194) 158 (118–206) 0.007
Non-HDL-Cholesterol (mg/dL) 140 (120–162) 153 (129–175) <0.0001
ALT (IU/L) 23 (17–32) 22 (17–32) 0.819
AST (IU/L) 25 (21–30) 25 (21–31) 0.542
GGT (IU/L) 24 (17–41) 29 (21–41) 0.001
Alkaline Phosphatase (IU/L) 81 (68–98) 77 (65–93) 0.013
Apo B (mg/dL) 86 (72–106) 96 (79–119) <0.0001
Apo A1 (mg/dL) 132 (113–157) 133 (113–157) 0.81
Apo-B/Apo-A 0.65 (0.51–0.84) 0.7 (0.6–0.9) 0.001
Glucose (mg/dL) 90 (84–97) 95 (87–107) <0.0001
Insulin (μIU/mL) 18 (13–24) 19 (13–25) 0.212
HOMA-IR 3.9 (2.7–5.8) 4.7 (3.1–6.8) <0.0001
hsCRP (mg/dL) 1.69 (0.87–3.46) 1.71 (0.89–3.45) 0.76
Creatinine (mg/dL) 0.8 (0.7–0.9) 0.9 (0.7–1.1) <0.0001
Adiponectin (μg/mL) 8.4 (5–12.9) 6.4 (4.2–10.2) <0.0001
Uric Acid (mg/dL) 5.4 (4.4–6.4) 5.9 (4.9–6.9) <0.0001
Albumin (μg/mL) 6.3 (2.9–12) 7.2 (2.9–19) 0.026
Free Fatty Acid (mEq/L) 0.5 (0.4–0.7) 0.6 (0.4–0.7) 0.631
IR of the Adipose Tissue 9.7 (6.2–14.5) 10.2 (6.6–13.9) 0.629

Data are shown as mean ±SD, median (interquartile range) or percentage. Comparisons were made using Student’s
t-test or Mann-Whitney U test, as appropriate, for continuous variables and by Chi square analysis for categorical
variables. SA: Subclinical atherosclerosis; IR: Insulin resistance; hsCRP: High sensitivity C reactive protein; HOMA:
Homeostasis model assessment of insulin resistance; GGT: Gamma Glutamyl transpeptidase; AST: Aspartate
aminotransferase; HDL-C: High density lipoprotein-cholesterol; LDL-C: Low density lipoprotein-cholesterol; ALT:
Alanine aminotransferase.

Additionally, in comparison with the control group, participants in the SA group showed a higher
prevalence of hypercholesterolemia, LDL-C > 130 mg/dL, hypertriglyceridemia, T2DM, IR, metabolic
syndrome, hypertension, high VAT, fatty liver and hyperuricemia (Table 2).
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Table 2. Cardiovascular factors prevalence in the study population.

Control (n = 672) SA (n = 274) * P

Total Cholesterol >200 mg/dL (%) 35.4 47.1 0.001
LDL-Cholesterol > 130 mg/dL (%) 29.3 42.9 <0.0001
Hypoalphalipoproteinemia (%) 47.7 45.3 0.518
Hypertriglyceridemia (%) 45.2 53.5 0.022
Non-HDL-Cholesterol > 160 mg/dL (%) 25.9 42 <0.0001
Overweight (%) 45.8 47.4 0.114
Obesity (%) 31.1 33.9 0.083
Abdominal Obesity (%) 79.6 82.1 0.417
Type 2 Diabetes Mellitus (%) 10.6 23 <0.0001
Hyperinsulinemia (%) 55.4 62.8 0.023
Insulin resistance (%) 57.5 67.9 0.002
Metabolic Syndrome (%) 40.6 54 <0.0001
Hypertension (%) 29.2 49.6 <0.0001
High Total Abdominal Tissue (%) 55.4 61.7 0.045
High Subcutaneous Abdominal Tissue (%) 50 54.7 0.106
High Visceral Abdominal Tissue (%) 58.8 73.7 <0.0001
Fatty Liver (%) 32.1 39.3 0.024

Data is shown as percentage. * Comparisons were made using Chi square analysis. SA: Subclinical atherosclerosis,
LDL: Low density lipoprotein and HDL: High density lipoprotein.

3.2. Association of Polymorphisms with SA

Genotype distribution of the polymorphisms in individuals with SA and controls were in
accordance with the HWE expectation (p > 0.05). Genotype distribution in the study groups is
presented in Table 3. Under several inheritance models, adjusted by age, gender, body mass
index, current smoking status, alanine aminotransferase, aspartate aminotransferase and uric acid,
the rs1400986 polymorphism was significantly associated with a low risk of developing SA (OR = 0.51,
95% CI: 0.36–0.73, Pcod1 = 0.0001; OR = 0.36, 95% CI: 0.16–0.81, Pcod2 = 0.014; OR = 0.49, 95% CI:
0.35–69, Pdom = 0.0001 and OR = 0.55, 95% CI: 0.41–0.73, Padd = 0.0001). In addition, the rs1518108
polymorphism showed a marginally significant association with a low risk of developing SA (OR = 0.62,
95% CI: 0.39–99, Pcod2 = 0.048 and OR = 0.79, 95% CI: 0.63–99, Padd = 0.048). Thus, both polymorphisms
were independently associated with a lower risk of developing SA.

Table 3. Association between IL-20 gene polymorphisms and subclinical atherosclerosis.

SNP Model
Genotypes
and Alleles

SA Control p OR 95% CI
n n

rs1400986 CC 177 336
CT 87 293
TT 10 43
C 441 965 0.0001 0.61 0.48–0.78
T 107 379

codominant1 CC 177 336 0.0001 0.51 0.36–0.73
CT 87 293

codominant2 CC 177 336 0.014 0.36 0.16–0.81
TT 10 43

dominant CC 177 336 0.0001 0.49 0.35–0.69
CT + TT 97 336

recessive CC + CT 264 629 0.063 0.47 0.21–1.04
TT 10 43

additive – – – 0.0001 0.55 0.41–0.73
rs1518108 CC 79 181

CT 140 336
TT 55 155
C 298 698 0.229 0.89 0.75–1.06
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Table 3. Cont.

SNP Model
Genotypes
and Alleles

SA Control p OR 95% CI
n n

T 250 646
codominant1 CC 79 181 0.246 0.79 0.54–1.16

CT 140 336
codominant2 CC 79 181 0.048 0.62 0.39–0.99

TT 55 155
dominant CC 79 181 0.102 0.74 0.51–1.06

CT + TT 195 491
recessive CC + CT 219 517 0.110 0.72 0.49–1.07

TT 55 155
additive – – – 0.0480 0.79 0.63–0.99

Models were adjusted for age, gender, body mass index, current smoking status, alanine aminotransferase, aspartate
aminotransferase and uric acid. SA: Subclinical atherosclerosis.

3.3. Association of the IL-20 Polymorphisms with Cardiovascular Risk Factors

Table 4 shows the association of IL-20 polymorphisms with some cardiovascular risk factors in (i)
controls and (ii) SA individuals. In healthy controls, rs1400986 was significantly associated with high
levels of inflammation (hsCRP ≥ 3mg/L, OR = 1.45, 95% CI: 1.01–2.10, Pcod1 = 0.047) and with low levels
of GGT > p75 (OR = 0.41, 95% CI: 0.19–0.88, Pcod2 = 0.023 and OR = 0.42, 95% CI: 0.19–0.89, Prec = 0.024).
The rs1518108 polymorphism was associated with risk of hypertension (OR = 1.83, 95% CI: 1.16–2.86,
Pcod1 = 0.008 and OR = 1.68, 95% CI: 1.10–2.59, Pdom = 0.016), high levels of inflammation (hsCRP ≥
3mg/L, OR = 1.73, 95% CI: 1.03–2.89, Pcod2 = 0.037 and OR = 1.31, 95% CI: 1.01–1.70, Prec = 0.036) and
levels of TAT > p75 (OR = 1.69, 95% CI: 1.07–2.69, Pcod1 = 0.025 and OR = 1.54, 95% CI: 1.004–2.37,
Pdom = 0.048). In SA individuals, under different models, the rs1518108 polymorphism was associated
with levels of GGT > p75 (OR = 0.51, 95% CI: 0.28–0.91, Pcod1 = 0.023; OR = 0.35, 95% CI: 0.16–0.74,
Pcod2 = 0.006; OR = 0.46, 95% CI: 0.26–0.79, Pdom = 0.006 and OR = 0.58, 95% CI: 0.40–0.99, Padd = 0.004)
and alkaline phosphatase (ALP) > p75 (OR = 0.46, 95% CI: 0.26–0.84, Pcod1 = 0.011; OR = 0.48, 95%
CI: 0.28–0.83, Pdom = 0.010 and OR = 0.68, 95% CI: 0.47–0.99, Padd = 0.046) (Table 4). In summary, in
SA individuals, the rs1518108 was associated with high levels of GGT and ALP, whereas in controls,
this polymorphism was associated with inflammation, hypertension and high levels of TAT. In controls,
also the rs1400986 was associated with inflammation and low levels of GGT.

Table 4. Association among IL-20 gene polymorphisms and cardiovascular risk factors in controls and
SA individuals.

SNP Model Genotypes Variable p OR 95% CI

(i)
Controls

rs1400986 Inflammation

Yes
n = 203

No
n = 469

codominant1 CC 91 245 0.047 1.45 1.01–2.10
CT 101 192

GGT > 75

Yes
n = 267

No
n = 400

codominant2 CC 140 196 0.023 0.41 0.19–0.88
TT 10 32

recessive CC +
CT 257 368 0.024 0.42 0.19–0.89

TT 10 32

40



Biomolecules 2020, 10, 75

Table 4. Cont.

SNP Model Genotypes Variable p OR 95% CI

rs1518108 Hypertension

Yes
n = 196

No
n = 476

codominant1 CC 38 143 0.008 1.83 1.16–2.86
CT 113 223

dominant CC 38 143 0.016 1.68 1.10–2.59
CT + TT 158 333

Inflammation

Yes
n = 203

No
n = 469

codominant2 CC 43 138 0.037 1.73 1.03–2.89
TT 51 104

recessive CC +
CT 152 365 0.036 1.31 1.01–1.70

TT 51 104

Total abdominal
tissue >75

Yes
n = 360

No
n = 290

codominant1 CC 96 79 0.025 1.69 1.07–2.69
CT 179 146

dominant CC 96 79 0.048 1.54 1.004–2.37
CT + TT 264 211

(ii) SA

rs1518108 GGT > 75

Yes
n = 111

No
n = 163

codominant1 CC 43 36 0.023 0.51 0.28–0.91
CT 51 88

codominant2 CC 43 36 0.006 0.35 0.16–0.74
TT 17 39

dominant CC 43 36 0.006 0.46 0.26–0.79
CT + TT 68 127

additive - - - 0.004 0.58 0.40–0.99

ALP > 75

Yes
n = 91

No
n = 183

codominant1 CC 36 43 0.011 0.46 0.26–0.84
CT 38 101

dominant CC 36 43 0.01 0.48 0.28–0.83
CT + TT 55 140

additive - - - 0.046 0.68 0.47–0.99

Table shows the model with significant associations. Models were adjusted for age, gender and body mass index.
Inflammation was considered when hsCRP ≥ 3mg/L.

3.4. Association of the rs1400986 Genotypes with IL-20 Levels

Levels of IL-20 were determined in 106 control participants (34 with CC, 36 with CT and 36 with TT
genotypes). Individuals with extreme outlier’s values were not included in the analysis (1 participant).
SNP rs1400986 was associated with IL-20 levels. Figure 1 shows that individuals with TT genotype
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have significantly higher IL-20 levels than individuals with CC + CT genotypes (4.9 (3.1–10.7) pg/mL
versus 3.6 (1.8–7.1) pg/mL respectively, P = 0.0313).

Figure 1. Association of the rs1400986 genotypes with IL-20 concentrations in control individuals.
(A) Individuals with TT genotype have significantly higher IL-20 concentrations that those individuals
with CT genotype (4.9 (3.1–10.7) pg/m vs. 3.8 (1.8–7.1) pg/mL, respectively, P = 0.048). (B) IL-20
concentrations in individuals with CC vs CT + TT genotypes (dominant model). No differences were
observed. (C) IL-20 concentrations in individuals with CC + CT vs. TT genotypes (recessive model).
Individuals with TT genotype have significantly higher IL-20 concentrations that those individuals with
CC + CT genotype (4.9 (3.1–10.7) pg/m vs. 3.6 (1.8–7.1) pg/mL, respectively, P = 0.0313). Lines into bars
indicate median; interquartile range (IQR 25–75) is shown in graphic representation. P: Kruskal-Wallis
test and Mann-Whitney U-test.

3.5. Correlation of rs1400986 Genotypes with IL-20 Levels and Adipose Tissue

As for body–mass index (BMI) and the VAT/SAT ratio, the individuals with CC genotypes showed
a statistically significant negative correlation between these parameters (r2 = 0.021; P = 0.0087) and
no such association was found in relation to CT + TT genotypes (P = 0.579) (Figure 2A). In order
to better understand whether adipose tissue levels may impact the IL-20 concentration according to
the genotypes of the rs1400986 polymorphism, we performed a correlation analysis in 106 control
participants (CC n = 34, CT n = 36 and TT n = 36). Among individuals with the CC genotype, the IL-20
concentrations were negatively correlated with TAT (r2 = 0.23; P = 0.0037, Figure 2B), VAT (r2 = 0.12;
P = 0.0427, Figure 2C) and SAT (r2 = 0.21; P = 0.006, Figure 2D). These correlations were not found in
individuals with CT + TT genotypes. Thus, negative correlation between BMI and VAT/SAT ratio in
individuals with rs1400986 CC genotype and among IL-20 levels and TAT, VAT and SAT was observed.
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Figure 2. Correlation between adipose tissue distributions, body mass index and IL-20 concentrations
according to rs1400986 genotypes in control individuals. Lines represent simple linear regression:
blue lines represent CT + TT genotypes carriers and red represent CC genotype carriers. (A) Overall,
body mass index (BMI) was negatively correlated with visceral to subcutaneous adipose tissue ratio
(VAT/SAT) in individuals with CC genotypes but not in individuals with CT+ TT genotypes. On adipose
tissue stratification, a negatively and significant correlation of IL-20 levels and log TAT (B), log VAT (C)
and log SAT (D) was observed in individuals with CC genotypes.

3.6. Haplotypes Analysis

The IL-20 polymorphisms were not in linkage disequilibrium (D’ > 0.048 and r2 > 0.09). In fact,
4 different haplotypes were observed; one of these haplotypes (TT) was significantly associated with a
lower risk of SA (OR = 0.63, 95% CI: 0.50–0.80, P = 0.00016) (Table 5).

Table 5. IL-20 haplotype frequencies in SA and healthy controls.

Haplotypes
SA (n = 274) Control (n = 672)

X2 P OR 95% CI
n % n %

CC 134 48.9 298 44.4 3.88 0.077 1.19 1.01–1.42
CT 87 31.6 184 27.4 3.376 0.066 1.22 1.00–1.48
TT 39 14.2 139 20.7 10.684 0.00016 0.63 0.50–0.80
TC 14 5.4 51 7.6 2.94 0.086 0.69 0.48–0.99

The order of the alleles in the haplotypes is according to the positions of the polymorphisms in the chromosome
(rs1400986 and rs1518108). SA: subclinical atherosclerosis; OR: odds ratio.

4. Discussion

The results of the study are the first demonstration of the association between IL-20 polymorphisms
and SA. Here, we provide genetic evidence that the rs1400986 and rs1518108 polymorphisms occurring
in the IL-20 gene were independently associated with a lower risk of developing SA. When these
polymorphisms were analyzed as a haplotype, the association remaining significant. Associations with
cardiovascular risk factors were observed in both studied groups. In AS individuals, the rs1518108 was
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associated with high levels of GGT and ALP, whereas in controls, this polymorphism was associated
with high levels of hsCRP and TAT and with hypertension. In controls, also the rs1400986 was
associated with high levels of hsCRP and low levels of GGT. High levels of IL-20 were observed in
control individuals with rs1400986 TT genotype. Negative correlation between BMI and VAT/SAT
ratio in individuals with rs1400986 CC genotype and among IL-20 levels and TAT, VAT and SAT
was observed. Chen et al., [15] shown that IL-20 and its receptors are expressed in the human and
experimental atherosclerosis plaque. More importantly, the authors demonstrated that systemic
delivery of IL-20 accelerates atherogenesis in the apolipoprotein E-knockout mouse model. Our current
study supports an important role of the IL-20 polymorphisms in SA and in some cardiovascular
risk factors.

It was found that IL20 cytokine has been involved in the developing of atherosclerosis [15,17],
however, at the present, there are not studies that analyzed the association of the polymorphisms
located in the gene that encodes this cytokine with the presence of atherosclerosis. The association of
these polymorphisms with some inflammatory diseases has been reported, specifically in psoriasis and
ulcerative colitis [28,29]. In African Americans, the rs1400986 and rs1518108 polymorphisms were
associated with chronic hepatitis B infection [16]. Galimova et al., [30] analyzed 48 polymorphisms
in 377 patients with psoriasis and 403 healthy controls and reported that the rs1400986 T allele was
associated with decreased risk of psoriasis and that the combination of IL10 rs1554286 and IL20
rs1518108 was associated also with a reduced risk of presenting this disease. In these studies, were only
compared the three different genotypes in each polymorphism, they did not use an analysis considering
the inheritance models like in our study. In our study these polymorphisms were associated with lower
risk of SA under different inheritance models. The rs1400986 was associated under the five models
analyzed (cod1, cod2, dom, rec and add), whereas the rs1518108 was associated under two models
(cod2 and add). This result corroborates the association, principally of the rs1400986 polymorphism
with SA. An in-silico analysis showed that the rs1400986 polymorphism modify a binding site for the
MZF1 transcriptional factor. MZF1 is a transcriptional regulator of several proteins; one of them is the
SERPINA3 (serine proteinase inhibitor A3), protein that has been recently suggested as a potential
predictive marker of clinical outcomes in myocardial infarction [31]. The association of the rs1400986
polymorphism with SA that we detected in our study could be related with the effect of the MZF2
transcriptional factor in the IL-20 levels.

In our study, the rs1518108 polymorphism was associated with high levels of GGT in SA
individuals. High concentrations of GGT have been associated with cardiovascular diseases [32] and
with non-alcoholic fatty liver disease (NAFLD) [33]. Is well known that fatty liver is an important
condition associated with the developing of atherosclerosis [34]. In a previous study, increased
expression of IL-20 was detected in obese patients with NAFLD [35].

Both IL-20 polymorphisms were associated with high levels of hsCRP in control individuals
corroborating an inflammatory effect of this cytokine in these individuals. The rs1400986 TT genotype
was associated with decreased risk of SA, however in control individuals this genotype was associated
with high levels of IL-20, which is a pro-inflammatory cytokine. This contradictory result could be
explained considering that the production of IL-20 and other molecules is a complex mechanism that
involves not only changes at DNA level but also epigenetics modifications. Moreover, it is important,
to considered that in our study, the levels of IL-20 were measured in circulating blood and only in a
small group of control individuals. Unfortunately, these levels were not measured in SA individuals.
The panel used for the determination of the IL-20 levels was designed by us and also included the IL-19
and IL-22 cytokines, both members of the IL-10 family. Associations of the levels of these cytokines
with specific polymorphisms located in its respective genes are currently being analyzed.

It is important to mention, that the genotypes of IL-20 rs1400986 polymorphism presented a
negative correlation with TAT, VAT and SAT in control individuals. Thus, in individuals with rs1400986
CC genotype, the levels of the IL-20 cytokine decreased when the levels of TAT, VAT or SAT increase.
Recently, Tanaka et al. [36] analyzed the impact of the VAT and SAT distribution on coronary plaque
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scores. They reported that high SAT and low VAT correlated inversely with the extent and severity of
coronary artery plaques.

Our study presents some strengths: The group of individuals that we analyzed belong to the
GEA project that was designed to examine the genetic bases of premature CAD and SA and its
association with emerging and traditional cardiovascular risk factors in the Mexican population. This
is a large cohort that was characterized from demographic, anthropometric, biochemical, clinical and
tomographic point of view. Also, in the whole group of individuals, ancestry markers were determined
and the distribution of Amerindian, European and African ancestry was similar in the groups included,
thus the study has no ethnic bias [23]. Despite this, there are some limitations to consider. The results
were not replicated in an independent set of patients and controls. Considering that this is the first
time that polymorphisms located within the IL-20 gene are associated with SA and cardiovascular risk
factors, replication in another cohort of patients is necessary to confirm these results. The IL-20 levels
were only determined in a small sample of control individuals and not in the SA individuals. The study
included only individuals with SA defined as CAC > 0.0, thus the association of these polymorphisms
with coronary artery disease is mandatory.

5. Conclusions

In summary, our results indicate that the rs1400986 and rs1518108 polymorphisms in the IL-20
gene were associated (independently or as a haplotype) with decreased risk of developing SA. These
polymorphisms were also associated with some cardiovascular risk factors in individuals with SA
and healthy controls. Healthy controls with the rs1400986 TT genotype presented high levels of IL-20.
Negative correlation between BMI and VAT/SAT ratio in individuals with rs1400986 CC genotype and
among IL-20 levels and TAT, VAT and SAT was observed. To the best of our knowledge, this is the first
study that evaluates the association of IL-20 polymorphisms with SA, cardiovascular risk factors and
IL-20 levels. For this reason, the detected associations are not yet definitive and replicate studies in
independent populations are warranted to confirm these findings.
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Abstract: Coronary artery disease (CAD) is the leading cause of sudden cardiac death in adults,
and new methods of predicting disease and risk-stratifying patients will help guide intervention
in order to reduce this burden. Current CAD detection involves multiple modalities, but the
consideration of other biomarkers will help improve reliability. The aim of this narrative review
is to help researchers and clinicians appreciate the growing relevance of miRNA in CAD and its
potential as a biomarker, and also to suggest useful miRNA that may be targets for future study.
We sourced information from several databases, namely PubMed, Scopus, and Google Scholar,
when collating evidentiary information. MicroRNAs (miRNA) are short, noncoding RNAs that are
relevant in cardiovascular physiology and pathophysiology, playing roles in cardiac hypertrophy,
maintenance of vascular tone, and responses to vascular injury. CAD is associated with changes
in miRNA expression profiles, and so are its risk factors, such as abnormal lipid metabolism and
inflammation. Thus, they may potentially be biomarkers of CAD. Nevertheless, there are limitations
in using miRNA. These include cost and the presence of several confounding factors that may affect
miRNA profiles. Furthermore, there is difficulty in the normalisation of miRNA values between
published studies, due to pre-analytical variations in samples.

Keywords: coronary artery disease; biomarkers; noncoding RNA; microRNA

1. Introduction

Coronary artery disease (CAD) is a significant cause of morbidity and mortality in the elderly.
It is a complex, chronic pathological process in the intima of coronary arteries, yielding atherosclerotic
lesions that restrict blood flow to the myocardium and may be associated with a degree of inflammation.
Whilst the disease can remain stable, acute plaque rupture followed by coronary artery thrombosis
can be a fatal event. Early detection of this disease will allow for early management and intervention,
reducing morbidity and mortality.

Biomarkers are defined as characteristics that may be measured as indicators of normal biological
processes or pathogenic processes [1]. Biomarkers may involve several modalities, such as substances
measured in the blood and other bodily fluids, as well as imaging results and technologies like
electrocardiography; in particular, multi-biomarker approaches may be promising approaches for
the better detection of pathophysiology [2]. Currently, CAD detection involves several modalities.
Functional tests, such as stress electrocardiograms, and anatomical imaging, such as angiography,
provide clinicians with indications of CAD severity [3]. Numerous studies have assessed the validity
of these modalities. Their reliability, whilst being generally suitable, varies depending on context [4].
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A potential reason for this is variations between heterogenous study populations; however, simultaneous
consideration of different biomarkers may improve reliability [4].

Recently, microRNAs (miRNA) have been proposed as a potential biomarker for use in various
clinical contexts. They are major effectors of gene silencing through post-transcriptional repression
and mRNA degradation [5]. This review aims to discuss the potential utility of microRNA (miRNA),
as a diagnostic and prognostic tool for clinicians to detect CAD.

2. Localisation of miRNA

MiRNA are short RNAs (18–25 nts) that engage in the sequence specific inactivation of mRNA
(Figure 1). They are encoded by their own non-protein coding genes located across the genome,
though they also occur in the introns and exons of other genes [6,7]. MiRNAs are predominantly
located intracellularly, although a proportion of them can be detected in the extracellular environment
(ECmiRNA), including in plasma and various other body fluids [8–10]. They occur freely circulating
or associated with other molecules, including within extracellular vesicles, such as exosomes and
microvesicles, and can also be complexed with lipoproteins [11–15].

 

Figure 1. MiRNA biogenesis and their means of transcriptional silencing. RNA Pol II: RNA polymerase
II; miRNA: microRNA; RanGTP: Ran coupled to guanosine triphosphate; RISC: RNA-induced silencing
complex; Poly(A) tail: poly-adenosine tail; 80S ribosome: eukaryotic ribosome. (A) Within the
nucleus (blue area), miRNA are initially transcribed (e.g., from an miRNA gene) from DNA by RNA
polymerase II (yellow) in the form of primary miRNA, or pri-miRNA, which contain stem-loop
structures. The enzyme Drosha (purple) proceeds to cleave these stem–loop structures from the rest of
the transcript, and these structures are now defined as precursor miRNA, or pre-miRNA. These are then
exported from the nucleus via exportin 5 coupled to the Ran cycle. (B) Once in the cytosol (yellow area),
the enzyme Dicer recognises pre-miRNA and cleaves them to produce mature miRNA molecules with
two nucleotide overhangs on their 3′ ends. This molecule is then incorporated into an RNA-induced
silencing complex (RISC, green) and the passenger strand (red backbone) is destroyed. This results in an
active RISC complex. (C) The active RISC complex uses the guide strand of the miRNA (blue backbone)
to target mRNA transcripts, specifically those that are complementary to the seed sequence of the guide
strand. Through translational repression and RNA decay, miRNA reduce the expression of certain
genes through RISC. Also note that the poly(A) tail is shown in pink. Ago2: Argonaute 2; DGCR8:
DiGeorge syndrome critical region 8.
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Microvesicles and exosomes are both types of extracellular vesicles with multiple roles in normal
cell physiology. One of their major functions is intercellular communication through the carriage of
signalling molecules, including proteins, mRNAs, and miRNAs amongst others, to targets of variable
distance from the cell of origin [16,17]. Exosomes have a size range of 30–100 nm, and themselves
originate from organelles of the endocytic pathway, the multivesicular bodies [16,17]. A multivesicular
body is produced by the invagination of an endosome to produce intraluminal vesicles, into which
specific molecules are sorted. Multivesicular bodies are trafficked to and subsequently fuse with the
plasma membrane, at which point the intraluminal vesicles, now labelled as exosomes, are released into
the extracellular space [16,17]. Microvesicles have a size range of 0.1–1.0 μm and are produced from the
plasma membrane directly through outward blebbing [17,18]. Specific molecular cargo is transported
towards regions of the plasma membrane where local alterations in the lipid composition reduce the
rigidity of the membrane and facilitate further curvature [17,18]. The assembly of contractile machinery
in these regions produce cytoskeletal rearrangements that pinch off nascent microvesicles [17,18].
The membrane budding that produces microvesicles differs from the blebbing process that produces
apoptotic bodies, which is a less specific process [17,18]. These extracellular vesicles can then be
trafficked through autocrine, paracrine, and endocrine paths (Figure 2). The multiple forms of
endocytosis are the typical forms of vesicle uptake, though membrane fusion between microvesicles
and the target cell plasma membrane has also been observed [17]. The mechanism utilised is likely
dependent on the recipient cell type and the suitable expression of receptors compatible with the
vesicle [17].

 

Figure 2. Export pathways for miRNA and means of interaction with other cells/cell of origin as a
potential means of signalling. (A) The autocrine pathway, whereby extracellular miRNAs re-enter
the cell from which they originated. (B) The paracrine pathway, whereby extracellular miRNAs are
transported towards and enter cells of the same or different type to the miRNA’s cell of origin. (C) The
endocrine pathway, whereby extracellular miRNAs enter the circulation and are thus transported to
cells in other tissues/organs. Ago2: Argonaute 2; miRNA: microRNA.

Research suggests that miRNA occur within exosomes, not on their surface membranes or
associated with surface structures [11,19]. Additionally, a significant number of transcripts in the
exosomes are not present in the donor cells from which they are derived; this profiling suggests that the
miRNA profile of exosomes does not directly reflect the transcriptional status of the donor cell [11,19].
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Exosomes have therefore been proposed to be a means of cell type-specific intercellular paracrine
communication through delivering RNAs, which would affect the recipient cell’s proteome, and this
has been demonstrated in several in vitro models involving both animal and human cells [11,19–23].

While the principles of miRNA transfer by microvesicles are similar to that by exosomes, there are
some notable differences [13]. For one, microvesicles (MVs) are synthesised from the plasma membranes
of donor cells, and so the profile of the membrane proteins on them reflects the donor cell type. It seems
probable that miRNA secretion via this mechanism is independent of the donor cell’s transcriptional
status [24]. Known cell types that produce miRNA-loaded MVs include endothelial cells, mesenchymal
stem cells, and cancer cells [12]. Finally, ECmiRNA are also found complexed with HDLs, and these
have been of interest as biomarkers of CAD [25,26]. However, recent studies cast doubt on the exact
role of exosomes and microvesicles as carriers of miRNA. One important criticism has been that
extracellular vesicles may co-purify miRNA found in culture and supplement media, such as foetal
bovine serum, potentially confounding results [27]. Newer techniques, such as high-resolution density
gradient fractionation and direct immunoaffinity capture, suggest that the secretion of DNA and RNA
products is independent of extracellular vesicles, perhaps through a proposed model of autophagy or
multivesicular-endosome-dependent but exosome-independent mechanism [28]. Furthermore, only a
small fraction of in vitro, human lymphocyte-derived extracellular vesicles have been found to carry
miRNA, and the binding of extracellular vesicles to cell membranes has not been observed. This may
be due to a short exposure time and variability in conditions from physiological conditions [29].
Thus, there is a requirement for further investigation in this domain, although microvesicle RNA
biology has been successfully translated to use in clinical settings in the diagnosis of haematological
and oncological disorders [30].

Freely-circulating miRNA have been demonstrated by PCR miRNA assays conducted on
fractionated, filtered, and ultracentrifuged plasma obtained from peripheral blood samples [14,15].
The miRNA may be bound to Argonaute (Ago2), an extracellular miRNA binding protein, and together
they form a stable nucleoprotein complex. These stable complexes exist intracellularly, so it may be
plausible that a certain proportion of ECmiRNA are released following cell death processes, e.g., necrosis
and apoptosis, though it remains a possibility that miRNA/Ago2 complexes are/can be directly released
from cells in order to communicate with others [14,15].

3. Physiological Roles of miRNA and Their Clinical Relevance

The significance of miRNA is made evident by the defective organogenesis and embryonic lethality
that is found in murine models of tissue-specific or germline Dicer knockouts, respectively [31,32].
Dysregulation of miRNA is linked to the aetiology or pathogenesis of viral infections, cancer,
and metabolic diseases [33]. Notable cardiovascular examples are miR-208, miR-143/145, and miR-21.
MiR-208 is derived from an intron of the α-MHC (myosin heavy chain) gene, which is uniquely
expressed in the myocardium and encodes an isoform of myosin heavy chain [34]. It acts within a
network to upregulate the expression of β-MHC in response to stress, but its absence does not result in
the absence of myocardium, therefore yielding viable mice [35].

The miR-143/145 cluster regulates the expression of cytoskeletal genes in vascular smooth muscle
cells (VSMCs), and although murine knockouts are still viable, they show reduced vascular tone
and significantly reduced capacity for migration in the process of neointima formation following
vascular injury [36,37]. Stress-induced hypertrophy of cardiomyocytes is, at least in part, facilitated
by miR-21-mediated silencing of two target proteins [38]. Indeed, miRNA have a wide range of
cardiovascular functions, and their absence induces many abnormal phenotypes [7]. A recently
compiled database of extracellular vesicle miRNA describes their potential roles as biomarkers in
various diseases, including myocardial infarctions [39–42].

Thus, miRNA may either have a causative role or are a consequence of pathology. In the case
of the former, the relevant miRNA could be operating as an initiator or maintainer of the condition
(i.e., is a necessary component of a particular disease process), or could simply yield susceptibility
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(i.e., could potentially be sufficient to produce the disease phenotype, for example by yielding a
substrate that enables the disease to precipitate). In the case of the latter, the measured changes in
miRNA levels may be due to unregulated secretion from injured/stressed cells, or as a homeostatic
response to the insult, with the communication between the cells occurring at the paracrine or the
endocrine level [43].

Hence, for both of these, by measuring the changes in the miRNA signatures in an individual
before, during, and after recovery from a particular pathology, we may be able to identify how the
miRNA are behaving with respect to aetiology and pathogenesis (i.e., whether changes in miRNA
behaviour affect susceptibility, are an outright cause, or more simply are products of the disease
process). These signatures themselves may be detected in biopsies or peripheral blood samples, and are
defined by the identity of the specific miRNAs that are detected, as well as by their concentrations.
There already exists diagnostic miRNA tests based on either an miRNA panel or single miRNA
quantification for diseases like certain cancers, indicating a successful proof of concept for the use of
miRNA as biomarkers in disease [44,45].

4. Coronary Artery Disease (CAD) Pathophysiology

To better appreciate and evaluate the potential of miRNA as biomarkers in CAD, it is necessary to
first consider the pathology of CAD. The pathogenesis of coronary artery plaques in CAD involves
endothelial cell activation and the subsequent infiltration of the tunica intima by oxidised lipoproteins
and monocytes. These monocytes go on to differentiate into macrophages and transform into foam
cells as they consume these lipoproteins [46,47]. Consequently, a chronic inflammatory response is
produced, whereby the macrophages begin the secretion of cytokines and chemoattractant factors
that promotes the activation of the endothelium, which beckons further adhesion and infiltration
(diapedesis) of more monocytes/other leukocytes [48]. This leads to the development of a raised
lesion with a fibrous cap (from the myofibroblasts) and a lipid-rich interior (from lysed foam cells).
The “shoulder” of the cap is found to have both of these cell types in addition to T-lymphocytes
(although their role is not entirely understood) [49].

Angiogenesis may occur within the plaque and contribute to the expansion of the plaque through
haemorrhaging of the new vessels forming at the shoulder into the less dense, lipid-rich core. The plaque
may subsequently rupture, which can lead to thrombosis as coagulation factors and thrombocytes adhere
to the lesion, as well as embolisation of plaque fragments. Other complications include calcification,
or the formation of an aneurysm as the tunica media weakens from the arterial remodelling [50].
Endothelial cells are also induced to produce a pro-inflammatory response, which propagates the further
infiltration of monocytes and degeneration of the elastic laminae in the media [51]. This weakened area
of vessel wall can dilate in response to pressure applied to it. CAD pathophysiology therefore has the
potential to give rise to measurable circulating biomarkers, due to the close involvement of disease with
the circulating vasculature. Established surrogates that are commonly used, such as circulating LDL,
HDL, troponin, and creatinine kinase, are associated with different stages in their pathophysiology:
LDL and HDL being more relevant upstream as risk factors, and troponin and creatinine kinase more
relevant downstream as a consequence of sufficiently advanced disease. Thus, there may be other
biomarkers that may be of use in either a prognostic or diagnostic capacity. miRNA may be one
such class.

5. CAD Biomarkers and miRNA

Current standard molecular biomarkers include proteins, lipids, and other metabolites.
Cardiac troponins are well-established and are commonly used indicators of adverse cardiac events [52].
Creatinine kinase is also used in the same context, although it is less specific due to its presence in
skeletal muscle and cerebral tissue. However, troponins and creatinine kinase involve the terminal
series of events in CAD: ischaemic damage to the myocardium arising as a result of acute coronary
syndrome [9,53].
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Novel serum biomarkers, and more recently urinary biomarkers for CAD, are of increasing
interest. For example, high-sensitivity C-reactive protein and high-sensitivity troponin I assays have
been proposed as biomarkers of coronary artery disease and its progression [54–56]. They pose the
advantages of being non-invasive, compared to percutaneous coronary angiography, and without the
radiation exposure of CT coronary angiography [57]. In a study that tested over 100 different serum
biomarkers in over 1000 patients, four biomarkers in combination (adiponectin, apolipoprotein C-I,
midkine, and kidney injury molecule-1 (KIM-1)) were found to predict incidence of severe CAD [58].

Alongside these novel biomarkers, numerous studies have tried to identify miRNA, which may
distinguish between individuals with different cardiovascular health statuses (Table 1) [59–61].
These miRNAs may be considered at local sites, such as at plaques or sites of endothelial injury, or
freely circulating in serum. There is a vast constellation of research, and several candidate miRNAs
have been identified, although this is complicated by a lack of correlation between studies. This may be
due to experimental design variation, as studies involve different experimental models, time courses
(acute vs. chronic disease), and quantification methodologies.

5.1. Localised Changes in miRNA Profiles

At the tissue level, specific miRNAs are expressed at the sites of myocardial injury/ischaemia
or at the site of the atherosclerotic lesion. This expression may be in vascular tissue, myocardium,
or plaque cells. Vessel wall biology changes drastically as atherogenesis progresses, and the changes in
miRNA expression reflect this (Figure 3). In vascular smooth muscle cells. miRNA-1, -10a, -21, -100,
-133, -143, -145, and -204 have been characterised with their standard contractile phenotype [62,63].
This is contrasted with a myofibroblast phenotype that VSMCs differentiate into during plaque
development, which is instead associated with miRNA-24, -26a, -31, -146a, -208, and -221 [62,63].
The latter set of miRNA directs VSMCs to a secretory phenotype, with increased proliferative and
migratory activity [63–68].

In the case of miRNA-21, however, there is evidence of the inverse, whereby this miRNA, which is
elevated in CAD, may promote VSMC proliferation and indicate the progression of atherosclerosis [69].
Through the inhibition of FOXP1 and ZDHHC14 expression, respectively, miRNA-206 and -574-5p
also act to do the same, and are demonstrated to be elevated in CAD patients, although the former
seems to actually be anti-atherogenic [70].

Endothelial cells produce a baseline level of miRNA-155 and miRNA-126-5p under healthy
conditions, whereas miRNA-21, miRNA-34a, and miRNA-210 are featured more in the endothelium
of atherosclerotic lesions (Figure 3) [63]. These are due to increased shear stress from altered tissue
morphology, interrupted cell cycle control, and hypoxia, respectively, all of which occur in atherosclerotic
plaques. However, the downregulation of miRNA-126-5p removes a significant promoter of endothelial
cell repair and maintenance, which further enables atherogenesis [71].

Endothelial progenitor cells (EPCs) are mobilised to give rise to endothelial cells in angiogenic
atherosclerotic lesions, in a process marked by changes in the miRNA. In particular, miRNA-361-5p and
miRNA-206, which are upregulated in CAD patients, are potentially responsible for controlling
the expression of vascular endothelial growth factor in EPCs, as well as EPC activity [72,73].
Connections have been made with further miRNA, though only in the broad scope of these lesions as a
whole (Table 1).
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Figure 3. Associations between miRNA in different cells and constituent pathways in coronary artery
disease (CAD) pathogenesis. Pathological alterations in the phenotypes of particular cells of the
circulatory system, in addition to normal homeostatic processes, are core to the development of CAD
(shown in blue, phenotypes in red, pathophysiological processes in purple). Various miRNAs have been
identified as being associated with these pathological developments (shown in green), with previous
studies showing that they may be implicated in particular contributing mechanisms. VSMC: vascular
smooth muscle cell.

5.2. Changes in Circulating miRNA

Certain miRNA will be released from cells as either a homeostatic response to CAD or following
cell death (Figure 3). Therefore, miRNAs that are linked to such insults, such as miRNA-499,
miRNA-208, and miRNA-1 [74–77], could plausibly be released from ischaemic cardiomyocytes as
they necrose. Muscle-enriched miR-133a, together with miR-1, shows a steeper and earlier increase
than cardiac-enriched miRNA (miR-499 and miR-208b) upon myocardial injury [42]. Alternatively, cell
death within the atherosclerotic lesion itself can produce circulating miRNA. A fraction of endothelial
cells in atherosclerotic plaques undergo apoptosis, and thus release apoptotic bodies that have been
found to contain miRNA-126 (Figure 3) [14]. In actuality, this miRNA acts through CXCL12 to stabilise
plaques and protect the vessel wall structure from further damage under atherogenesis (Table 1).

In terms of homeostatic responses, leukocytes, such as peripheral blood mononuclear cells
(PBMCs), demonstrate altered miRNA profiles in CAD patients relative to healthy controls. One study
reported differences in the levels of miRNA-147, which was downregulated, and miRNA-135a,
which was upregulated, in these cells [78]. Another group observed that CAD patients’ PBMCs also
had an increased expression of miRNA-146a/b under inflammatory stimuli associated with CAD,
and lowered expression of let-7i [79,80].

In another study comparing the expression levels of multiple circulating miRNAs between
eight CAD patients and eight healthy volunteers, all of the miRNA primarily expressed in the
endothelium—miRNA-126, -17, -20a, -92a, -221, -199a-5p, -27a, -130a, and -21, as well as let-7d—had
significantly lower levels in the circulation in CAD patients [61] (note, however, that miRNA-126 is also
highly enriched in platelets [81]). This was in contrast to the miRNAs that were specifically expressed
in striated muscle, of which only one (miRNA-208b) was found to have a significant difference, and was
instead elevated in CAD patients [61].

55



Biomolecules 2020, 10, 1354

Determining the cell type of origin, as well as the precise roles of both of these types of miRNA,
would further define the underlying communications and transformations that lead to plaque formation.
However, it may be suggested that circulating miRNA are the most feasible candidates as biomarkers,
due to the comparative ease of extraction

6. miRNA in CAD Pathophysiology

The relevance of miRNAs as biochemical precursors to the more macroscopic cellular and
histological events that comprise atherogenesis is becoming increasingly evident [82,83]. As discussed
above, lipid metabolism and inflammatory changes are key aspects of this process. Therefore, here we
discuss miRNA in these contexts and highlight the changes that occur in pathological processes.

6.1. Lipid Metabolism

LDLs, mainly in their oxidised form, are the primary carriers of the cholesterol and triglycerides
that are found in atherosclerotic lesions. Implicated in the synthesis of these molecules are miRNA-24,
-33, -103a, and -122, all of which are found to have been significantly increased in the PBMCs of
CAD patients [84,85]. Further investigations of miRNA-33 have reported that it suppresses the
cholesterol efflux mechanism in cells, at least in part by inhibiting the expression of ATP-binding
cassette transporter A1 [86,87]. Likewise, the expression miRNA-370 is also significantly raised in CAD
patients [88]. This miRNA downregulates the expression of a carnitine palmitoyl transferase protein
that is required for the trafficking of fatty acids into the mitochondria for β-oxidation, and is also higher
in CAD patients [87]. In addition, these individuals can be identified from increased miRNA-486, -92a,
-208a, -122, -93, and -17-5p [86,87].

6.2. Inflammation

Endothelial vulnerability to pathological inflammatory activity may, in part, be regulated by
miRNA-10a, which is also reduced in CAD patients compared to healthy controls [71,82,89,90].
miRNA-155 shows the same trend, though there is contrasting evidence when the miRNA’s levels in
the plasma and plaques of individuals with atherosclerosis were investigated [89,90]. Li et al. [90] have
also shown that miRNA-155 reduces the expression of calcium-regulated heat stable protein 1 and
promotes TNF-α expression in macrophages, suppressing foam cell formation [71,89,90].

Furthermore, miRNA-22 is known to repress the chemokine CCL2 in PBMCs, which modulates
intercellular communication in inflamed tissues [82,91]. In CAD patients, the levels of these miRNAs
in PBMCs are reduced. In addition to this, miRNA-146a is also reduced in CAD patients [91].
This miRNA is induced by pro-inflammatory cytokines to inhibit the nuclear factor-κB pathway in a
negative feedback loop to resolve inflammation in its later stages [82,91]. MiRNA, therefore, plays a
role in inflammatory processes that may form one component of the complex pathophysiology of
atherosclerosis, and may represent potential biomarker candidates early in the disease process [82].

7. Pitfalls in Assessing miRNA as Biomarker Targets

7.1. Confounding Factors

When considering the utility of miRNA as biomarkers, one needs to consider any variances in
their expression not relating to pathological processes alone. One such source of variation may be
population-level changes. Thus, studies has shown geographical/ethnic differences in the expression
levels of miRNA [92,93].

Age and sex are other factors that correlate with the frequency of different miRNA in
circulation [94]. This has been demonstrated in an analysis of platelet-derived mRNA and miRNA [95].
However, in terms of cardiac-specific miRNA, there is limited data on CAD-associated miRNAs
and their variation with the sex and ethnicity of a patient. Discrepancies in miRNA levels with
respect to age have been reported in a few studies, which is a further confounder, as ageing is a
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critical risk factor of cardiovascular health. For example, with miRNA-149, -424, and -765, the former
two are downregulated and the latter upregulated in middle-aged (aged 49–57) CAD patients [96].
Another study showed that miRNA-126-3p expression is greater in senescent endothelial cells than in
younger cells, and their quantity in circulation is also increased [97].

Furthermore, cardiac fibroblasts increase their expression of miRNA-21 and miRNA-22 with
age, which can lead to increased fibrosis and progression towards senescence, respectively [98].
Cardiomyocytes show the same change in miRNA-22, whereby they have been demonstrated to have a
suppressive effect on autophagy in aged cardiomyocytes, producing an improved functional recovery
of myocardium post-infarct in elderly mice, though not in younger mice [99].

Moreover, the level of miRNA-155, in addition to actually being higher in human females, decreases
with age. Other miRNA have been implicated in cardiac ageing and associated dysfunction in addition
to CAD, including the miRNA-17-92 cluster, miRNA-18, miRNA-19, and miRNA-17-3p [98,100–102].
Therefore, since not all studies investigating these miRNA have adjusted their results to control for
these factors, any reported variation in miRNA may partially be explained by factors other than
CAD [103].

7.2. Measuring Serum and Plasma miRNA

Of the published studies that analyse circulating miRNA, the general trend seems to concentrate
on using plasma-based samples. This specification is critical, as the difference in the molecular profile
between serum and plasma results in a difference between the recorded miRNA levels as the sample
is being prepared, as serum holds a higher concentration of RNA than plasma [104]. Further to this
point is that coagulation increases variability in serum miRNA concentrations [104]. Hence, we must
recognise the difficulty of normalising miRNA values due to pre-analytical variations, including blood
cell counts and the miRNA load of the cells and platelets in circulation.

Furthermore, any haemolysis releasing the miRNA contained within blood cells will affect the
total miRNA concentration and profile that we identify from serum, though cellular contamination
would cause the same changes in plasma and serum samples. Thus, care should be taken when
preparing samples to prevent distorted results [104–106], and it may be best to produce a standard
operating procedure (SOP) for acquiring miRNA data, based on currently existing SOPs for collecting
such samples.

8. Validity of miRNA as Biomarkers

When addressing the feasibility/validity of miRNA as a biomarker, a few critical points must first
be considered. Firstly, ease of access is not a concern, as miRNAs occur in peripheral blood so whole
blood samples can be taken. However, it should be noted that the majority of miRNA in peripheral
blood will likely be derived primarily from well-vascularised tissues, e.g., lungs and kidneys, in
addition to blood cells themselves (platelets are a major contributor to the circulating RNA pool [107]),
so the relative quantities of particular miRNAs should be taken into account.

Secondly, cost is likely a significant concern, due to the processes required to prepare the
miRNA: RNA purification, reverse transcription–polymerase and quantitative polymerase chain
reaction/microarrays/sequencing, controlling RNase activity, etc. [108,109]

Thirdly is timing/storage. MiRNA/Ago2 complexes have remarkable biologic stability and occur
both in microvesicles and freely in plasma, though miRNA integrity is also maintained in tissues that
have been fixed in formalin and embedded in paraffin, as is done with biopsies [108,109]. This protects
the original samples, though preparation of purified miRNA must still be done carefully, and regular
monitoring and appropriate storage are necessary. Control of the temperature and RNase activity are
crucial to prevent degradation.

Lastly is content/criterion validity [110]. Major efforts have been and are currently being invested
into establishing the reliability of miRNA as a diagnostic for a diverse range of human diseases
(i.e., carrying indicative or predictive value), as well as into developing diagnostic tests for them

57



Biomolecules 2020, 10, 1354

and trying to understand their contribution to the disease’s manifestation, as mentioned [43,111–114].
Prognostic information and severity assessments also stand to be improved through the use of
miRNA [115].

While the quantification and normalisation methodologies are still being developed, stability,
accessibility, and disease specificity still lend miRNAs significant value as biomarkers, and evidence of
this continues to grow [116,117].

Given that there are several miRNAs, it is likely to be beneficial to assay these particular biomarkers
in a panel of tests. When considering the levels of all of those that are tested for, we gain a better
understanding of the pathology’s context. Some groups support this notion, with the suggestion that
using a panel of select miRNA “may have a greater target-organ specificity and better diagnostic value
than a single miRNA or well-established clinical biomarker” [116]. This is easily demonstrated by the
range of miRNAs that are found to be involved in a singular disease, and a singular miRNA may
be involved in multiple diseases, producing a web of interaction [116]. A gene can have sequences
complementary to different miRNA seed sequences, and an miRNA may target multiple genes, so this
is a feasible paradigm.
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9. Conclusions

The field of miRNA biomarkers is still relatively young, although it shows significant promise for
diagnostics, including for CAD. Many candidate biomarkers have been investigated which characterise
different aspects of this vascular disease. There are still challenges, both in the scientific understanding
of their roles in CAD and in normalising their measured values across samples and accounting for
natural variation in the healthy population.
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Abstract: Background: Currently, no blood biomarkers exist that can diagnose unstable angina (UA)
patients. Nourin is an early inflammatory mediator rapidly released within 5 min by reversible
ischemic myocardium, and if ischemia persists, it is also released by necrosis. Nourin is elevated in
acute coronary syndrome (ACS) patients but not in symptomatic noncardiac and healthy subjects.
Recently, circulating microRNAs (miRNAs) have been established as markers of disease, including
cardiac injury and inflammation. Objectives: To profile and validate the potential diagnostic value
of Nourin-dependent miR-137 (marker of cell damage) and miR-106b-5p (marker of inflammation)
as early biomarkers in suspected UA patients and to investigate the association of their target and
regulating genes. Methods: Using Nourin amino acid sequence, an integrated bioinformatics analysis
was conducted. Analysis indicated that Nourin is a direct target for miR-137 and miR-106b-5p in
myocardial ischemic injury. Two linked molecular networks of lncRNA/miRNAs/mRNAs were
also retrieved, including CTB89H12.4/miR-137/FTHL-17 and CTB89H12.4/miR-106b-5p/ANAPC11.
Gene expression profiling was assessed in serum samples collected at presentation to an emergency
department (ED) from: (1) UA patients (n = 30) (confirmed by invasive coronary angiography with
stenosis greater than 50% and troponin level below the clinical decision limit); (2) patients with acute
ST elevation myocardial infarction (STEMI) (n = 16) (confirmed by persistent ST-segment changes
and elevated troponin level); and (3) healthy subjects (n = 16). Results: Gene expression profiles
showed that miR-137 and miR-106b-5p were significantly upregulated by 1382-fold and 192-fold
in UA compared to healthy, and by 2.5-fold and 4.6-fold in STEMI compared to UA, respectively.
Healthy subjects showed minimal expression profile. Receiver operator characteristics (ROC) analysis
revealed that the two miRNAs were sensitive and specific biomarkers for assessment of UA and
STEMI patients. Additionally, Spearman’s correlation analysis revealed a significant association
of miRNAs with the associated mRNA targets and the regulating lncRNA. Conclusions: Nourin-
dependent gene expression of miR-137 and miR-106b-5p are novel blood-based biomarkers that
can diagnose UA and STEMI patients at presentation and stratify severity of myocardial ischemia,
with higher expression in STEMI compared to UA. Early diagnosis of suspected UA patients using
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the novel Nourin biomarkers is key for initiating guideline-based therapy that improves patients’
health outcomes.

Keywords: unstable angina; Nourin; miRNAs; inflammatory diagnostic biomarkers; reversible
myocardial ischemia; acute coronary syndromes

1. Introduction

Acute coronary syndromes encompass a spectrum of ischemic conditions that in-
clude acute myocardial infarction (AMI) with ST-segment elevation (STEMI) or without
(NSTEMI) and unstable angina [1,2]. Currently, patients with chest pain are assessed by
risk score algorithms [3,4], electrocardiogram (ECG), cardiac enzymes, and occasionally
coronary computed tomographic angiography [5,6]. However, the diagnosis still has
major challenges especially for patients with atypical symptoms and completely normal
or dynamic come-and-go ECG changes [7]. Although the introduction of high-sensitive
cardiac troponins has improved the detection rate of NSTEMI, in the absence of myocardial
necrosis, patients with unstable angina (UA) often undergo a lengthy assessment in a
hospital emergency department (ED) or require hospital admissions [8]. Additionally, to
date, no inflammatory blood-based biomarkers exist that can quickly diagnose reversible
ischemic injury in UA patients [9]. Thus, there is a clear need to identify and validate new
blood-based biomarkers to identify reversible ischemic injury as seen in UA patients before
progressing to necrosis.

Elgebaly et al. [10–15] reported that Nourin is a 3 KDa formyl peptide that is released
within five minutes by human and animal hearts in response to ischemic injury. Nourin
is unique because of its rapid release by reversible ischemic myocardium when cells are
initially injured, but still alive and not dead. If ischemia persists, Nourin is also released
by necrotic cells. Nourin is a potent inflammatory mediator, and its release is associated
with post-ischemic cardiac inflammation in early ischemia/reperfusion animal models
of AMI, cardiopulmonary bypass surgery, as well as heart failure. A schematic diagram
illustrating the release of the leukocyte chemotactic factor Nourin by ischemic myocardium,
followed by leukocyte recruitment and cardiac inflammation, is presented in Figure 1.
In our earlier publications, Nourin was referred to as cardiac-derived leukocyte chemotac-
tic factor. Nourin was purified from cardioplegic solutions collected during cardiac arrest
(reversible myocardial ischemia) from cardiopulmonary bypass patients when they under-
went coronary revascularization [11], and its amino acid sequence was determined. As a
formyl peptide, Nourin binds to formyl peptide receptor (FPR) on leukocytes and vascular
endothelial cells (VECs). A number of competitive antagonists were identified, including
cyclosporin H, spinorphin, t-Boc-Phe-D.Leu-Phe-D.Leu-Phe, and soluble FPR fragment
17 aa loop peptide, which inhibited Nourin activity and tissue inflammation. Additionally,
the bioenergetic compound, Cyclocreatine Phosphate (CCrP) prevented ischemic injury by
preserving elevated levels of cellular adenosine triphosphate (ATP) during ischemia, thus
reducing Nourin intracellular formation and circulating levels, resulting in reduction of
early reperfusion cardiac inflammation and restoration of contractile function in animal
models of AMI, global cardiac arrest, cardiopulmonary bypass, heart transplantation, as
well as heart failure [10,13]. As a potent inflammatory mediator, Nourin stimulates leuko-
cyte chemotaxis and VEC migration and activates human monocytes, neutrophils, and
VECs to express high levels of cytokine storm mediators, digestive enzymes, and free radi-
cals, including tumor necrosis factor-α (TNF-α, a key stimulant of apoptosis), interleukin
1β (IL-1β), interleukin 8 (IL-8), leukocyte-endothelial cell adhesion molecule 1 (LECAM-1),
intercellular adhesion molecule 1 (ICAM-1), and endothelial-leukocyte adhesion molecule
1 (ELAM-1), as well as collagenase type IV, N-acetyl-B-glucosaminidase, gelatinases, and
superoxide anion [10]. Several of these mediators were reported by other investigators
to play a crucial role in recruiting and activating neutrophils during post-ischemic early
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reperfusion, and thus may contribute to the no-reflow phenomenon. Furthermore, since the
above-described Nourin inhibitors/antagonists are aimed at controlling the level and activ-
ity of Nourin, they will likely reduce early post-reperfusion leukocyte influx/activation and
inflammation-induced damage without interfering with the crucial cardiac repair process
that occurs a few days following myocardial infarction [10]. Additionally, an independent
study indicated that high levels of TNF-α, IL-1β, and IL-8 were detected in UA patients
during the early disease phase [16], suggesting a role of Nourin-induced proinflammatory
cytokines in the pathogenesis of UA. Clinically, using Nourin ELISA and chemotaxis assay,
we demonstrated that high levels of Nourin were detected in blood samples collected
at presentation to hospital EDs from symptomatic acute coronary syndromes (ACS) pa-
tients and patients with documented AMI but not in symptomatic noncardiac patients and
healthy subjects [17]. These results suggest the potential use of the Nourin biomarker to
rule out myocardial ischemia for symptomatic patients having noncardiac causes.

Figure 1. Schematic diagram illustrating the release of the leukocyte chemotactic factor Nourin by ischemic myocardium,
followed by leukocyte recruitment and cardiac inflammation.

Non-coding RNA molecules are nonprotein coding genes that regulate 60% of pro-
tein coding genes. Non-coding RNAs are either: (1) short noncoding of approximately
22–24 nucleotides, named miRNAs post-transcriptional regulator, or (2) long noncoding
(>200 nucleotides) [18]. They are involved in numerous biological processes, including cell
proliferation, differentiation, and apoptosis, thereby contributing to various pathological
conditions [19]. With the development of high-throughput next-generation sequencing
(NGS), about 30 miRNAs have been reported as specific diagnostic and prognostic blood-
based biomarkers in AMI patients, including miR-155, miR-380, miR-208b, and miR-133a.
On the other hand, a cluster of the three miRNAs—(miR-150/186/132), miR-133a, and miR-
108b—are linked to UA patients [20,21]. The role of miR-137 in ischemic stroke and their
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potential therapeutic targets have also been reported in recent studies [22,23]. Although
the focus was restricted to cerebral [22] and retinal hypoxia [24], the signaling pathway
was directly related to hypoxic conditions. Li et al. reported that miR-137 is a hypoxia-
responsive gene, and its overexpression aggravates hypoxia-induced cell apoptosis [24].
Additionally, recent bioinformatics analysis has suggested that miR-106b-5p serves as a
robust inflammatory mediator for apoptosis and angiogenesis in AMI [25–27].

In the current study, we applied an integrative bioinformatics analysis using the
Nourin amino acid sequence to retrieve the Nourin-associated miRNAs in UA and acute
STEMI patients. The two miRNAs, miR-137 and miR-106b-5p, which are linked to myocar-
dial ischemia, were selected. Both miRNAs are found to be expressed in human hearts and
they were identified as cardiac-enriched miRNAs that are found to be overexpressed at a
much higher level during cardiac tissue injury and in AMI patients, but undetectable in
healthy individuals. Furthermore, the lncRNA/miRNA/mRNA network for each miRNA
was constructed and a quantitative real time PCR (qPCR) was performed to determine
whether the Nourin-dependent miRNAs, miR-137 and miR-106b-5p, can diagnose ischemia-
induced injury in UA patients when troponin levels are below the clinical decision limit
or in STEMI patients with elevated troponin level. A schematic diagram illustrating the
signaling pathway of Nourin-dependent miR-137 and miR-106b-5p in myocardial ischemic
injury is presented in Figure 2. Specifically, downregulation of lncR-CTB89H12.4 due to is-
chemia resulted in upregulation of both miR-137 (marker of cell damage) and miR-106b-5p
(marker of inflammation), as well as activation of mRNA-FTHL-17 and mRNA-ANAPC11
with a likely increased translation and production of Nourin protein. Thus, the association
of these miRNAs with their regulatory molecular networks outlines a novel underlying
mechanistic signaling pathway in myocardial ischemic injury.

Figure 2. Schematic diagram illustrating the mechanism of Nourin-dependent miRNAs, miR-137
and miR-106b-5p, in myocardial ischemic injury and their associated molecular network, based on
integrative bioinformatics analysis. Downregulation of CTB89H12.4 due to ischemia resulted in
upregulation of both miR-137 (marker of cell damage) and miR-106b-5p (marker of inflammation)
and activation of mRNA-FTHL-17 and mRNA-ANAPC11, with a likely increased translation and
production of Nourin protein.
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2. Subjects and Methods

2.1. Bioinformatics Analysis

A comprehensive bioinformatics analysis was conducted to analyze different ex-
pressed genes (DEGs) that are incorporated with myocardial ischemic injury and related
to Nourin protein, then the Nourin protein interaction was mapped through functional
gathering analysis using the incorporated gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) databases, and finally, a pathway enrichment analysis
of the DEGs was performed using the online The Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID ) tools. A p-value < 0.05 indicates significance.
To construct a protein–protein interaction (PPI) network, the Nourin-dependent DEGs
were uploaded to an interacting genes/proteins database (STRING), which provides a
systematic functional organization of the proteome. The data obtained revealed that ferritin
heavy chain like 17 (FTHL-17) and anaphase promoting complex subunit 11 (ANAPC11)
genes directly targeted Nourin protein, and they were significantly dysregulated in my-
ocardial ischemic injury. In addition, they were minimally expressed in normal myocardial
tissue. To construct lncRNA/miRNA/mRNA networks for the two selected genes, these
target genes were further analyzed to predict specific miRNAs, using miRDB, TargetScan
and miRTarBase databases. Analysis showed that miR-137 and miR-106b-5p are candidate
targets for FTHL-17 and ANAPC11, respectively. Each mRNA was recognized by three
different databases to ensure that data accuracy and selection were based on detection of
high complementarity binding sites. Finally, the lncRNA-CTB89H12.4 (CTB89H12.4) was
selected to control the expression of both miRNAs using the DIANA-LncBasev3, Starbase
and CHIP databases [28]. The in silico prediction of each network was verified by Clustal
2 multiple sequence alignment software to validate the alignment between the candidate
genes in each network.

2.2. Study Design/Participant’s Selection

A prospective observational study was conducted on UA and acute STEMI patients
presented with chest pain at Kasr-Alainy hospital during the period from October 2019 to
March 2020. The study complied with the Declaration of Helsinki and was approved by
the Ethics Community of Faculty of Medicine, Cairo University. A written consent was
obtained from each patient and healthy subject before enrollment.

In the current pilot study, all 62 subjects met the inclusion/exclusion criteria before
being enrolled, including UA (n = 30) and STEMI (n = 16) patients with acute chest pain
within the first 10 h of symptoms, as well as healthy subjects (n = 16). Unstable angina
patients were defined as patients with prolonged angina pain at rest, new onset angina, or
recent destabilization of previously stable angina. Diagnosis of UA patients was conducted
using (1) high-sensitive cardiac troponin T (hs-cTnT) (Elecsys Troponin T hs, and some
Troponin I, Roche Diagnostics) and (2) invasive coronary angiography. Acute STEMI
patients were diagnosed using ECG ST-segment changes and troponin levels. Healthy
participants (n = 16) underwent standard clinical physical evaluation, measured troponin
levels and exercised on an ECG/treadmill stress test for 10 min to confirm absence of
myocardial ischemia. The following patients were excluded from the study: patients with
recent attack of AMI, positive c-reactive protein (CRP), cardiomyopathy, congenital heart
disease, heart failure, renal failure, hepatitis, hepatic failure, bleeding disorders, malignancy,
and autoimmune diseases, including arthritis and inflammatory bowel disease.

2.3. Total and miRNA Extraction and Purification

Venous blood (3 mL) was collected at zero-time from patients at presentation to the
hospital ED with acute chest pain; blood was centrifuged at 1300× g at 4 ◦C for 20 min,
and the serum was immediately stored at −80 ◦C until analyzed. In a limited study,
venous blood was also collected, centrifuged at 1300× g at 4 ◦C for 20 min, and the
plasma (EDTA) was immediately stored at −80 ◦C until analyzed. Total RNA and miRNAs
were extracted from sera samples using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
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according to the manufacturer’s protocol, and the concentration and purity of RNA were
evaluated spectrophotometrically at 260 and 280 nm, respectively. RNA integrity was
visually confirmed by agarose gel electrophoresis. Using miScript RT Kit (Qiagen, Hilden,
Germany), cDNA was synthesized by reverse transcription reaction.

2.4. Gene Amplification Analysis by Quantitative Real Time PCR (qPCR)

cDNA was amplified for miRNA, mRNA, and lncRNA expression using miScript primer
assay for miRNA amplification (Hs_miR-137_1 and Hs_miR-106b-5p_1 miScript primer assay)
and Quantitect primer assays for mRNAs (Hs_FTHL17_1 and Hs_ANAPC11_1_SG QuantiTect
primer assays) and lncRNA (RT2_CTB89H12.4 primer assay). The Hs_RNU6-2_11 and
Hs_GAPDH genes were used as reference housekeeper genes. The thermal cycling was
adjusted according to manufacture instructions. The PCR analysis was conducted on Rotor-
Gene Q 5plex HRM Platform (Qiagen, Hilden, Germany). The fluorescence data were
collected at the extension step. Following amplification, gene expression was calculated
using the 2ΔΔCt method.

2.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software, version no: 8.0.2.
Calculation of median and range was used for skewed data, while calculation of mean ± SD
was used for normally distributed numerical data. Calculation of number of cases and
percentages used cross-tabulation. The nonparametric Mann–Whitney U test was used to
compare the expression of genes between two groups, and ANOVA was used to evaluate
the difference in gene expression for more than two groups. The diagnostic potential of
miRNAs for UA and acute STEMI was evaluated by receiver operator characteristics (ROC)
analysis, then the biomarker sensitivities and specificities were calculated according to the
optimum cut-off value. Significance was set at p ≤ 0.05.

3. Results

3.1. Demographic Characteristics of Participants

The clinical characteristics of patients with UA (n = 30), patients with acute STEMI
(n = 16) and 16 healthy controls are presented in Table 1.

Table 1. Clinical Characteristics of Patient Populations.

Variables
ACS (n = 46)

Healthy (n = 16) p-Value
UA (n = 30) STEMI (n = 16)

Age (years) mean ± SD 60.1 ± 8.1 54.4 ± 12.7 32.9 ± 9.9 0.001

Sex: Males: n (%) 19 (63.3) 12 (75) 16 (100) 0.014

Risk factors

BMI (kg/m2) mean ± SD 29.3 ± 7.1 31.4 ± 4.8

26.8 ± 4.7
8 (50)

0.145

Smoking: n (%) 16 (53.3) 10 (52.5) 0.09

Diabetes Mellitus: n (%) 16 (53.3) 6 (37.5) 0.001

Hypertension: n (%) 19 (63.3) 7 (43) 0.001

Dyslipidemia: n (%) 12 (40) 5 (31.3) 0.001
ASC: Acute coronary syndrome, UA: Unstable angina, STEMI: ST-segment elevated myocardial infarction, BMI:
Body mass index, n: Number of cases, %: Percentage of cases calculated as percentage in the group, SD: Standard
deviation, p-value > 0.05 considered statistically insignificant, and p-value < 0.05 considered statistically significant.

3.2. Assessment of CTB89H12.4/miR-137/FTHL-17 Network

The expression of candidate genes was verified using qPCR. For miR-137 expression
(Figure 3a), there was significant upregulation by 1382-fold (p = 0.001) in UA patients
compared to healthy control, while FTHL-17 expression (Figure 3b) had a 1.7-fold increase
in UA patients compared to healthy. However, the CTB89H12.4 gene was downregulated
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by 20-fold in UA compared to healthy (p = 0.0001) and by 3.4-fold in acute STEMI compared
to UA (p = 0.001) (Figure 3c) (Table 2). Interestingly, comparing gene expression of miR-137
and FTHL-17 in UA to acute STEMI patients revealed that miR-137 (Figure 3a) showed a
significant increase by 2.5-fold (p < 0.01) in patients with STEMI compared to UA and that
FTHL-17 (Figure 3b) also showed a significant increase by 7.5-fold (p < 0.0001) in patients
with acute STEMI compared to UA. Additionally, the expression pattern for miR-137 in UA
and acute STEMI patients was plotted in an XY graph to illustrate the marked elevated
expression levels in UA and STEMI patients compared to the observed minimal expression
in healthy controls (Figure 3f).

Table 2. Gene Expression Profiles in Patients with UA versus Healthy, as well as Patients with UA
versus Acute STEMI.

Genes
Median Expression Level (log10)

Statistics
FC (p-Value)

Healthy UA STEMI UA/Healthy STEMI/UA

miR-137 (log10) 0.9 1244 3163 1382 (<0.0001) 2.5 (<0.001)
FTHL-17 (log10) 3.76 6.6 50.4 1.7 (<0.0001) 7.5 (<0.0001)

miR-106b-5p (log10) 1.08 207 953 192 (<0.001) 4.6 (<0.001)
ANAPC11 (log10) 0.86 7.36 8.39 8.5 (<0.0001) 1.1 (>0.05)

CTB89H12.4 (log10) 65.3 3.27 0.94 20 (<0.0001) 3.4 (<0.001)
UA: Unstable angina, STEMI: ST-segment elevated myocardial infarction, FC: Fold change, FTHL-17, ferritin
heavy chain like 17, ANAPC11: Anaphase promoting complex subunit, p-value > 0.05 considered statistically
insignificant, and p-value < 0.05 considered statistically significant.

Furthermore, an ROC curve analysis was conducted to evaluate the reliability of
miR-137 as a diagnostic biomarker for UA and STEMI patients. Comparing UA to healthy
controls, the calculated cut-off value was 195.4 (Figure 4a). The miR-137 biomarker sensitiv-
ity and specificity were 97% and 94%, respectively, to discriminate UA from healthy controls
(area under the curve (AUC): 0.99, Youden’s index: 0.91, J value = 195.4). Additionally, at an
optimum cut-off value of 2488, miR-137 expression level could potentially discriminate UA
from patients with acute STEMI (AUC: 0.84, Youden’s index: 0.58, J value = 157) (Figure 4b)
with sensitivity of 75% and specificity of 83%.

3.3. Assessment of CTB89H12.4/miR-106b-5p/ANAPC11 Network

Serum miR-106b-5p gene expression was associated with myocardial ischemia, where
miR-106b-5p (Figure 3d) and ANAPC11 (Figure 3e) were significantly (p = 0.001) upregu-
lated by 192-fold and 8.5-fold in UA patients compared to healthy subjects, respectively.
Comparing gene expression in UA with STEMI patients, miR-106b-5p (Figure 3d) ex-
pression was significantly increased by 4.6-fold (p < 0.001) in patients with acute STEMI
compared to UA, but there was no statistically significant difference in ANAPC11 gene
expression between UA and STEMI (Figure 3e). The CTB89H12.4 gene was downregulated
by 20-fold in UA compared to healthy (p = 0.0001) and by 3.4-fold in STEMI compared to
UA (p = 0.001) (Figure 3c) (Table 2). In addition, the expression pattern for miR-106b-5p
in UA and STEMI patients was plotted in an XY graph to illustrate the sizable difference
in expression level in UA and STEMI compared to the observed minimal expression in
healthy controls (Figure 3g). The diagnostic potential of miR-106b-5p was assessed and
the ROC analysis revealed that miR-106b-5p is a reliable biomarker for UA and STEMI.
The calculated biomarker sensitivities and specificities were 87% and 88%, respectively,
to discriminate UA from healthy controls; the optimum cut-off value was 90.4 (AUC: 0.9,
Youden’s index: 0.75, J value: 157) (Figure 4a). To discriminate UA from STEMI patients
(Figure 4b), results indicated that at a cut-off value of 385.0 (AUC: 0.95, Youden’s index:
0.76, J value: 175), the diagnostic sensitivity was 86% and specificity was 90%.
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Figure 3. Expression profiles of candidate miRNAs in patients with UA and acute STEMI in comparison to healthy controls.
The two candidate miRNAs, miR-137 and miR-106b-5p, were measured with qRT-PCR using 62 serum samples, including
16 Healthy (non-ACS) as well as 30 UA and 16 STEMI patients (ACS samples). miR-137 (a) and miR-106b-5p (d) were
significantly upregulated in the UA and STEMI groups compared to Healthy (a,d). In addition, similar upregulation was
observed for the associated mRNA targets FTHL-17 (b) and ANAPC11 (e), while the lnc-CTB89H12.4 regulating gene was
significantly decreased in UA and STEMI patients (c). (f,g) demonstrate the expression pattern of miR-137 and miR-106b-5p
in the three studied groups (UA, STEMI and Healthy). Abbreviation: ns: no significant difference.
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Figure 4. Receiver operator characteristics (ROC) curve illustrating the diagnostic value of the two miRNAs (miR-137 and
miR-106b-5p) in discriminating UA from Healthy (a) and UA from STEMI (b). (c,d) show the nonsignificant association
of miR-106b-5p expression level between genders in UA and AMI patients, respectively. Finally, the serum and plasma
expression levels for miR-137 (e) and miR-106b-5p (f) were compared, and results indicate no significant difference was
reached. Abbreviations: UA: unstable angina, STEMI: ST-elevation myocardial infarction, AUC: area under the curve,
p-value > 0.05 considered statistically insignificant, and p-value < 0.05 considered statistically significant.
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There was no gender difference in miR-137 (Figure 4c) and miR-106b-5p (Figure 4d)
gene expression level in STEMI patients (p > 0.05). However, there was higher expression
of miR-137 in males UA compared to females (p < 0.05) (Figure 4c) but no gender difference
in miR-106b-5p gene expression in UA patients (Figure 4d). Additionally, in a limited
study (n = 4 for each group), the gene expression levels of miR-137 and miR-106b-5p were
measured in plasma samples and compared to their levels in serum samples. There was
no significant difference (p > 0.05) in miR-137 (Figure 4e) and miR-106b-5p (Figure 4f)
gene expression detected between serum and plasma samples collected from UA, STEMI,
and healthy.

Troponin analysis indicated that during serial sampling at the 0/3 h, 67% of UA
patients had hs-cTnT levels consistently below the 99th percentile value (14 ng/L), while
only 33% of patients showed low-to-mild elevation of hs-cTnT levels above the 99th
percentile values within the range of 15 ng/L to 51 ng/L but without significant delta
change in serial samples. Unstable angina was further confirmed by invasive coronary
angiography, where more than 50% of UA patients had coronary artery stenosis. Contrary
to the limited elevation of hs-cTnT levels of <1 to 3-fold over the cutoff of 14 ng/L in only
33% of UA patients, Nourin miRNAs were markedly elevated in 100% of UA patients, with
a significant increase of 1382-fold for miR-137 and 192-fold for miR-106b-5p over baseline
gene expression levels in healthy subjects. For acute STEMI patients, myocardial infarction
was confirmed by persistent ST-segment changes and significant high elevation of hs-cTnT
in all patients, similar to the marked elevation of Nourin miRNAs in the same 16 STEMI
patients compared to healthy (1535-fold increase for miR-137 and 177-fold for miR-106b-5p).
Healthy participants represented the negative control group, and their troponin levels
were below the clinical decision limit and showed negative ECG/treadmill stress tests,
indicative of absence of myocardial ischemia. Healthy subjects also showed minimum
gene expression of Nourin miRNAs.

3.4. Correlation between lncRNA/miRNA/mRNA Genes in Acute Coronary Syndrome (ACS) Patients

Since there was no significant association detected between the expression of miR-137,
FTHL-17, and CTB89H12.4, as well as for miR-106b-5p, ANAPC11, and CTB89H12.4 genes
for UA or patients with STEMI, we combined the two groups (UA and acute STEMI) into
one group called ACS group, and then a Spearman’s analysis was conducted between
the two paired genes in each network. Results revealed a positive significant correlation
between miR-137 and FTHL-17 (r: 0.5, 95% CI: 0.2–0.7, p = 0.001) and between miR-106b-
5p and ANAPC11 (r: 0.4, 95% CI: 0.4–0.6, p = 0.02) genes in ACS patients. In contrary,
CTB89H12.4 showed a significant negative correlation with either FTHL-17 or ANAPC11.
Lower expression levels of CTB89H12.4 were significantly associated with higher expression
levels of FTHL-17 and ANAPC11 in ACS patients (p < 0.01).

In summary, Nourin miR-137 (marker of cell damage) and miR-106b-5p (marker of
inflammation) gene expression measured in serum samples collected from patients with
acute chest pain at presentation to the hospital ED, could (1) detect unstable angina patients
with chest pain secondary to reversible myocardial ischemia and confirmed by invasive
coronary angiography to have greater than 50% coronary artery stenosis and troponin level
below the clinical decision, and (2) detect acute STEMI patients with chest pain secondary
to irreversible myocardial ischemia (necrosis) and confirmed by persistent ST-segment
changes and elevated troponin level. Additionally, both biomarkers showed consistent
elevation of Nourin miR-137 and miR-106b gene expression in all 30 UA patients and
16 acute STEMI patients. Therefore, Figure 2 presents an underlying molecular mech-
anism associated with the Nourin protein and its RNA molecular network in UA and
acute STEMI patients. The downregulation of CTB89H12.4 after myocardial ischemia
results in an increase in the expression of miR-137 and miR-106b-5p, which sequentially
activates the FTHL-17 and ANAPC11, respectively, with an increased translation and pro-
duction of Nourin protein. Results also support the ontology bioinformatics evidence
that CTB89H12.4/miR-137/FTHL-17 and CTB89H12.4/miR-106b-5p/ANAPC11 networks
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synergistically regulate the Nourin protein expression in myocardial ischemia, and thus
provide a novel molecular mechanism in ischemic heart disease.

4. Discussion

Acute coronary syndrome is a life threatening condition owing to high morbidity
and mortality worldwide, due partially to the lack of early blood-based biomarkers that
can diagnose reversible myocardial ischemia before progressing to necrosis, and thus can
guide treatment decisions [6]. Although high sensitivity troponin represents the gold
standard cardiac specific biomarker [29], the major limitation is its inability to diagnose
unstable angina patients [7], and its low specificity in differentiating ACS patients from
other nonischemic clinical emergency syndromes, such as acute myocarditis, heart failure
without CAD, stress-induced cardiomyopathy, and pulmonary embolism [30]. Accordingly,
there is an ultimate need to identify novel early and sensitive biomarkers to specifically
diagnose unstable angina patients and assist in their therapeutic approaches.

Nourin is a novel blood biomarker with a known mode of action as an early potent
inflammatory mediator released within 5 min by ischemic myocardial tissue and it is asso-
ciated with the initiation and amplification of post-ischemic cardiac inflammation [10–15].
Clinically high levels of Nourin were detected in ACS and AMI patients, but not in
symptomatic noncardiac patients and healthy subjects [17], suggesting a potential use of
the Nourin biomarker to rule out myocardial ischemia for symptomatic patients having
noncardiac causes. Recently, aberrant miRNAs have been reported to play a role in the
pathogenesis of cardiovascular diseases, and they are involved in vascular dysfunction,
apoptosis, autophagy, inflammation, and angiogenesis [9,18,31–33]. In the present study,
we applied a bioinformatics analysis to elucidate the underlying molecular mechanism
associated with Nourin protein, and accordingly, the topological characteristics between
Nourin protein sequence and miRNAs-mediated interactions network associated with
myocardial ischemia were retrieved. The two networks, CTB89H12.4/miR-137/FTHL-17
and CTB89H12.4/miR-106b-5p/ANAPC11, were selected based on novelty, their direct
interaction with Nourin protein, as well as association with myocardial ischemia. Both
networks showed high tendency to interact with each other through sharing in the lncRNA
CTB89H12.4. Standard qPCR was used in order to evaluate the diagnostic efficacy of
Nourin-dependent miRNAs (miR-137 as a marker of cell damage and miR-106b-5p as a
marker of inflammation) for ruling in patients with UA when troponin level was below
the clinical decision limit for diagnosis and patients had greater than 50% coronary artery
stenosis by invasive coronary angiography. Gene expression profiles of circulating miR-137
and miR-106b-5p and the association with their target genes FTHL-17, ANAPC11, and
CTB89H112.4 were investigated in patients with UA (n = 30), acute STEMI (n = 16) and
healthy subjects (n = 16). Results indicate that miR-137 and miR-106b-5p were significantly
upregulated in UA and acute STEMI patients compared to healthy controls and that both
miRNAs can diagnose symptomatic UA patients with high sensitivity and specificity, as
well as stratify severity of myocardial ischemia with higher expression in acute STEMI
compared to UA. Furthermore, the significant association of miR-137 and miR-106b-5p
with their regulatory target genes FTHL-17, ANAPC11, and CTB89H12.4 supported the
bioinformatics data and outlined a novel underlying mechanistic signaling pathway in my-
ocardial ischemic injury. However, the small sample size reflects the limitation of the study
and, thus, a large-scale sample size study is needed with focus on the Nourin underlying
mechanistic pathways as novel cardiac biomarkers.

Recent evidence has demonstrated that miR-137 is a hypoxia-responsive gene over-
expressed in ischemic-cell injury [24]. Moreover, recent studies have reported that down-
regulation of miR-137 inhibits oxidative stress-induced cardiomyocytes apoptosis by tar-
geting the KLF15 gene [34] and protects cells against ischemia-induced apoptosis through
CDC42 [35,36]. On the other hand, high expression levels of miR-137 have been observed in
dexamethasone-treated multiple myeloma cells by targeting MCL-1 and MITF genes [37,38],
thus inhibiting cancer cell proliferation and inducing apoptosis [39,40]. These findings sug-
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gest a regulatory mechanistic pathway of miR-137 in ischemia-induced cell injury, which
has been investigated in neural cells on wide scale [22]. Recently, the therapeutic value
of miR-137 has been reported in hypoxia-induced retinal diseases, through targeting the
Notch1 signaling pathway [41].

In addition to the reported inflammatory mechanism of miR-106b-5p in myocardial
tissue, it was described as a hypoxia-associated miRNA in myocardial infarction [27], as
well as various human cancers [42,43]. MiR-106b-5p exerts cell degradation through a
lysosomal-dependent mechanism. Upregulation of miR-106b-5p has been demonstrated in
myocardial tissue with dilated cardiomyopathy in which the autophagy mechanism is medi-
ated through the miR-106b-5p/FYCO1-dependent pathway [44]. Additionally, miR-106b-5p
was found to be the most significant miRNA in 746 altered miRNAs in atherosclerotic
vascular diseases; it targets multiple inflammatory signaling pathways including PI3K, Akt,
mTOR, TGF-β, TNF, TLR, and HIF-1α [44]. In vitro experimental studies have reported its
biological role in cholesterol homeostasis [45] and spermatogenesis [46]. The regulatory
role of miR-106b-5p in cardiomyocytes apoptosis has been investigated to illustrate the un-
derlying signaling pathway in myocardial infarction [27]. Recent evidence suggested that
suppression of miR-106b-5p promotes hypoxia-induced cell apoptosis, an observation that
explains the early increase in its serum level in response to ischemia-induced myocardial
injury. As miRNAs are tissue specific, a previous study suggested that p21 is the direct
target of miR-106b-5p in cardiomyocytes that mediate an anti-apoptotic effect under hypoxic
conditions [27]. It has been established that miR-137 and miR-106b are strongly linked to
the pathogenesis of atherosclerosis [47]. Recently, miR-137 was shown to directly suppress
the insulin-like growth factor-binding protein 5 (IGFBP-5), which further suppresses cell
proliferation and migration of vascular smooth muscle cells (VSMCs) [48]. Additionally,
overexpression of miR-137 in VSMCs suppresses the activity of mTOR/STAT3 signaling,
and miR-106b modulates angiogenesis in vascular endothelial cells by targeting STAT3 [49].

As reported here, a significant positive correlation was detected in UA and acute
STEMI patients between miR-137 and FTHL-17, as well as between miR-106b-5p and
ANAPC11. However, a significant negative correlation was detected between the two
miRNAs (miR-137 and miR-106b-5p) and lnc-CTB89H12.4. In the context of identifying new
cardiac diagnostic biomarkers with high sensitivity and specificity, it is more beneficial
to use a network of functionally linked biomarkers such as the Nourin RNA molecular
network rather than depending on a single biomarker. Specifically, the Nourin-dependent
FTHL-17 gene is a novel type of ferritin gene, located on X chromosome. It encodes for
ferritin-like protein but without ferroxidase activity. The partial nuclear localization of
FTHL-17 suggests its specific biological functions apart from iron storage regulation [50].
Similarly, the Nourin-dependent ANAPC11 genes are a complex of subunits that pro-
mote cell cycle progression and induce G1 arrest through ubiquitination-mediated cell
destruction and have two novel insights, including protein degradation and epigenetic
regulation [51]. Based on gene database records, the two genes (FTHL-17 and ANAPC11)
and their miRNAs regulators (miR-137 and miR-106b-5p) are highly expressed in car-
diomyocytes and skeletal muscles, which strongly support their symbiotic interaction.
Additionally, the role of lnc-CTB89H12.4, also called lncRNA-RP11-175K6.1, has been re-
ported in atherosclerosis and angiogenesis, which highlights its strong association with
angiogenesis and cardiomyocytes [52,53].

The study has points of strength and some limitations. The relatively small sample
size of patients at zero time, as well as the limited baseline miRNA measurements, repre-
sent the first limiting point. The second point is that despite the increased quality of the
study design by accurate diagnosis of patients through elective coronary angiography, the
study population does not represent the general population, since all cardiac patients were
enrolled from a single hospital, Kasr-Alainy Hospital. In addition, we used a combina-
tion of two Nourin-dependent miRNAs biomarkers measured with highly sensitive PCR
technique, which enabled us to avoid bias created by a raised number of false positive re-
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sults. Finally, the study showed restricted interpretation of results due to lack of long-term
follow-up and correlation with severity of myocardial injury.

5. Conclusions

Despite availability of high-sensitivity cardiac troponin, there is a need for new
biomarkers with high diagnostic sensitivity and specificity for the detection of myocardial
ischemia in suspected ACS patients with troponin levels below the clinical decision limit.
We showed that the Nourin-dependent miR-137 and miR-106b-5p are a novel promising
rule-in test that can (1) diagnose unstable angina among patients presenting to hospital
EDs with acute chest pain, and (2) stratify severity of myocardial ischemia, with higher ex-
pression in acute STEMI compared to UA patients. The diagnostic potential of miR-137 and
miR-106b-5p indicated that both miRNAs are reliable biomarkers for UA and acute STEMI
patients. Finally, early diagnosis of suspected unstable angina patients using the novel
Nourin biomarkers is key for initiating guideline-based therapy that improves patients’
health outcomes.

Author Contributions: Study design and plan was prepared by S.A.E. All authors contributed to
material preparation, data collection, and analysis. The first draft of the manuscript was written by
N.E.-K. and S.A.E., and all authors commented on previous versions of the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by Nour Heart, Inc., Vienna, Virginia and Cell and Molecular
Tissue Engineering LLC, Avon, Connecticut.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Research Ethics Committee, Faculty of Medicine, Cairo
University, Egypt, dated 12/10/2019.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the cor-
responding author. The data presented in this study are available on request from the corresponding
author. The data are not publicly due to privacy.

Conflicts of Interest: S.A.E. is the founder of Nour Heart, Inc. R.H.C. reports receiving a research
grant from Spingotech Diagnostics, Roche Diagnostics, Siemens Diagnostics, Becton Dickinson. U.K.
and D.L.K. are founders of Cell and Molecular Tissue Engineering, LLC. The other authors have no
conflicts of interest to disclose.

Abbreviations

UA unstable angina
STEMI ST-elevation myocardial infarction
ACS acute coronary syndrome
CAD coronary artery disease
ED emergency department
FTHL-17 ferritin heavy chain like 17
ANAPC11 anaphase promoting complex subunit
CTB89H12.4 lncRNA-CTB89H12.4
PI3K phosphatidylinositol-3 kinase
Akt protein kinase B (PKB)
mTOR mammalian target of rapamycin
Jak-STAT janus kinase/signal transducer and activator of transcription
NGS next-generation sequencing
TNF-α tumor necrosis factor-α
IL-1β interleukin 1β
IL-8 interleukin 8
LECAM-1 leukocyte-endothelial cell adhesion molecule 1
ICAM-1 intercellular adhesion molecule 1
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ELAM-1 endothelial-leukocyte adhesion molecule 1
FPR formyl peptide receptor
CRP c-reactive protein
TLR toll-like receptor
HIF-1α hypoxia-inducible factor-1α
ROC receiver operator characteristics
AUC area under the curve
VECs vascular endothelial cells
DEGs different expressed genes
GO gene ontology
KEGG Kyoto Encyclopedia of Genes and Genomes
PPI protein–protein Interaction
ATP adenosine triphosphate
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Abstract: Recent studies have shown that P-selectin promotes the early formation of atherosclerotic
plaque. The aim of the present study was to evaluate whether the SELP gene single nucleotide
polymorphisms (SNPs) are associated with presence of acute coronary syndrome (ACS) and with
plasma P-selectin levels in a case-control association study. The sample size was estimated for a
statistical power of 80%. We genotyped three SELP (SELP Ser290Asn, SELP Leu599Val, and SELP
Thr715Pro) SNPs using 5’ exonuclease TaqMan assays in 625 patients with ACS and 700 healthy
controls. The associations were evaluated with logistic regressions under the co-dominant, dominant,
recessive, over-dominant and additive inheritance models. The genotype contribution to the plasma
P-selectin levels was evaluated by a Student’s t-test. Under different models, the SELP Ser290Asn
(OR = 0.59, pCCo-Dominant = 0.047; OR = 0.59, pCDominant = 0.014; OR = 0.58, pCOver-Dominant = 0.061,
and OR = 0.62, pCAdditive = 0.015) and SELP Thr715Pro (OR = 0.61, pCDominant = 0.028; OR = 0.63,
pCOver-Dominant = 0.044, and OR = 0.62, pCAdditive = 0.023) SNPs were associated with a lower risk of
ACS. In addition, these SNPs were associated with low plasma P-selectin levels. In summary, this
study established that the SELP Ser290Asn and SELP Thr715Pro SNPs are associated with a lower
risk of developing ACS and with decreased P-selectin levels in plasma in a Mexican population.

Keywords: acute coronary syndrome; P-selectin; genetics; polymorphisms; susceptibility
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1. Introduction

Acute coronary syndrome (ACS) comprises a spectrum of obstructive coronary artery diseases
that most commonly arise from plaque rupture and/or erosion, leaving the vulnerable lipid-rich
core exposed to the circulation. As a result, platelets and the coagulation cascade are activated,
leading to acute thrombotic occlusion [1,2]. This syndrome is a consequence of atherosclerosis
associated with a strong inflammatory component, which is immune mediated by chemokines. These
molecules have an important role in the development of atherosclerotic plaque [3–5]. P-selectin is a
chemokine, which mediates lymphocyte and monocyte recruitment, rolling, and diapedesis to the areas
of inflammation [4–6]. Experimental studies have shown that higher expression of SELP increases
adhesion, monocytes rolling to the vascular wall, accumulation of oxidized low-density lipoproteins,
and the early formation of atherosclerotic plaque and other inflammatory diseases [4–7].

P-selectin contains 17 exons and is encoded by the SELP gene located on chromosome 1q21-q24
spanning <50 kb [8]. Recently, three single nucleotide polymorphism (SNPs) in the SELP gene in the
exons 7, 12, and 13 [positions G1057A Ser290Asn (rs6131), G1980T Leu599Val (rs6133), and A2331C
Thr715Pro (rs6136)] have been associated with myocardial infarction, hypertension, coronary heart
disease, lupus erythematosus, type 2 diabetes mellitus (T2DM), and atherosclerosis [8–13]. Nonetheless,
the association between these SNPs and other inflammatory diseases, such as diabetic retinopathy and
multiple sclerosis is controversial, with negative results [14,15].

Considering the prominent role of P-selectin as a key in the chain of events leading to atherosclerotic
plaque formation, the aim of this study was to investigate the association of three SELP SNPs (Ser290Asn,
Leu599Val and Thr715Pro) with the risk of developing ACS. Furthermore, we evaluated whether these
SNPs were associated with plasma P-selectin levels in a Mexican population sample.

2. Subjects and Methods

2.1. Study Population

This case-control study was carried out at the Instituto Nacional de Cardiologia Ignacio Chavez.
The sample size was calculated for unmatched cases and controls with OpenEpi software (http:
//www.openepi.com/SampleSize/SSCC.html) with a statistical power of 80% and an alpha error of
0.05. Using this criterion, we included 625 patients with ACS (82% men and 18% women with a mean
age of 57.97 ± 10.5 years) who were diagnosed based on clinical characteristics, electrocardiographic
changes and biochemical markers of cardiac necrosis, according to guidelines from the European
Society of Cardiology (ESC) and American College of Cardiology (ACC) [16,17]. The exclusion criteria
were (1) patients with clear inflammatory pathologies on admission, such as infection established by
clinical, laboratory, or image investigations, and (2) patients with an autoimmune disease or cancer
previously diagnosed or documented during their hospitalization. Moreover, we included 700 healthy
controls (66% men and 34% women with a mean age of 54.37 ± 7.65 years) coming from the Genetics of
Atherosclerosis Disease (GEA) Mexican study previously described by Rosalinda-Posadas et al [18].
All healthy controls were asymptomatic and apparently healthy individuals without a family history
of CAD and with a negative calcium score, indicative of the absence of subclinical atherosclerosis [18].
The exclusion criteria included not only the use anti-dyslipidemic, anti-hypertensive, and anti-diabetic
drugs at the time of the study, but also congestive heart failure, as well as liver, renal, thyroid or
oncological disease. All GEA participants were unrelated and of self-reported Mexican ancestry (3
generations). A Mexican mestizo was defined as a person who (1) was born in Mexico and (2) is a
descendant of the original autochthonous inhabitants and of individuals (Caucasian and/or African,
mainly Spaniards) who migrated to America in or after the XVI century. This study was conducted
according to the principles of the Declaration of Helsinki and was approved by the Ethics and Research
committee of our institution (registration number: 17CI09012010). Written informed consent was
obtained from all individuals enrolled in the study.
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2.2. Laboratory Analyses

After a 12-h overnight fast, EDTA blood samples were drawn and centrifuged within 15 min
after collection; the plasma was separated into aliquots and immediately analyzed or frozen at
−80 ◦C until analysis. Cholesterol and triglyceride plasma concentrations were determined by
enzymatic/colorimetric assays (Randox Laboratories, UK). The phosphotungstic acid-Mg2+ method
was used to determine HDL-C concentrations. LDL-C was estimated in samples with a triglyceride level
lower than 400 mg/dl, using the modified Friedewald formula [19]. Plasma lipid concentrations were
determined within 24 h after blood sample collection. We followed the National Cholesterol Education
Project (NCEP) Adult Treatment Panel (ATP III) guidelines and thus defined dyslipidemia with the
following levels: cholesterol > 200 mg/dl, LDL-C > 130 mg/dl, HDL-C < 40 mg/dl, and triglyceride >
150 mg/dl (http://www.nhlbi.nih.gov/guidelines/cholesterol/atp3_rpt.htm). Type 2 diabetes mellitus
(T2DM) was defined with a fasting glucose ≥ 126 mg/dL and was also considered when participants
reported glucose-lowering treatment or a physician diagnosis of T2DM. Hypertension was defined by
a systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg, or the use of oral
antihypertensive therapy [18].

2.3. Genetic Analysis

DNA extraction was performed from peripheral blood in agreement with the method of Lahiri and
Nurnberger [20]. The SELP G1057A Ser290Asn, SELP G1980T Leu599Val, and SELP A2331C Thr715Pro
SNPs were genotyped using 5’ exonuclease TaqMan assays on a 7900HT Fast Real-Time PCR system
according to manufacturer’s instructions (Applied Biosystems, foster City, CA, USA). In order to avoid
genotyping errors, ten percent of the samples were determined twice; the results were concordant for
all cases.

2.4. Determination of P-Selectin Levels

Samples were aliquoted and stored at −70 ◦C for further use. Plasma P-selectin levels were
measured using a quantitative sandwich enzyme immunoassay technique (ELISA) kit in accordance
with the manufacturer’s instructions (Human P-Selectin/CD62P Quantikine ELISA Kit, R&D systems).
The detection range was 0.8–50.00 ng/mL and the sensitivity was equal to the minimal detectable dose
of this kit (≥ 0.121 ng/mL).

2.5. Functional Prediction Analysis

Two in silico programs, the ESEfinder (http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?
process=home) and SNP Function Prediction (http://snpinfo.niehs.nih.gov/cgi-bin/snpinfo/snpfunc.cgi)
were used to predict the possible functional effect of the SELP SNPs. Both programs (ESEfinder2.0 and
SNPinfo) analyzed the localization of the SNPs (e.g., 5’-upstream, 3’-untranslated regions, intronic)
and their possible functional effects, such as amino acid changes in protein structure, transcription
factor binding sites in promoter or intronic enhancer regions, and alternative splicing regulation by
disrupting exonic splicing enhancers (ESE) or silencers [21,22].

2.6. Statistical Analysis

All statistical analysis in this study was performed using SPSS version 18.0 (SPSS, Chicago,
Il). Data of continuous variables were expressed as median and percentiles (25th–75th), while data
of discrete variables [e.g., frequency (n, %)] were analyzed using Chi-squared or Fisher’s exact
tests. We used logistic regression tests to associate the SNPs with ACS under five inheritance
models [16]. The correction of the p-values (pC) was performed with the Bonferroni test. Using the
HAPLOVIEW version 4.1 software (Cambridge, MA, USA), we performed the haplotypes construction
and linkage disequilibrium analysis (LD, D”). We tested whether our study population was in
Hardy–Weinberg equilibrium (HWE) with a Chi-square test. Furthermore, we used the QUANTO
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software [http://biostats.usc.edu/software] to calculate the statistical power of our study and found it
was 0.80. Using the Student’s t-test, we analyzed the contribution of the genotypes on the P-selectin
plasma levels. The values were expressed as means ± SD. The level of significance was set at p < 0.05.

3. Results

3.1. Characteristics of the Study Population

Clinical and biochemical characteristics of the ACS patients and healthy controls are shown in
Table 1. There were significant differences between the ACS patients and healthy controls. Compared
to healthy controls, the ACS patients had a higher frequency of T2DM, hypertension, dyslipidemia,
and smoking habit. Conversely, the total cholesterol, triglycerides, and LDL-C levels in ACS patients
were lower than those in the control group; this effect may be due to their treatment with statins.

Table 1. Clinical characteristics and biochemical parameters of the study individuals.

ACS
(n = 625)

Healthy Controls
(n = 700)

p-Value

Median (percentile
25–75)

Median (percentile
25–75)

Age (years) 57.72 (51–65) 54.39 (49–59) <0.001

BMI (kg/m2) 27.3 (25–29) 28.3 (26–31) 0.001

Blood pressure (mmHg) Systolic 130.61 (114–144) 117.32 (106–126) <0.001

Diastolic 80.1 (70–90) 72.47 (66–77) <0.001

Glucose (mg/dl) 158.51 (102–188) 98.73 (84–99) <0.001

Total cholesterol (mg/dl) 164.22 (128–198) 190.4 (164–210) <0.001

HDL-C (mg/dl) 38.32 (32–44) 44.6 (35–53) <0.001

LDL-C (mg/dl) 106.4 (76–133) 115.8 (94–134) <0.001

Triglycerides (mg/dl) 169.2 (109–201) 175.1 (112–208) 0.218

Gender n (%) Male 510 (82) 463 (66) <0.001

Female 115 (18) 237 (34)

Smoking n (%) Yes 225 (35) 155 (22) <0.001

Hypertension Yes 355 (57) 206 (29) <0.001

Diabetes mellitus Yes 218 (35) 68 (10) <0.001

Dyslipidemia n (%) Yes 534 (85) 501 (71) <0.001

Data are expressed as median and percentiles (25th–75th). p-values were estimated using Mann–Whitney U test for
continuous variables and chi-square test for categorical values. ACS: acute coronary syndrome patients.

3.2. Allele and Genotype Frequencies

Genotype frequencies of the SNPs were in HWE. The frequencies of the SELP Leu599Val SNP
was similar in ACS patients and healthy controls. Nonetheless, the SNPs [SELP Ser290Asn, and SELP
Thr715Pro] were associated with a lower risk of ACS (Table 2). Under co-dominant, dominant,
over-dominant, and additive models, the A (290Asn) allele of the SELP Ser290Asn SNP was associated
with a lower risk of ACS (OR = 0.59, pCCo-Dom = 0.047; OR = 0.59, pCDom = 0.014; OR = 0.58,
pCOver-Dom = 0.061, and OR = 0.62, pCAdd = 0.015, respectively). In the same way, under dominant,
over-dominant, and additive models, the C (715Pro) allele of the SELP Thr715Pro SNP was associated
with a lower risk of ACS (OR = 0.61, pCDom = 0.028; OR = 0.63, pCOver-Dom = 0.044, and OR = 0.62,
pCAdd = 0.023, respectively). All models were adjusted for gender, age, blood pressure, BMI, glucose,
total cholesterol, HDL-C, LDL-C, triglycerides, and smoking habit.
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Table 2. Distribution of SEL-P polymorphisms in ACS patients and healthy controls.

MAF Model OR (95%CI) pC

SELP G1057A Ser290Asn (rs6131)

GG GA AA

Control
(n = 691) 569 (0.823) 115 (0.166) 7 (0.010) 0.09

Co-dominant
Dominant
Recessive

0.59 (0.38–0.92)
0.59 (0.39–0.90)
0.58 (0.12–2.83)

0.047
0.014
0.49

ACS (n = 617) 541 (0.877) 73 (0.118) 3 (0.005) 0.06 Over-dominant
Additive

0.61 (0.39–0.92)
0.62 (0.42–0.92)

0.019
0.015

SELP G1980T Leu599Val (rs6133)

GG GT TT

Control
(n = 682) 563 (0.825) 114 (0.167) 5 (0.007) 0.09

Co-dominant
Dominant
Recessive

0.28 (0.02–3.32)
1.07 (0.73–1.58)
0.27 (0.02–3.26)

0.46
0.73
0.26

ACS (n = 611) 505 (0.827) 105 (0.172) 1 (0.002) 0.09 Over-dominant
Additive

1.12 (0.75–1.66)
1.02 (0.71–1.49)

0.57
0.90

SELP A2331C Thr715Pro (rs6136)

AA AC CC

Control
(n = 685) 580 (0.847) 97 (0.141) 8 (0.012) 0.08

Co-dominant
Dominant
Recessive

0.63 (0.40–0.99)
0.61 (0.39–0.95)
0.36 (0.04–2.95)

0.075
0.028
0.32

ACS (n = 607) 537 (0.884) 67 (0.110) 3 (0.005) 0.06 Over-dominant
Additive

0.63 (0.40–0.99)
0.62 (0.41–0.94)

0.044
0.023

ACS, acute coronary syndrome, MAF, minor allele frequency, OR, odds ratio, CI, confidence interval, pC, p-value
corrected. The p-values were calculated by the logistic regression analysis, and the ORs were adjusted for gender,
age, blood pressure, BMI, glucose, total cholesterol, HDL-C, LDL-C, triglycerides, and smoking habit.

Considering that the prevalence of T2DM (35%) and hypertension (57%) are highest in ACS
patients versus healthy controls (10% and 29%, respectively), we performed a sub-analysis of the
polymorphisms associated with a low risk of ACS (SELP Ser290Asn and SELP Thr715Pro). This
analysis was made comparing individuals with and without T2DM and the other hand, individuals
with and without hypertension. The results show that both polymorphisms were not associated with
T2DM or with hypertension (Supplementary Tables S1 and S2). Therefore, this analysis corroborates
that the genetic variation of these polymorphisms of the SELP gene are associated to the ACS, and not
comes of the T2DM or hypertension.

3.3. Linkage Disequilibrium Analysis

We used the Haploview version 4.1 program for the analysis of the linkage disequilibrium and
construction of haplotypes. In this analysis, the SELP Thr715Pro and SELP Leu599Val SNPs showed
a strong linkage disequilibrium (D’ = 0.95). In addition, Haploview revealed strong evidence of
recombination of the polymorphisms SELP Thr715Pro versus SELP Ser290Asn and SELP Leu599Val
versus SELP Ser290Asn (D '= 0.17 and D' = 0.28, respectively; data not shown). This analysis marked
three haplotypes with different distributions in ACS patients and healthy controls (Table 3). The
“Thr-Leu-Ser” haplotype was associated with a higher risk of developing ACS (OR = 1.28, 95% CI:
1.05–1.54, pC = 0.006), while the “Pro-Leu-Ser” and “Thr-Leu-Asn” haplotypes were associated with
a lower risk of developing ACS (OR = 0.72, 95% CI: 0.52-0.99, pC = 0.022, and OR = 0.71, 95% CI:
0.51–1.00, pC = 0.027, respectively).

91



Biomolecules 2020, 10, 270

Table 3. Haplotype frequencies (Hf) of SEL-P haplotypes in ACS patients and healthy controls.

Haplotypes Thr715Pro Leu599Val Ser290Asn
ACS

(n = 605)
Controls
(n = 676)

OR 95%CI P

Hf Hf

H1 Thr Leu Ser 0.804 0.763 1.28 1.05–1.54 0.006

H2 Thr Val Ser 0.073 0.067 1.08 0.80–1.47 0.32

H3 Pro Leu Ser 0.057 0.077 0.72 0.52–0.99 0.022

H4 Thr Leu Asn 0.049 0.066 0.71 0.51–1.00 0.027

H5 Pro Val Asn 0.014 0.022 0.62 0.33–1.13 0.063

Abbreviations: Hf, Haplotype frequency; P, p-value; OR, odds ratio; 95% CI, confidential interval. The order of the
polymorphisms in the haplotypes is according to the positions in the chromosome (SELP A2331C Thr715Pro
(rs6136), SELP G1980T Leu599Val (rs6133), and SELP G1057A Ser290Asn (rs6131). Bold numbers indicate
significant associations.

3.4. Association of Polymorphisms with Plasma P-Selectin Levels

In order to define the functional effect of the SELP Ser290Asn and SELP Thr715Pro SNPs associated
with a lower risk of ACS, we determined the plasma levels of P-selectin in individuals with different
genotypes of these two polymorphisms. For this analysis, we included a subgroup of 30 healthy
controls for SELP Ser290Asn (7 AA, 11 GA and 12 GG) and a subgroup of 30 healthy controls for the
SELP Thr715Pro SNP (8 CC, 11 AC and 11 AA). In this study, we did not include the analysis of plasma
P-selectin levels in patients with ACS, due to the fact that in the setting of the coronary syndrome,
the comorbidities, such as insulin resistance/T2DM, hypertension, and inflammatory processes, as well
as the use of the anti-dyslipidemic and/or anti-hypertensive drugs, may have altered the inflammatory
markers levels, such as inflammatory cytokines, adhesion molecules, and C-reactive protein, masking
the real impact of SELP polymorphisms on plasma P-selectin levels [23–25]. In this context, subjects
carrying the AA (Ans/Ans) genotype of the SELP Ser290Asn SNP had a lower P-selectin plasma
concentration (33.93 ± 9.79 ng/mL) than carriers of the GG (Ser/Ser) (44.76 ± 6.54 ng/mL, p =0.032) or
GA (Ser/Ans) genotypes (48.04 ± 16.57 ng/mL, p = 0.049) (Figure 1A). On the other hand, the analysis
of the SELP Thr715Pro polymorphism showed that individuals with the CC (Pro/Pro) genotype had a
lower concentration of P-selectin (26.44 ± 10.77 ng/mL) than AA (Thr/Thr) carriers (55.35 ± 14.05 ng/dl,
p = 0.001). In addition, the individuals with the AC (Thr/Pro) genotype had lower P-selectin levels
than AA (Thr/Thr) carriers (34.91 ± 14.46 ng/dl, p = 0.005) (Figure 1B).

Figure 1. Cont.
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Figure 1. Genetic contribution of the SELP G1057A and SELP A2331C polymorphisms on P-selectin
levels. (A) P-selectin plasma levels in individuals with different genotypes of the SELP G1057A
polymorphism. (B) P-selectin plasma levels in individuals with different genotypes of the SELP
A2331C polymorphism.

3.5. Functional Prediction

The functional prediction analysis showed that the presence of the A (Asn) allele of the SELP
Ser290Asn polymorphism potentially produces a binding motif for Srp40 protein. In contrast,
no evidence of potentially functional motifs was found for the SELP Thr715Pro polymorphism.

4. Discussion

In this study, we analyzed three relevant polymorphisms (Ser290Asn, Leu599Val, and Thr715Pro,
respectively) of the SELP gene. The association of these SNPs with several inflammatory diseases
in different populations is controversial, with positive and negative results [8–15]. In our study,
the distribution of the SELP Leu599Val SNP was similar in both ACS patients and healthy controls.
Nonetheless, the presence of the 290Asn and 715Pro alleles (SELP Ser290Asn and SELP Thr715Pro
polymorphisms, respectively) was associated with a lower risk of developing ACS. In the same way,
Reiner et al. reported in the CARDIA study that the SELP Ser290Asn and SELP Thr715Pro SNPs
are associated with carotid intima-media thickness in young adults; however, these associations
are different in European-American and African-American individuals [9]. In line with these data,
Nasibullin et al. reported that the 290Ans allele of the SELP Ser290Asn SNP is associated with a
lower risk of MI in a Russian population [13]. Similarly, the study of the risk of atherosclerosis
in communities (ARIC), as well as the study of the Framingham heart (FHS) have shown that the
genotype Pro715Pro is associated with a decreased risk of atherosclerosis in American and European
populations [26,27]. In contrast with these data, in the ARIC study, Volcik et al. reported that the
290Ans and 715Pro alleles (SELP Ser290Asn and SELP Thr715Pro SNPs, respectively) were associated
with the development of coronary heart disease in white but not in African Americans [11]. Similarly,
Timasheva et al. reported that the 290Ans allele of the SELP Ser290Asn SNP is associated with the
development of hypertension in ethnic Tatars originating from the Republic of Bashkortostan (Russian
Federation) [12]. By the same token, Kou et al. reported that Thr715Pro or Pro715Pro genotypes of the
SELP Thr715Pro polymorphism increased the risk of developing cardiovascular diseases (CVD) in a
Chinese Han population [28]. Additionally, we found that the H3 (Pro-Leu-Ser) and H4 (Thr-Leu-Asn)
haplotypes were associated with a lower risk of developing ACS, whereas H1 (Thr-Leu-Ser) was
associated with a higher risk. As can be seen, the haplotypic combinations between SELP Thr715Pro
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and SELP Ser290Asn polymorphisms were not in linkage disequilibrium. Nonetheless, the protection
haplotypes carry 715Pro and 290Ans alleles, and both of them were associated independently with
a lower risk of cardiovascular diseases and other inflammatory diseases. This finding corroborated
the role of these two alleles with the presence of ACS, whether they were analyzed independently or
as haplotypes.

It is important to note that ACS patients and the healthy donors have much greater variation
in blood glucose (102-188 versus 84-99) and diabetes mellitus (35% versus 10%). Considering
these data, it is important to establish whether the polymorphisms are associated with T2DM or
hypertension. In a sub-analysis, we showed that both polymorphisms were not associated with T2DM
or with hypertension.

As can be seen, the associations of the SELP Ser290Asn and SELP Thr715Pro polymorphisms with
ACS are contradictory in different study populations. We suggest that these discrepancies could be due
to the classical cardiovascular risk factors and the environmental factors, such as diet, exercise, and
lifestyle, which have an important role in the development of inflammatory diseases [29,30]. Another
reason may be the fact that the allelic distribution of these polymorphisms varies according to the
ethnic origin of the study populations. According to data obtained from the National Center for
Biotechnology Information, populations from European, Asian, and African ancestry in Southwest
US present a higher frequency of the A allele of the SELP G1057A Ser290Asn (rs6131) polymorphism
(21.7%, 20.2% and 32.9%, respectively) when compared to Mexican mestizos and white American
populations with a lower frequency of the A allele (9% and 14%, respectively). Concerning the SELP
A2331C Thr715Pro (rs6136) SNP, Mexican mestizos, Europeans, and white Americans present a higher
frequency of the C allele (8%, 8.8%, and 8.2%, respectively) than populations with Asian and African
ancestry (0.2% and 2.5%, respectively) (https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/),
(https://www.ensembl.org/index.html).

We further determined the effect of the SELP gene polymorphisms on plasma P-selectin levels using
genotype groups. We found that the AA (290 Asn/Asn) and CC (715 Pro/Pro) genotypes were associated
with low P-selectin levels. As far as we know, this is the first study that showed the association of the
SELP Ser290Asn and SELP Thr715Pro polymorphisms in P-selectin levels in individuals without the
use of the anti-dyslipidemic or anti-hypertensive drugs. These drugs may modify the levels of the
inflammatory markers, such as pro-inflammatory cytokines, adhesion molecules and C-reactive protein,
masking the real impact of SELP gene polymorphisms on plasma P-selectin [23–25]. Nonetheless,
the results concerning the association between P-selectin plasma levels and heart diseases are still
contradictory. For example, Reiner et al. reported in the CARDIA study that the A (290Asn) and C
(715Pro) alleles are associated with decreased plasma P-selectin levels and with the risk of developing
atherosclerosis [9]. By the same token, Volcik et al. documented that the 715Pro allele is associated
with lower P-selectin levels in the Atherosclerosis Risk in Communities (ARIC) study [27]. Similarly,
Lee et al. determined that the lower serum levels of P-selectin decreased the risk of atherosclerosis [26].
At the same time, other reports have shown that the 715Pro (C) allele increased the expression of
SELP mRNA, as well as the concentration of P-selectin levels in other inflammatory diseases, such as
rheumatoid arthritis and T2DM [8,31]. As far as we know, the precise mechanism by which low and/or
high P-selectin levels are associated with ACS remains to be elucidated. Nonetheless, recent data
provide evidence that P-selectin upregulation on the endothelial cell surface mediates the effects of
angiotensin II (Ang II), which has an important role in the development atherosclerosis [32]. In addition,
Ang II stimulates not only the production of several molecules (adhesion molecules, chemokines, and
cytokines) but also the oxidation and uptake of LDL, which promotes endothelial dysfunction [6,32].
On the other hand, Ang II triggers the synthesis of matrix metalloproteinases, the plasminogen activator
inhibitor-1, and the proliferation of vascular smooth cells; this effect leads to the destabilization of
atherosclerotic plaques [6]. Furthermore, using bioinformatics tools, we determined the potential
effect of the SELP gene polymorphisms associated with ACS. The analysis of the SELP Thr715Pro
polymorphism did not provide evidence of potential functional motifs. Nonetheless, the analysis of
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the SELP Ser290Asn polymorphism showed that the 290 Asn (A) allele generates a binding site for
the Srp40 proteins. These proteins have multiple functions in the pre-mRNA splicing process, as well
as in the regulation of alternative splicing, which leads to the production of protein isoforms [33,34].
In this context, we think that future investigations are warranted to understand the effect of these
polymorphisms on P-selectin levels.

Some limitations should be considered. The P-selectin levels were only measured in a small
sample of control individuals and experiments on RNA transcription or protein stability were not
made. Considering these limitations, the effect of the SNPs on P-selectin plasma levels should be taken
with care and studies in a large number of individuals are necessary to corroborate this association.
In the same way, in our study it was not possible to determine the expression levels of P-selectin on the
leukocyte’s surface to confirm the data obtained in plasma.

In summary, this study demonstrated that the SELP Ser290Asn and SELP Thr715Pro
polymorphisms are associated with a lower risk of developing ACS in a Mexican population. It was
possible to distinguish two haplotypes (Pro-Leu-Ser and Thr-Leu-Asn) associated with a lower risk of
developing ACS. On the other hand, both polymorphisms were associated with lower P-selectin levels
in plasma. Lastly, due to the specific genetic characteristics of the Mexican population, we consider
that additional studies will need to be undertaken in a larger number of individuals and in populations
with different ethnic origins; these studies could help define the true role of these polymorphisms as
markers of risk or protection from developing ACS and other cardiovascular events.
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T2DM. Table S2. Distribution of Ser290Asn and Thr715Pro SEL-P polymorphisms in individuals with and
without hypertension.
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Abstract: Cardiovascular diseases are one of the leading causes of death in developing countries,
generally originating as coronary artery disease (CAD) or hypertension. In later stages, many CAD
patients develop left ventricle dysfunction (LVD). Left ventricular ejection fraction (LVEF) is the most
prevalent prognostic factor in CAD patients. LVD is a complex multifactorial condition in which the
left ventricle of the heart becomes functionally impaired. Various genetic studies have correlated
LVD with dilated cardiomyopathy (DCM). In recent years, enormous progress has been made in
identifying the genetic causes of cardiac diseases, which has further led to a greater understanding
of molecular mechanisms underlying each disease. This progress has increased the probability of
establishing a specific genetic diagnosis, and thus providing new opportunities for practitioners,
patients, and families to utilize this genetic information. A large number of mutations in sarcomeric
genes have been discovered in cardiomyopathies. In this review, we will explore the role of the
sarcomeric genes in LVD in CAD patients, which is a major cause of cardiac failure and results in
heart failure.

Keywords: sarcomere; dilated cardiomyopathy; left ventricle dysfunction; actin; myosin;
troponin; tropomyosin

1. Introduction:

Cardiac diseases are one of the main causes of death these days, generally originating as coronary
artery disease (CAD) or hypertension. In later stages, many patients may develop left ventricle
dysfunction (LVD). Left ventricular ejection fraction (LVEF) is the most determining factor for the
prognosis of CAD patients [1–3].

LVD is a complex multifactorial condition in which the left ventricle becomes functionally
compromised. In the cardiovascular system, the left ventricle plays a central role in the maintenance of
circulation because of its role as the major pump in the heart. In the case of LVD, the pumping function
of the heart is reduced, leading to symptoms of congestive heart failure (CHF). CAD patients with
severe LVD have a higher mortality than those with preserved LV function, and this mortality rate
is proportional to the severity of LVD. The rising number of patients with ischemic LVD contributes
significantly to the increased morbidity and mortality of cardiac arrests. Impaired pumping by
the heart leads to other cardiovascular complications, such as heart failure, myocardial infarction,
cardiomyopathies, etc. [3–6].
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LVD includes two distinctive morphologies: hypertrophy and dilation. In LV hypertrophy,
ventricular chamber volume remains the same, but the wall of the chamber is thickened. In LV dilation,
the chamber volume of the left ventricle gets enlarged when the walls are either normal or thinned.
These two conditions are associated with specific hemodynamic variations. In hypertrophic conditions,
only diastolic relaxation is impaired, while in the dilated condition, systolic functions are diminished.
This results in a change of heart shape from an elliptical to a more spherical form, which causes
considerable mechanical inefficiency and deterioration, resulting in CHF [3,6]. Sarcomeric proteins are
basic contractile units of the myocyte/myocardium. Several sarcomeric genes have been identified and
associated with the pathogenesis of CHF.

This review will highlight the genetic basis of LVD in the background of CAD. We review the role
of common sarcomeric genes (MYBPC3, TNNT2, TTN, Myospryn) and their genetic variants with LVD
in CAD patients.

2. Common Sarcomeric Protein and Associated Gene Polymorphism

In recent years, remarkable developments have been made in identifying the genetic association of
cardiac diseases, resulting in a better understanding of the underlying molecular mechanisms. Several
genetic studies have found an association between LVD and dilated cardiomyopathy (DCM). Various
sarcomeric protein-encoding genes such as cardiac myosin-binding protein C (MYBPC3), myosin
heavy polypeptide, and cardiac troponin I gene mutations, as well as other gene mutations have been
identified in DCM [7–13]. The common sarcomeric gene polymorphisms with their locations and
functional roles are given in Table 1.

Table 1. Common sarcomeric gene polymorphism.

Genes Location
Type of

Polymorphism
Functional Role Ref.

MYBPC3 11p11.2 25 bp Ins/del MYBPC3 gene mutation is associated with inherited
cardiomyopathies and an increased heart failure risk [14–18]

TNNT2 1q32 5 bp Ins/del
The 5 bp (CTTCT) deletion in intron 3 of the TNNT2

gene at the polypyrimidine tract was found to affect the
gene splicing and branch site selection

[10,19,
20]

TTN 2q31 18 bp Ins/del This deletion is present within the PEVK region of titin
gene that regulates the extensibility of the protein [21,22]

Myospryn 5q14.1 K2906N

This polymorphism is associated with cardiac
adaptation in response to pressure overload, left

ventricular hypertrophy, and left ventricular diastolic
dysfunction in hypertensive patients

[23]

3. Sarcomeric Proteins

A sarcomere is the functional unit of striated muscle tissue. Skeletal muscles are composed of
myocytes formed during myogenesis. Muscle fibers are composed of numerous tubular myofibrils.
These myofibrils are a bundle of sarcomeres with repeating units, which appear as alternating dark
and light bands under a microscope. Sarcomeric proteins drive muscle contraction and relaxation
as these protein filaments slide past each other during these processes. The main components of
sarcomere myofilament are actin, myosin, tropomyosin (Tm), and troponin complex (TnT, TnC, and
TnI). Myosin protein present in the center of the sarcomere in the form of a thick filament, while
actin is thin myofilament and overlaps with myosin. Titin protein‘s C-terminus attaches to M-line,
while N-terminus attaches to Z-disc. Titin is anchored to Z-disc by attaching both actin and myosin
proteins [24–27]. During muscle contraction, a conformational rearrangement in the troponin complex
is generated by binding calcium ions to TnC, resulting in the movement of Tm, which provides a space
for myosin binding on actin, leading to a cross-bridge creation with the help of energy provided by
ATP. The contractility of muscles is regulated by calcium ion, which acts on the thin filament’s receptor
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molecule troponin. Calcium ion is bounded to TnC that successively binds to TnI, releasing it from its
inhibitory site on actin [28–31]. The details are shown in Figure 1.

Figure 1. The location and arrangement of the thick and thin myofilament in the sarcomere.

3.1. Myofilament Proteins

Sarcomeres are in the form of thick and thin myofilament proteins. The thick filament is made up
of C protein and myosin, while the thin filament is formed from actin, Tm, and troponin complex.

3.1.1. Myosin

Myosin is a motor molecule with actin myofilament, and generates force and motion. Myosin
consists of two light chains (MLCs) and two heavy chains (MHCs) [32]. Cardiac MHCs have two
isoforms in mammals (α and β-isoform) [33]. The α-isoform is related to better actomyosin ATPase
activity than β-isoform. Thus, α-isoform has a fast-contractile velocity than β-isoform [34].

MHCs’ isoform expression is sensitive to hormonal changes and cardiovascular stress [35,36].
Isoform shift was observed in human failing myocardium [37,38]. An increase in β-isoform was
observed in cardiomyopathy, thyroid depletion, aging, and pressure overload condition [39]. In addition,
mammalian myocardium normally primarily expresses α-isoform, but during experimental stimulation
of heart failure, it shows upregulation of β-isoform and downregulation of α-isoform [40]. A localized
shift of α and β isoforms is noticed in tissues of human ventricles. There is a higher expression of
α-isoform in the sub-epicardial than in the sub-endocardial layer [40]. This localized shift of α and β

isoforms is consistent with contraction duration and the shorter action potential in the sub-epicardium
compared with sub-endocardium [41]. About 80% of atria tissues, present in human ventricular tissues,
consist of α-isoform [42]. In atrial fibrillation, the β-isoform expression is approximately doubled [43],
and in failing ventricles, α-isoform expression is decreased [42]. In sum, the MHC isoforms’ transition
may occur in human atrial and ventricular myocardial disease.

The β-myosin heavy chain (MYH7) gene is located on Chr. 14q11.2 and encodes the β isoform
in the cardiac myosin heavy chain. Gene mutation in the MYH7 gene leads to abnormal sarcomeric
protein function. The deficiency or altered function of these proteins results in impaired muscle
contraction, which results in heart failure [44,45].

3.1.2. Actin

Actin is essential for various cell functions. Actin isoforms in mammals are highly conserved.
It consists of six isoforms encoded by six different genes. α-skeletal actin, α-cardiac actin, α-smooth
actin, and γ-smooth actin are specific in their location and present in skeletal, cardiac, and smooth
muscle, respectively. The other two isoforms, β -cyto actin andγ -cyto actin, are universally expressed in
tissues [46]. The delicate variations in ratios of actin isoform may lead to alterations in contractility [46].
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Additionally, evidence indicates that a reduction in cardiac contractility is associated with decreased
expressions of α-cardiac isoform and aberrant expressions of γ-smooth isoform [47]. Humans generally
have higher levels of α-skeletal isoform in the heart, compared to rats and mice [48].

3.1.3. Myospryn

In humans, myospryn protein is a large protein with 4069 amino acid residues (mol. wt. 449 kDa).
The C-terminal portion of the protein is made up of approximately 570 amino acids and has tripartite
motif (TRIM) proteins-like structure, while the rest of the protein consists of multiple glutamate-rich
sequences. Based on this structure, myospryn has also been known as TRIM76 (HGNC Database 2008).
Myospryn protein expression is restricted to cardiac and skeletal muscle only [49]. Myospryn protein
is localized primarily in a Z-disc of sarcomere below the sarcolemma [50,51].

Myospryn gene is situated on Chr 5q14.1 and is related to Z-disc. The Myospryn gene is expressed
in striated muscle cells, co-localized with the α-actinin sarcomeric protein. In the past, studies
have reported an association of Myospryn K2906N (rs6859595) polymorphism with left ventricular
hypertrophy, cardiac adaptation due to pressure overload [52], and LV diastolic dysfunction in
hypertensive patients [23].

3.2. Regulatory Proteins

3.2.1. Tropomyosin (Tm)

Tropomyosin is a major regulatory protein, present in a supercoiled form by wrapping around each
other—a dimer of two α-helical coil chains. In cells, Tm-isoforms collectively regulate the functional
role of actin filaments. Tm-isoforms have two types—(a) muscle Tm-isoforms and (b) non-muscle
Tm-isoforms [53]. The interactions between actin and myosin are controlled by these Tm-isoforms
and play a pivotal role in controlling Ca++sensitive regulation of contraction [54–56]. In humans,
Tm-isoforms are encoded by four different genes (TPM1, TPM2, TPM3, and TPM4) [57]. α-Tm and
κ-Tm from the TPM1 gene, β-Tm from the TPM2 gene, and γ-Tm transcribed from the TPM3 gene are
major Tm-isoforms present in human striated muscles. The ratio of β to α-Tm isomer varies from one
species to another [58].

The Tm-isoform transition leads to cardiovascular disease. Purcell et al. reported that α-Tm
isoform is exclusively expressed by failing heart ventricular muscles [59]. In the heart of chronic
DCM patients was found increased expression of κ-Tm-isoform [60,61]. Tm-isoforms regulate cardiac
contraction/relaxation, calcium sensitivity, and sarcomeric tension. Tm-isoform shifting potentially
affects the overall cardiovascular system.

3.2.2. Troponins

The troponin complex controls the interaction of actin and myosin in striated muscle in response to
calcium. This complex contains three regulatory subunits: Troponin-C (TnC; calcium-binding protein),
Troponin-I (TnI; inhibitory protein), and Troponin-T (TnT; tropomyosin binding protein).

Troponin-C (TnC): Troponin-C is expressed in cardiac and skeletal muscle and has two isoforms,
encoded by genes (TNNC1 and TNNC2). The two isoforms are slow skeleton TnC isoform (ssTnC),
encoded by the TNNC1 gene and expressed in slow muscles and heart muscles; and the fast-skeletal
isoform (fsTnC), encoded by the TNNC2 gene. ssTnC is referred to as cTnC in the heart. The ssTnC/cTnC
isoform has been expressed in both developing and adult hearts [55,62].

Troponin-I (TnI): Troponin-I has three isoforms: (a) ssTnI (slow skeletal muscle), (b) fsTnI (fast
skeletal muscle), and (c) cTnI isoform (cardiac muscle), encoded by TNNI1, TNNI2, and TNNI3 genes,
respectively. During development, the ssTnI:cTnI ratio is continuously decreased, and the adult heart
has mostly cTnI isoform [63,64]. As the developed heart only expresses cTnI, it does not go through
isoform switching under pathological conditions such as DCM, ischemic, and heart failure [65]. In adult
transgenic mice, due to increased calcium sensitivity, slow TnI overexpression may impair relaxation
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and diastolic cardiac function [66]. The cTnI knockout mice show developmental downregulation of
ssTnI. TnI depletion changes the mechanical properties of the myocardium. Under relaxed conditions,
the myocytes in ventricles show reduced sarcomeres, raised resting tension, and a decreased calcium
sensitivity under activating conditions [67].

Troponin-T (TnT): The Tn-t protein is present in three isoforms: slow skeletal isoform (ssTnT), fast
skeletal isoform (fsTnT), and cardiac isoform (cTnT), encoded by these genes: TNNT1, TNNT3, and
TNNT2, respectively [68,69]. The human heart possesses four common isoforms of cardiac Tn-T (cTnT)
i.e., (cTnT1, cTnT2, cTnT3, and cTnT4). A normal adult heart expresses only cTnT3 isoform, while the
failing adult heart, as well as the fetal heart, expresses the cTnT4 isoform [70]. Unusual cTnT isoform
expressions have been associated with heart ailments. An exon 4 skipped isoform was found highly
expressed in failing human hearts [70], and familial HCM human hearts [71]. An over-expression of
exon7-excluded cTnT isoform was observed by Craig et al. in a transgenic mouse heart leading to
impaired systolic function [72]. The heterogeneous group of TnT isoforms or co-presence of multiple
TnT isoforms desynchronize the calcium activation of thin filaments, resulting in cardiac performance
reduction [73]. In comparison to wild–type controls, overexpression of one or more functionally
different cardiac TnT isoforms in mice resulted in lower left ventricular pressure, declined stroke
volume, and slower contractile and relaxation velocities. The author also suggests that co-expression
of functionally distinct cTnT isoforms may impair cardiac function in adult ventricular muscle [73].

Troponin T (TNNT2) Gene: TNNT2 gene is located on Chr. 1q32. and encodes a
tropomyosin-binding subunit of the troponin complex. This protein is situated on the thin filament of
striated muscles and controls muscle contractility in response to Ca++ signals. Mutations in the TNNT2
gene have been positively associated with DCM and familial HCM [20,74,75]. It has been reported that
a 5-bp (CTTCT) I/ D polymorphism present in intron 3 of the TNNT2 gene may impair the skipping of
exon 4 and lead to LVD [10,19,20].

3.3. Sarcomeric Cytoskeletal Proteins

Cytoskeletal proteins provide mechanical resistance, morphological integrity, and play a major
role in maintaining the cell shape of cardiomyocytes. Titin, α-actinin, myomesin, myosin-binding
protein C (MyBP-C), and M-protein are the main constituent proteins of this group [76].

3.3.1. Titin Protein and Associated Gene Polymorphism

Titin is also known as connectin and encoded by the TTN gene, which is located on Chr. 2q31. It is
a giant muscle protein of striated muscles that act as a molecular spring and are responsible for passive
elasticity. Like a spring, it provides the force to control sarcomere contraction and signaling [22,77–79].
Titin is the third most abundant protein in cardiac muscle, after myosin and actin. It spans half of the
sarcomere and connects M-line to Z-line. It is the key determinant of myocardial passive tension and
plays an important role in the elasticity of cardiac myocytes. These proteins also contribute to the
diastolic function of LV filling. Titin consists of two types of protein domains: 1) fibronectin type III
domain and 2) immunoglobulin domain. The N-terminal of titin is located in the I-band and connected
to Z-disc, and have elastic property. This I-band elastic region has a spring-like PEVK segment, rich in
proline, glutamate, valine, and lysine [25–27,30,79].

A single gene encodes three major isoforms of titin through alternative splicing [21,79]. Change
in ratios of cardiac titin isoforms has been associated with cardiovascular disease. Itoh-Satoh et al.
found four possible DCM-associated mutations. The mutated gene expresses a non-functional titin
protein that is unable to rotate half sarcomere and decreases binding affinities to Z-line proteins [80].
A familial DCM locus maps to Chr. 2q31 and causes early-onset congestive heart failure (CHF) [81].
RNA binding motif 20 (Rbm20) is a muscle-specific splicing factor, regulating alternative splicing of
titin [82]. The Rbm20 knockout rats express a most compliant titin isoform that causes DCM [83,84].
This mutation is associated with the expression of a larger, compliant fetal cardiac titin isoform in
severe DCM patients [82].
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An 18 bp (TTTTCCTCTTCAGGAGCAA/T) I/D polymorphism falls within the PEVK region that
controls the contractile nature of titin. It was previously reported that mutations in the TTN gene have
been related to different forms of cardiomyopathy, including HCM, DCM, and arrhythmogenic right
ventricular cardiomyopathy (ARVC) [9,21,22].

3.3.2. Myosin-Binding Protein C (Mybp-C) and Associated Gene Polymorphism

MyBP-C is a thick filament-associated striated muscle protein situated in the C zones cross-bridge
of A-bands and binds to titin and myosin. MyBP-C and titin collectively form a firm ternary complex,
where titin act as a molecular ruler and MyBP-C as a regulatory protein [85–87]. In the adult heart,
MyBP-C is present in three isoforms in striated muscles, while skeletal muscle expresses only two
isoforms. The fsMyBP-C is the fast-skeletal isoform encoded by the gene MYBPC2 in humans.
In humans, MYBPC1 encodes for ssMyBP-C, the slow form of skeletal muscle [88] while MYBPC3
encodes for human cardiac MyBP-C (cMyBP-C) [89]. In the same sarcomere, fsMyBP-C and ssMyBP-C
isoforms can be expressed simultaneously [90] and the diverse arrangements of the specific sarcomere
bands are due to the co-existence of fsMyBP-C and ssMyBP-C in variable proportions [91]. The cMyBP-C
isoform is found only in cardiac muscle and cannot be trans-complemented by skeletal MyBP-Cs [92].

The MYBPC3 gene located on Chr. 11p11.2 and mutations in this gene were reported in HCM and
DCM patients [17,93–95]. In 2–6% of Southeast Asian populations, MYBPC3 25 bp deletion, located
in intron 32 at 3′ region of the gene is noted and associated with a high risk of LVD (left ventricular
ejection fraction < 45). This 25-bp intronic deletion results in exon 33 skipping and incorporated
missense amino acids at the C-terminal of the protein [14,18]. Incorporation of this mutated protein in
myofibrils [14] may cause sarcomere breakdown. Moreover, authors have reported through a protein
model that this deletion disrupts the α-helical stretch in the cMyBP-C and an additional α-helix and
β-pleated sheets are incorporated in the mutated protein. As the cMyBP-C protein directly binds a
subset of Ig domains with titin and myosin through its C8, C9, and C10 domains, any conformational
changes in the mutated protein may cause alterations in conformation or direction of the C10 domain.
Thus, the inability of myosin binding may have severe effects on sarcomeric organization, suggesting
its involvement in the morphological and functional changes of cardiac muscle.

The pathophysiology of cardiac muscles due to truncated and missense MyBP-C has been
explained by other mechanisms as well. Due to these mutations, MyBP-C3 mRNA may undergo
nonsense-mediated mRNA decay (NMD), which disrupts its proteins through the UPS and may result
in cardiac dysfunction [96]. UPS functions also decline with high oxidative stress and the age of an
individual. Further, mutated protein may accumulate and disturb cellular homeostasis, and can initiate
LVD [97,98]. This deletion polymorphism is also associated with other parameters of LV remodeling,
i.e., LV dimensions (LV end-systolic and diastole dimension). This deletion may play an important role
in conferring LVD risk in Southeast Asian populations and can be used as an early risk predictor [15].

The MYBPC3 25-bp deletion polymorphism is quite common with varied frequency in South
Asian inhabitants. Studies have suggested that this deletion might have not been present in initial
settlers who arrived 50000 to 20000 years ago from Africa, but might have surfaced later in India.
The high frequency of this deleterious mutation is somewhat surprising. It has been suggested that
with carrier frequency of 2–8% gradation from North to South India, this variation may contribute
significantly to the burden of cardiac diseases in the subcontinent [14,99,100].

4. Common Sarcomeric Variants Reported with LVD

Studies have reported numerous genetic variants that play a vital role in the pathophysiology
of left ventricular dysfunction [15,16,101]. Previously, the TTN and TNNT2 gene variants were
studied with various cardiac remodeling phenotypes. Mutation in the TTN and TNNT2 genes were
associated with different phenotypes of cardiac remodeling. In intron 3 of the TNNT2 gene, a 5bp
I/D polymorphism is associated with cardiac hypertrophy [20]. The DD genotype is associated with
wall thickening of the ventricles and a greater LV mass in the hypertrophy population. Farza et al.,
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however, observed no clinical importance of this variant in cardiac hypertrophy [102]. Rani et al.
observed that 5bp deletion in this polymorphism leads to exon 4 skipping at the time of splicing, and
is present in a significantly high concentration in HCM patients [19]. Nakagami et al. observed an
association between cardiac hypertrophy and myospryn polymorphisms. Authors have reported that
in the Myospryn gene, AA genotype of K2906N polymorphism plays a risk allele for left ventricular
diastolic dysfunction in hypertensive patients [23]. Kumar et al. conducted a case-control study to
explore the association of MYBPC3, titin, troponin T2, and myosporin gene deletion polymorphisms.
A total of 988 angiographically proved CAD patients and 300 healthy controls were enrolled in this
study. Of the 988 CAD patients, 253 were categorized as LVD with reduced left ventricular ejection
fraction (LVEF ≤ 45%). The study concluded that there is a significant association of MYBPC3 25-bp
deletion polymorphism with elevated risk of LVD (LVEF < 45) (healthy controls v/s LVD: OR = 3.85,
p value < 0.001; and non-LVD v/s LVD: OR = 1.65, p value = 0.035), while the other three studied
polymorphisms (Myosporin, TNNT2, TTN) do not seem to play a direct role in LVD as well as CAD
risk in north Indians [15,16,103,104].

Several truncated and missense mutations were reported in MyBP-C, which generates poison
peptides and haplo-insufficiency. Due to these mutations, MyBP-C3 mRNA may undergo
nonsense-mediated mRNA decay (NMD), which disrupts its proteins through the UPS and may
result in cardiac dysfunction [96]. UPS function also declines with high oxidative stress and age.
Further, the mutated protein may accumulate and disturb cellular homeostasis and initiate LVD [97,98].
During adrenergic stimulation, cardiac contractility is regulated by MyBP-C. With the help of cyclic
AMP-dependent protein kinase and calcium/calmodulin-dependent protein kinase II, MyBP-C goes
through reversible phosphorylation [73,105]. A 25-bp deletion in the MyBP-C3 gene causes severe
ischemic damage to the cardiac muscle and can develop severe LVD in CAD patients who carry this
deletion [15]. In the South Asian population, this 25 bp deletion is relatively common. Analysis of this
deletion in different subgroups based on LV ejection fraction (LVEF) shows a significant association
of this polymorphism with severe LVD. Patients with LVEF (30–40%) and below 30% have a higher
percentage of this deletion genotype. Additionally, this deletion polymorphism is also associated with
echocardiogram results such as LV systolic and end-diastolic dimension. To rule out the possibilities
of the development of LVD in CAD patients due to confounding factors such as diabetes, smoking,
hypertension, and ST-elevation myocardial infarction, the authors performed a multivariate analysis,
which shows that the above-stated association was only due to this 25 bp deletion only. This deletion
may be responsible, for the development of LVD in CAD patients [15], alone or in combination with
hypertension. Based on the above discussion, we proposed a model for left ventricular dysfunction
(LVD)/heart failure (Figure 2).
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Figure 2. A model for left ventricular dysfunction (LVD)/heart failure. Coronary artery disease (CAD).

5. Conclusions

It is well established that left ventricular dysfunction is a complex condition, caused by numerous
factors—mechanical, neurohormonal, and genetic. Some potential modifiers are shown in Table 2.
Sarcomeric genes [15,16], matrix metalloproteinases (MMPs) [106], renin-angiotensin-aldosterone
system (RAAS) [101], and inflammatory pathway genes [107] was previously associated with left
ventricular dysfunction. In complex diseases, most genetic variants are known to exert minor, but
significant effects on disease phenotype. It may be worthy to perform genome-wide association
studies to identify novel loci, which may have a vital impact on the development of LVD. Moreover,
it is suggested that large, well-designed association studies with functional studies for validation
are conducted to establish the combined roles of SNPs in the predisposition and severity of the
disease. Moreover, it is important to identify and validate novel mutations in sarcomeric genes using
next-generation sequencing and microarrays methods for a complete analysis of genes involved in LVD.
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Table 2. Potential modifier of Left Ventricular Dysfunction (LVD).

Common Factors Effect Ref.

Environmental Risk Factors

Age Higher in older patients [108]

Gender More in men [109]

Ethnicity High in African Athletes [110]

Smoking status Higher in smoker patients [111]

Obesity Higher in obese patients [112]

Hypertension Higher in hypertensive patients [112]

Coronary artery disease Higher in CAD patients [112]

Renal disease Higher in CKD patients [112]

Genetic Risk Factors

Sarcomeric gene mutations–MYBPC3, TNNT2, TTN, MYH7,
Myospryn, etc. ↑ ventricular remodeling and LVD [15,23]

Renin–Angiotensin–Aldosterone System (RAAS)
pathway–ACE and AT1 Gene ↑ ventricular remodeling and LVD [101,113]

Matrix Metalloproteinase (MMPs)–MMP2, MMP7 and MMP9 ↑ LVD [104,106]

Adrenergic pathway–ADRB1, ADRA2A, ADRB3 ↑ ventricular remodeling and LVD [103]

Inflammatory pathway–NFKB1, IL6, and TNF-α ↑ ventricular remodeling and LVD [104,107]

Coronary artery disease (CAD); Chronic kidney disease (CKD); Left ventricle dysfunction (LVD).
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Abstract: Few studies have analyzed the potential of biophysical parameters as markers of cardiac
remodeling post-myocardial infarction (MI), particularly in human hearts. Fourier transform infrared
spectroscopy (FTIR) illustrates the overall changes in proteins, nucleic acids and lipids in a single
signature. The aim of this work was to define the FTIR and lipidomic pattern for human left
ventricular remodeling post-MI. A total of nine explanted hearts from ischemic cardiomyopathy
patients were collected. Samples from the right ventricle (RV), left ventricle (LV) and infarcted left
ventricle (LV INF) were subjected to biophysical (FTIR and differential scanning calorimetry, DSC)
and lipidomic (liquid chromatography–high-resolution mass spectrometry, LC–HRMS) studies. FTIR
evidenced deep alterations in the myofibers, extracellular matrix proteins, and the hydric response
of the LV INF compared to the RV or LV from the same subject. The lipid and esterified lipid FTIR
bands were enhanced in LV INF, and both lipid indicators were tightly and positively correlated
with remodeling markers such as collagen, lactate, polysaccharides, and glycogen in these samples.
Lipidomic analysis revealed an increase in several species of sphingomyelin (SM), hexosylceramide
(HexCer), and cholesteryl esters combined with a decrease in glycerophospholipids in the infarcted
tissue. Our results validate FTIR indicators and several species of lipids as useful markers of left
ventricular remodeling post-MI in humans.

Keywords: biophysical markers; cardiac remodeling post-MI; lipidomics; Fourier transform infrared
spectroscopy; heart failure
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1. Introduction

Ischemic heart disease is the primary cause of death in Western countries, and myocardial
infarction occupies about 50% of deaths in this group. Despite the important improvements in the
management of myocardial infarction, adverse left ventricular remodeling, which occurs in up to
30% of cases following ST-segment elevation myocardial infarction (STEMI), is strongly associated
with poor patient outcomes. Chronic left ventricular remodeling (LVR) is, apart from infarct size and
infarct wound healing, the primary determinant of heart failure post-myocardial infarction (MI) [1,2].
Adverse LVR after MI involves crucial changes in the composition and organization of the extracellular
matrix (ECM) [3].

The location, size and shape of MI is commonly determined by imaging techniques at the
clinical level or by histopathology at the experimental level. Detailed information about the chemical
composition and physical structure of infarct zones post-MI remains limited. Previous studies from our
group have shown that Fourier transform infrared (FTIR) spectroscopy has the potential to highlight
the main alterations that occur in cardiac remodeling in a post-MI mice model [4], as well as in a pig
model of tachycardia-induced dilated cardiomyopathy [5]. The FTIR spectra of freeze-dried mice’s left
ventricles showed amides I and II to be the major absorptions bands. Collagen possesses a specific band
at 1338 cm−1 [6] that can be used to compile a collagen/protein indicator. Finally, the sub-resolution of
the FTIR spectra determined by Fourier self-deconvolution (FSD) and the second derivative method in
the amide I/II zone is useful for determining the secondary structures of proteins [7]. In a mice model,
we showed that an increase in the collagen indicator in the infarcted tissue is associated with the
predominance of the triple helical conformation of proteins, evidencing a deep remodeling of this zone.

In addition to structural remodeling, infarcted tissue undergoes what is called “metabolic
remodeling”, which includes a set of metabolic changes that occur in the cardiac tissue exposed to
ischemia. These metabolic changes include partial insulin resistance, associated with reduced fatty
acid oxidation and impaired mitochondrial biogenesis [8,9], downregulation of metabolic genes [10],
and upregulation of lipoprotein receptors that contribute to increasing the intracellular lipids in
cardiomyocytes [11–14]. A high prevalence of myocardial lipids has been found in areas of chronic
MI in humans [15]. Patients with cardiac lipid deposition had larger infarctions, as well as decreased
wall thickening and impaired endocardial wall motion. The hydrolysis of lipid species such as
phospholipids in the membrane of cardiomyocytes during ischemic processes is intimately linked
to the pathogenesis of myocardial infarction [16,17]. Clinical studies have identified new circulating
metabolites that are derived from phospholipidic metabolism in serum and are useful as potential new
biomarkers in cardiac remodeling post-MI [18–22]. To the best of our knowledge, only one lipidomic
study has been performed in cardiac infarcted tissues, and was developed using pigs [13].

The objective of the current investigation was to identify conformational, biophysical, and lipidomic
alterations that are useful as biomarkers of cardiac adverse remodeling in human infarcted hearts.

2. Materials and Methods

2.1. Collection of Human Samples

A total of 9 explanted human hearts from ischemic cardiomyopathy patients were collected and
immediately processed. These hearts were from patients undergoing cardiac transplantation in the
Department of Cardiology. The myocardial samples from the explanted hearts were collected in
the Department of Pathology (both departments from Santa Creu I Sant Pau Hospital, Barcelona).
Clinical data, electrocardiograms, Doppler echocardiography, hemodynamic studies, and coronary
angiography were available for all patients. All patients were functionally classified according to
the New York Heart Association (NYHA) criteria and received medical treatment according to the
guidelines of the European Society of Cardiology [23] using diuretics 89%, angiotensin-converting enzyme
inhibitors 86%, β-blockers 48%, aldosterone antagonists 71%, digoxin 49% and statins 82% (Table 1).
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Table 1. Clinical and echocardiographic characteristics from whom explanted ischemic hearts
were obtained.

ICM (n = 9)

Age (years) 57.67 ± 12.02

Gender male (%) 78

Prior Hypertension (%) 44

Diabetes mellitus (%) 11

Dislipemia (%) 75

Perfusion abnormalities * (%) 72

Echo-Doppler study

Ejection fraction (%) 29.88 ± 8.90

Intraventricular septum in diastole (mm) 11.63 ± 4.63

Left ventricular posterior wall in diastole (mm) 9.53 ± 0.75

Left ventricular end-diastolic diameter (mm) 60.38 ± 14.15

Left ventricular end-systolic diameter (mm) 56.25 ± 2.79

Treatment (%)

Diuretics 89

Angiotensin-converting enzyme inhibitors 86

β-blockers 48

Aldosteron antagonists 71

Digoxin 49

Statins 82

ICM, ischemic cardiomyopathy; * the patients with perfusion abnormalities were considered those subjected to
coronary interventions (i.e. by-pass, angioplasty, stents and others).

Hearts were weighed and measured, and samples from the right ventricle (RV) (n= 9), left ventricle
(LV) (n = 9), and infarcted left ventricle (LV INF) (n = 9) were excised and frozen at −80 ◦C for
immunohistochemical, biophysical and lipidomic studies. The project was approved by the local Ethics
Committee of Hospital de la Santa Creu i Sant Pau, Barcelona, Spain, and was conducted in accordance
with the guidelines of the Declaration of Helsinki. All patients gave written informed consent that was
obtained according to our institutional guidelines.

2.2. Tissue Homogenization and Preparation of the Samples for the Different Studies

One portion of collected tissue was embedded in optimal cutting temperature compound (OCT)
and used for immunohistochemical studies. Other portion was frozen under N2, pulverized using
a mortar and a pestle in liquid nitrogen and used for the biophysical studies. A 5 mg aliquot was
freeze dried and used for vibrational characterization and a 25 mg aliquot was used for differential
scanning calorimetry (DSC). Another aliquot of pulverized tissue (500 μg) was dissolved in a lysis
buffer (Tris-HCl 1 M, KCl 1 M, and protease inhibitors 1 μg/mL) and used for the lipidomic studies.

2.3. Immunohistochemical Analysis

Myocardial collagen was immunohistochemically assessed by Sirius Red Staining as
previously described [24].
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2.4. Vibrational Characterization

The Fourier transform infrared spectroscopy/attenuated total reflectance (FTIR/ATR) spectra of
the freeze-dried tissues were acquired using a Nicolet 5700 FTIR instrument (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with an ATR device with a KBr beam splitter and an MCT/B detector.
The ATR accessory used was a Smart Orbit with a type IIA diamond crystal (refractive index 2.4,
Thermo Fisher Scientific, Waltham, MA, USA). Samples were directly deposited on the entire active
surface of the crystal and gently compressed using a Teflon tip to ensure good contact. For each sample,
80 interferograms were recorded in the 4000–450 cm−1 region, co-added and Fourier-transformed to
generate an average spectrum of the segmented heart part with a nominal resolution of 1 cm−1 using
Omnic 8.0 (Thermo Fisher Scientific, Waltham, MA, USA). The single-beam background spectrum was
collected from the clean diamond crystal before each experiment, and this background was subtracted
from the spectra.

To circumvent the attenuation of penetration depth in the samples at large wave numbers in
the ATR mode, spectra were subjected to advanced ATR correction. Then, the spectra were baseline
corrected and normalized using the maximum of the amide II peak. These spectra were subsequently
used to calculate the integrated band intensities and their ratios. For semi-quantitative comparison
between groups, the areas of the different absorption bands were computed from the individual
spectrum of each tissue, and the appropriate ratio of areas was used according to the literature data
in trans-reflectance or ATR mode [25,26]. Second derivatives were used to enhance the chemical
information present in the overlapping infrared absorption bands of the spectra. All spectra processing
was performed using Omnic 8.0. The spectra presented for each group were calculated by averaging
the spectra of all samples within each group.

2.5. Differential Scanning Calorimetry

Calorimetric analyses were performed using a DSC Pyris calorimeter (Perkin Elmer, Waltham,
MA). The calorimeter was calibrated using Hg and In resulting in a temperature accuracy of 0.1 ◦C and
an enthalpy accuracy of 0.2 J/g. Fresh samples, 5–10 mg in weight, were set into hermetic aluminum
pans and equilibrated at the initial temperature for 5 min before cooling to −100 ◦C at 10 ◦C/min.
Then, the thermograms were recorded during heating at 10 ◦C/min until reaching 90 ◦C. After the DSC
measurements were performed, the pans were reweighed to check that they had been correctly sealed.

2.6. Lipidomic Analysis of the Heart

Phospholipids (PLs) and sphingolipids (SLs extracts) were prepared and analyzed using the
following protocols previously described [27,28], with minor modifications.

2.6.1. Phospholipids and Neutral Lipids

A 750 μL methanol–chloroform (1:2, v/v) solution containing standards was transferred to
borosilicate glass test tubes with Teflon caps, and 0.25 mL methanol and 0.5 mL chloroform were
subsequently added. This mixture was fortified with the internal standards of lipids (200 pmol
each). The following standards were added to myocardial samples: 16:0 D31_18:1 phosphocholine,
16:0 D31_18:1 phosphoethanolamine, 16:0 D31-18:1 phosphoserine, 17:0 lyso-phosphocholine,
17:1 lyso-phosphoethanolamine, 17:1 lyso-phosphoserine, 17:0/17:0/17:0 triacylglycerol, and C17:0
cholesteryl ester; 0.2 nmol of each standard (from Avanti Polar Lipids). The samples were vortexed and
sonicated until they appeared dispersed and were then incubated at 48 ◦C overnight. The solvent was
removed using a Speed Vac Savant SPD131DDA (Thermo Scientific). Lipids were solubilized in 0.5 mL
of methanol and transferred to 1.5 mL Eppendorf tubes and evaporated again. The samples were
resuspended in 150 μL of methanol. The tubes were centrifuged at 13,000× g for 3 min, and 130 μL
of the supernatants was transferred to ultra-performance liquid chromatography (UPLC) vials for
injection and analysis.
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2.6.2. Sphingolipids

A 750 μL methanol–chloroform (2:1, v/v) solution containing internal standards (N-dodecanoylsphingosine,
N-dodecanoylglucosylsphingosine, N-dodecanoylsphingosylphosphorylcholine, and C17-sphinganine,
0.2 nmol each, from Avanti Polar Lipids) was added to the myocardial samples. The samples were
extracted at 48 ◦C overnight and cooled. Then, 75 μL of 1 M KOH in methanol was added to saponify
phospholipids and prevent their possible interference in the detection of sphingolipids, and the mixture
was incubated for 2 h at 37 ◦C. Following the addition of 75 μL of 1 M acetic acid, the samples were
evaporated to dryness, and stored at −20 ◦C until analysis. Before analysis, 150 μL of methanol was
added to the samples. Then, the samples were centrifuged at 13,000× g for 5 min, and 130 μL of the
supernatant was transferred to a new vial and injected.

2.6.3. UPLC Coupled to HRMS Analysis

Ultra Performance Liquid chromatography (UPLC) coupled to high-resolution mass spectrometry
(HRMS) analysis was performed using an Acquity ultra-high-performance liquid chromatography
(UHPLC) system (Waters, USA) connected to a Time of Flight (LCT Premier XE) Detector. The full-scan
spectra from 50 to 1800 Da were acquired, and individual spectra were summed to produce data points
each being 0.2 s. Mass accuracy at a resolving power of 10,000 and reproducibility were maintained
using an independent reference spray via LockSpray interference.

Lipid extracts were injected onto an Acquity UPLC BEH C8 column (1.7 μm particle size, 100 mm
× 2.1 mm, Waters Ireland) at a flow rate of 0.3 mL/min and a column temperature of 30 ◦C. The mobile
phases were water with 2 mM of ammonium formate and 0.2% of formic acid (A) and methanol with
2 mM of ammonium formate and 0.2% of formic acid (B).The UPLC conditions were programmed as
follows: 0.0 min_80% B; 3 min_90% B (linear gradient); 6 min_90% B (isocratic); 15 min_99% B (linear
gradient); 18 min_99% B (isocratic); 20 min_80% B (linear gradient); 22 min_80% B (isocratic).

Positive identification of compounds was based on the accurate mass measurement and
its LC retention time, compared with that of a standard (<2%). Selected ions for SLs and
glycerophospholipids correspond to [M + H]+, whereas ammonia adduct were used for neutral lipids
(Table S1). The ceramide (Cer) standards used were N-palmitoyl-sphingosine, N-stearoyl-sphingosine,
N-lignoceroyl-sphingosine and N-nervonoyl-sphingosine. The sphingomyelin (SM) standards
used were N-palmitoylsphingosyl phosphorylcholine, egg SMs (predominant C16:0SM) and
brain SMs (C18:0SM, C24:0SM and C24:1SM in known percentages). The glucosylceramide
standard used was N-palmitoylglucosylsphingosine. The lactosylceramide standard used was
N-palmitoyl-lactosylsphingosine. The diacylphospholipid standards used were 1,2-dipalmitoyl
-snglycero- 3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero- 3-phosphocholine, 1-palmitoyl-2-oleoyl
-sn-glycero-3-phosphoethanolamine and 1-palmitoyl-2-oleoyl-sn-glycero- 3-phospho-L-serine.
The lysophospholipid standards used were 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine,
1-oleoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine and 1-oleoyl-2-hydroxy-sn-glycero-3-phospho
-L-serine. The triacylglycerol standard used was 1,2,3-tri-(9Z-octadecenoyl)-glycerol. The cholesteryl
ester standard used was cholesteryl cis-9-octadecenoate. When authentic standards were not available,
identification was achieved based on their accurate mass measurement, elemental composition,
calculated mass, error, double-bond equivalents and retention times. Quantification was carried
out using the extracted ion chromatogram of each compound, obtained with a mass chromatogram
absolute window value of 0.05 Da. As an example, representative ion chromatograms for sphingolipids
(Figure S1), glycerophospholipids (Figures S2 and S3) and neutral lipids (Figure S4) of the right,
left and infarcted left ventricle from the same patient are shown. The linear dynamic range was
determined by injecting mixtures of internal and natural standards indicated above. If values were
above the linear dynamic range, samples were diluted and analyzed again. Since standards for all
identified lipids were not available, the amounts of lipids are given as pmol equivalents relative to
each specific standard (Table S1).
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Sphingolipids (Cer: ceramide; SM: sphingomyelin; CDH: Ceramide dihexoside; HexCer:
hexosylceramides), glycerophospholipids (PC: phosphatidylcholine; LPC: lysophosphatidylcholine;
PE: phosphatidylethanolamine; LPE: lysophosphatidylethanolamine; PS: phosphatidylserine; LPS:
lysophosphatidylserine, PG: phosphatidylglycerol), and neutral lipids (TAG: triacylglycerol; CE:
cholesteryl esters; free cholesterol: FC) were detected. All glycerophospholipid and neutral lipid
species were annotated using the “lipid subclass” and “C followed by the total fatty acid (FA) chain
length:total number of unsaturated bonds” (e.g., PC (32:2)).

2.7. Statistical Analysis

Variables were compared two by two among the 3 groups (RV, LV and LV INF) using Student’s
t-test or a Mann–Whitney U test for paired samples (myocardial samples were from the same
patient), respectively, depending on whether the variables were normal. Normality was tested with a
Shapiro–Wilk and Lilliefors test. p values were adjusted with Bonferroni’s correction, we performed
3 comparisons for each variable.

The correlations between variables were studied in each group using Pearson’s correlation.
p values were adjusted with Bonferroni’s correction because we tested the correlation among all
lipidomic and biophysical variables. p < 0.05 was considered statistically significant.

Lipidomic variables whose differences were significant in some of the study groups were
represented in a heatmap. Each variable was represented as a logarithm of the quotient of the group
mean and the mean value in all groups.

Statistical power was calculated afterwards as few lipidomic studies in human hearts have
been performed until now and it was difficult to estimate the effect size in some lipidomic variables.
Assuming the differences obtained in the significant variables as the real effect size, we obtained a
range of values of statistical power between 0.64 and 0.98 in differential analysis and a range between
0.79 and 1 in correlation analysis.

All data analyses were performed using R 4.0.2 software [29].

3. Results

3.1. Identification of the Main FTIR Bands in the Human Heart

To compare the spectral signature of the human heart with previous data collected from animal
hearts [4,5], the average FTIR spectra of mice, pig, and human right ventricles were superimposed
(Figure 1). Table S2 summarizes the different FTIR absorption bands detected in human compared to
pig and mice right ventricles, as well as their assignments, according to previously published data in
transmission or ATR mode [5,6,30–37]. The major absorption bands in these spectra were the amide
A, the amide I, and the amide II, which are mainly associated with proteins in freeze-dried tissues.
Since Amide A is located in the large wave number zone where FTIR-ATR is not the more appropriate
mode, the intensity of this mode has not been used for further semi-quantitative analysis. The primary
ventricular proteins are cardiomyocyte myofibrillar (myosin, α-actin) and sarcoplasmic proteins and
the structural proteins of the extracellular matrix (ECM), i.e., fibrillar collagens I and III. Among these
different vibrations, the 1338 cm−1 band (wagging of the proline side chain) [6,25,36] corresponds to a
specific signature of the structural proteins of the ECM since it is the only one that does not overlap
with absorption or other components, e.g., DNA, lipids, or proteoglycans. As shown in Figure 1,
the spectral signatures of the structural proteins of the ECM and the myofibers from mice, pigs and
humans are very similar.
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Figure 1. Averaged Fourier transform infrared spectroscopy (FTIR) spectra of the right ventricles from
the mice, pig, and human samples. Line graphs showing the 3600–2800 cm−1 (A), 1800–1350 cm−1 (B),
and 1350–900 cm−1 (C) spectral regions of mice, pig, and human right ventricles.

The complex FTIR spectra of the ventricles also include lipids with their classic markers at
2800–3000 cm−1 (especially the CH2 stretching of long hydrocarbon chains) (Figure 1A) and at
1475–1450 cm−1 (CH2 scissoring and CH3 bending) (Figure 1B). These lipids are mainly phospholipids
of the plasmatic membranes, confirmed by the presence of the C=O stretching of ester groups,
the CO-O-C and PO2

− stretching bands, triglycerides, cholesteryl esters, free cholesterol and free
fatty acids (C=O stretching at 1712 cm−1 and COO- stretching at 1392 cm−1). Unsaturated lipids are
specifically marked by the 3013 cm−1 band.

Where the band position of the lipids is quasi-identical among the three species, the lipid
vibrational response is more intense in human ventricles (for both the ν(CH2) and ν(C=O) bands) than
in pig and mice ventricles.

Finally, as shown in Figure 1C, other ventricular components contributed to this complex
vibrational response including DNA, specifically at 974 cm−1 [37]; proteoglycans (contributing to
the 1079 cm−1 band and the overlapping 1226 cm−1 band); glycogen; and other polysaccharides
(1200–1000 cm−1). The composite (1240–1100 cm−1) zone is subjected to fine differences due to
disparities in the nature or proportion of these components among the three compared species.

3.2. Characterization of the Human Heart Lipidome

UPLC–HRMS analysis electrospray ionization mass spectrometry revealed 44 species of
sphingolipids, 60 species of glycerophospholipids, and 60 species of neutral lipids in the human heart.
The relative amount of each lipid in the whole family was expressed as the percentage of each lipid area
compared to the total number of lipids of the same family in the right and left ventricles (Figures S5–S7).

The relative abundance of the species present for each particular lipid among the family of
sphingolipids in the human heart is also shown (Figure S5A–E). The most abundant sphingolipid in
the human heart is sphingomyelin d18:1 (SM, 88.53%), particularly the species with long fatty acid
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chains (from 14 to 18 C) (Figure S5A). Minor species include ceramide d18:1 (Cer, 6.94%) (Figure S5B),
followed by dihydrosphingomyelin d18:0 (dhSM, 3.56%) (Figure S5C), hexosylceramide (d18:1) (HexCer,
0.58%) (Figure S5D) and ceramide dihexoside (18:1) (CDH, 0.39%) (Figure S5E). CDH (d18:14:0) was
significantly higher in LV than in RV (p = 0.045) (Figure S5E).

The most abundant glycerophospholipids in human cardiac tissue are phosphatidylcholine
(PC, 75.24%), mainly species with long fatty acid (FA) chains (from 32 to 38 C) (Figure S6A);
followed by phosphatidylserine (PS, 8.43%) (Figure S6B); lyso-phosphatidylcholine (LPC, 6.62%)
(Figure S6C), phosphatidylethanolamine (PE, 4.96%) (Figure S6D), lyso-phosphatidylethanolamine
(LPE, 2.88%) (Figure S6E), lyso- phosphatidylserine (LPS, 1.12%) (Figure S6F) and phosphatidylglycerol
(PG, 0.76%) (Figure S6G).

Finally, as shown in Figure S7, the neutral lipids in the human hearts contain a high percentage of
triglycerides (TAG, 97.06%) (Figure S7A). Several TAG species with longer unsaturated chains of fatty
acids (FAs), decreased in the LV compared to the RV. These TAG species were C53:2 (p = 0.041), C54:1
(p = 0.036), and C54:2 (p = 0.033). The decrease in TAG in human LV compared to RV was previously
reported in a porcine model [5] and likely reflects a higher effort and more energetic consumption of LV.
Most of the cholesterol was found in the form of free cholesterol (FC, 2.03%) (Figure S7B), with a minor
proportion found as cholesteryl esters (CE, 0.90%) (Figure S7C). There were no statistically significant
differences in FC or CE between RV and LV.

3.3. Identification of the Alterations of the FTIR Bands Related to Myofibers and Structural Extracellular
Matrix Proteins in Human LV INF compared to LV and RV

Table S3 shows a comparison of the IR bands between RVs, LVs and LV INFs of the human hearts
compiled from IR spectra. Specific assignments of these bands were performed according to the
literature [5,6,30–37]. Most of the IR bands previously described in murine and porcine cardiac control
tissues are also present in the RV, LV, and LV INF of human hearts.

In agreement with the deep remodeling of infarcted tissue assessed by immunohistochemistry
(Figure 2A), FTIR analyses revealed the profound alteration of the IR band pattern at 1300–860 cm−1 in
the LV INF compared to the LV or RV samples (Figure 2B). A distinct feature of the collagen-specific
absorption band at 1338 cm−1 was found in the human LV INF sample but not in the RV or LV samples.
The indicator collagen/amide II (1338 cm−1/1540 cm−1), which reflects the content of structural proteins
related to the total proteins, was significantly increased in LV INF compared to LV (p = 0.023) and RV
(p = 0.023) (Figure 2C). The second derivative FTIR spectra (which allows increased resolution) showed
the exclusive presence of certain IR bands in LV INF at 1140 and 1095 cm−1 (Figure 2D, asterisks) in
the ν(C-O-C)/ν(C-OH) absorption zone, indicating deep alterations in oligosaccharides and also in
glycolipids, phospholipids, and nucleic acids in the infarcted area. In addition, intense absorptions at
1120 cm−1 (characteristic of ν(C-O) in lactate, polysaccharides, and glycogen), 1236 cm−1 (amide III),
and 1160 cm−1 (hydroxyproline residues, collagen specific) were detected in human LV INF compared
to LV and RV (Figure 2B,D, arrows). The increase of 1236 and 1160 cm−1 band absorptions could be
due to augmented collagen deposition in the infarcted zone, while that of 1120 cm−1 is associated with
elevated levels of lactate and/or polysaccharides in this zone (p = 0.047) (Figure 2E).
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Figure 2. Immunohistochemical and FTIR analyses of fibrosis in human ventricle samples. Sirius Red
Staining was used to distinguish the collagen (in red) in the right ventricle (RV), left ventricle (LV) and
infarcted left ventricle (LV INF) samples. Scale Bar: 20 μm (A). Line graphs showing the 1350–1000 cm−1

averaged FTIR spectra of RV, LV, and LV INF (B). Boxplot analysis of the FTIR collagen/protein indicator
(1338 cm−1/amide II) in the three groups (C). Line graphs showing the average second derivative spectra
in the 1370–1000 cm−1 region (D). Arrows indicate the bands altered in the LV INF samples. Asterisks
indicate the occurrence of new absorption bands in the LV INF samples. Boxplots showing lactate,
polysaccharide, and glycogen/protein indicator (1220 cm−1/amide II) in the three groups (n = 9/group)
(E). * p < 0.05. RV: right ventricle, LV: left ventricle, LV INF: infarcted left ventricle.

3.4. Identification of the Alterations in the FTIR Bands Corresponding to DNA Response in Human LV INF
Compared to LV and RV

As reported in Figure 3A, FTIR spectra corresponding to 1000–850 cm−1 where the DNA/RNA
response prevails, showed differences between the three myocardial samples, which were quantified
by the nucleic acid/protein indicator (band area ratio 974 cm−1/1540 cm−1, Figure 3B). There was
a significant decrease in the DNA/protein ratio from the right to left ischemic ventricles, reaching
significance in LV INF vs. LV (p = 0.0056) and RV (p = 0.0061) (Figure 3B).

This evolution is consistent with previous FTIR imaging results on infarcted myocardium,
indicating that nucleic acids are widespread in a normal myocardium but destroyed in an infarcted
myocardium [38]. All changes revealed the profound remodeling of the ECM in human infarcted tissue.
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Figure 3. FTIR analysis of the nucleic acids in the human ventricle samples. Line graphs showing
the 1000–850 cm−1 average FTIR spectra corresponding to the signal of nucleic acids in the RV, LV,
and LV INF samples (A). Boxplot analysis of nucleic acid/protein FITR indicator (974 cm−1/amide II)
(B) in the three groups (n = 9/group). * p < 0.05. RV: right ventricle, LV: left ventricle, LV INF: infarcted
left ventricle.

3.5. Study of the Hydric Response of Human RV, LV and LV INF

Representative DSC thermograms (normalized to the initial mass) of fresh human ventricles
corresponding to cooling from 20 to −100 ◦C and successive heating from −100 to 25 ◦C are reported in
Figure S8A. The cooling thermograms are characterized by an intense exothermic peak corresponding
to the crystallization of free water (namely, water not bound to hydrophilic components and able to form
ice). The onset temperature of the peak (Ton) is attributed to the transition temperature of this thermal
event. The heating thermograms are characterized by an endothermic peak corresponding to the
melting of previously frozen water. Weak and multiple thermal events are detectable in the (50–85 ◦C)
zone and attributed to the denaturation of cardiac muscle proteins, including myosin, sarcoplasmic
proteins, collagen and actin as already observed in a previous study [4]. There is a significant decrease
in the temperature of water crystallization Tc for LV INF compared to LV (p = 0.044) (Figure S8B).
A similar trend is observed for the ice melting recorded in the heating scans. The increase in aqueous salt
concentrations could explain such a depression of the melting/crystallization temperature. However,
the typical signature of aqueous salts, namely the eutectic phase transition at lower temperature,
was not detected in the DSC thermograms of myocardial samples. Since water crystallization and ice
melting are related to the pore size in porous [39] and biological materials [40], the differences between
the infarcted and non-infarcted zones can be interpreted as changes in the architecture associated with
a decrease of the pore’s nominal radius. Cardiac remodeling, including the replacement of myofibers
by collagen fibers marking a difference in the tissue architecture (pore size), could explain this peculiar
thermal behavior.

3.6. Study of the Associations between FITR Variables in Human RV, LV and LV INF

The FTIR spectra show that the CH2 bands (2921 cm−1 and 2850 cm−1) in the (CH2, CH3) stretching
zone (3000–2800 cm−1) are mainly associated with the lipid signature (Figure 4A) and the C=O
stretching zones of the ester carbonyl groups of phospholipids, triglycerides, and cholesteryl esters
(Figure 4B). There was an intensification of the lipid bands in the left infarcted ventricles, and a close
correlation (R = 1, p = 8.7 × 10−8) between the total lipid (2921–2850 cm−1/1540 cm−1) and the esterified
lipid (1745 cm−1/1540 cm−1) indicators (Figure 4C) in this zone. There were no correlations statistically
significant between total and esterified lipids in RV or LV (R = 0.93, p = 1; R = 0.89, p = 1, respectively),
suggesting that most of the lipids are esterified in the infarcted LV, but not in the RV or LV.
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Figure 4. FTIR analysis of the total and esterified lipids in the human ventricle samples. Line graphs
showing the 3050–2800 cm−1 (A) and 1800–1700 cm−1 (B) average FTIR spectra corresponding to
the signals of the total and esterified lipids, respectively, in right ventricle (RV), left ventricle (LV),
and infarcted left ventricle (LV INF). (C) Correlation analysis between the FTIR indicators of the total
and esterified lipids in LV INF. The correlation was studied with Pearson’s correlation, and the p-values
were adjusted with Bonferroni’s correction. RV: right ventricle, LV: left ventricle, LV INF: infarcted
left ventricle.

3.7. Identification of the Alterations in Sphingolipids, Glycerophospholipids and Neutral Lipids in Human LV
INF Compared to LV and RV

Lipidomic studies reflected deep lipid remodeling in the infarcted tissue. As visualized in the
heatmap of Figure 5, cholesteryl ester and several sphingolipid species were significantly increased
in LV INF compared to RV or LV, while most of the glycerophospholipid species were significantly
decreased in the infarcted cardiac tissue. As shown in Table 2, SM 18:1 (14:0 and 14:1) and 16:1,
dhSM 18:0 (16:0 and 18:0), and HexCer 18:1 species (16:0, 22:0, 24:0, 24:1) were significantly increased,
while Cer 18:1 (18:0, 20:0, 20:1, 22:1 and 24:1) species were significantly decreased in the LV infarcted
tissue (Table 2). There were no significant differences in CDH or the rest of the sphingolipid species
between LV INF and LV or RV (Table S4). Like Cer, the main glycerophospholipids, including PE (34:2,
36:4), LPE (18:2), PC (32:2, 34:1, 34:2, 34:3, 34:4, 36:2, 36:3, 36:5), and PG (34:1, 34:2), were significantly
decreased in human infarcted tissue (Table 3). There were no significant differences in the PS, LPS,
or LPC and the rest of glycerophospholipid species between LV INF and LV or RV (Table S5). Finally,
among the neutral lipids, only cholesteryl esters were found to be significantly increased in the infarcted
tissue (18:3) (Table 4). There were no differences in the highly abundant TAG species or minor FC
species between LV INF and LV or RV (Table S6).
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Figure 5. Lipidomic analysis of the human right ventricle, left ventricle and infarcted left ventricle.
Heatmap of the nine human heart samples (in columns) based in the quantification of 40 differential
lipid species (in rows) that exhibited statistically significant differences among right ventricle (RV),
left ventricle (LV), and infarcted left ventricle (LV INF) samples. The heatmap colors represent a decimal
logarithm of the quotient of the group mean and the mean value in all groups for each variable. Blue cells
indicate values below the mean value of the variables in all groups, while red cells indicate values
above the mean value of the variables in all groups. CE: cholesteryl esters, HexCer: hexosylceramide,
SM: sphingomyelin, dhSM: dihydrosphingomyelin, CDH: ceramide dihexoside, TAG: triacylglycerols,
PC: phosphatidylcholine, PE: phosphatidylethanolamine, LPE: lysophosphatidylethanolamine, Cer:
ceramide, PG: phosphatidylglycerol. RV: right ventricle, LV: left ventricle, LV INF: infarcted left ventricle.

Table 2. Sphingolipid species with differential concentrations in the infarcted left ventricle compared
to left ventricle or right ventricle from human explanted ischemic hearts.

Variable RV LV LV INF p vs. LV p vs. RV

SM(d18:1/14:0) 308.5 ± 77.4 309.5 ± 95.9 430.5 ± 95.3 0.024 0.055

SM(d18:1/14:1) 3 ± 1.2 2.8 ± 1 3.9 ± 1.4 0.029 0.096

SM(d18:1/16:1) 164 ± 39.5 160.1 ± 56.8 258.8 ± 105.8 0.029 0.041

SM(d18:1/18:0) 1199.2 ± 156.3 1138.7 ± 128.5 1086.2 ± 142.7 0.485 0.038

Total Cer 753 ± 261.6 592.7 ± 240.1 549.5 ± 179.1 0.932 0.044

Cer(d18:1/18:0) 30.4 ± 13.5 22.9 ± 14.5 15 ± 4.9 0.115 0.029

Cer(d18:1/18:1) 7.2 ± 2.3 5.2 ± 2 4.6 ± 1.1 0.456 0.006

Cer(d18:1/20:0) 14.5 ± 3.6 11.1 ± 4 9.6 ± 2.8 0.457 0.01

Cer(d18:1/20:1) 4.4 ± 0.8 3.4 ± 1.3 2.6 ± 0.6 0.13 0.006

Cer(d18:1/22:1) 28.7 ± 22.9 20.2 ± 16.1 17.5 ± 20.1 0.804 0.018

dhSM(d18:0/16:0) 179.4 ± 41.3 207.5 ± 91.7 226.4 ± 65 0.931 0.029

dhSM(d18:1/18:0) 46.3 ± 13.4 49.5 ± 23.3 64.5 ± 16.3 0.174 0.041

Total HexCer 48.1 ± 26.6 63.9 ± 31.2 91.3 ± 36.6 0.114 0.006

HexCer(d18:1/16:0) 2.3 ± 1.5 3.2 ± 1.7 4.4 ± 3.1 0.474 0.023

HexCer(d18:1/22:0) 10.9 ± 5.8 16.1 ± 13.2 16 ± 5.6 1 0.012

HexCer(d18:1/24:0) 19.6 ± 10.4 25.3 ± 13.6 44.3 ± 25.1 0.127 0.018

HexCer(d18:1/24:1) 15.5 ± 10.5 20 ± 5.6 26.7 ± 13.5 0.102 0.006

Data are expressed as mean ± SD, n = 9 (RV, LV and LV INF). SM: sphingomyelin, Cer: Ceramide, dhSM:
dihydrosphingomyelin, HexCer: Hexosylceramide, SD: standard deviation, RV: right ventricle, LV: left ventricle, LV
INF: infarcted left ventricle.
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Table 3. Glycerophospholipid species with differential concentrations in the infarcted left ventricle
compared to left ventricle or right ventricle from human explanted ischemic hearts.

Variable RV LV LV INF p vs. LV p vs. RV

Total PC 54,624.9 ± 11408.6 56,737 ± 5670.8 48,392.9 ± 4893.7 0.012 0.335

PC(32:2) 342.5 ± 146.2 389.6 ± 115.9 221.1 ± 103.4 0.029 0.102

PC(34:1) 14,602.8 ± 2506.6 15,143.9 ± 1769.8 13,505.1 ± 1492.7 0.029 0.556

PC(34:2) 13,397 ± 2572.8 13,827.1 ± 1685 11,574.9 ± 1501.8 0.006 0.232

PC(34:3) 120.7 ± 54.3 133.2 ± 46.3 71.9 ± 21.8 0.012 0.049

PC(34:4) 100.7 ± 52.6 133.8 ± 67.5 64.7 ± 34.1 0.041 0.077

PC(36:2) 4753.8 ± 1047.4 4902.2 ± 444.3 4439.5 ± 328.1 0.025 0.698

PC(36:3) 3650 ± 1035 3884.2 ± 936.2 2866.5 ± 856.6 0.003 0.122

PC(36:5) 391.6 ± 437.5 376.8 ± 327.3 236.4 ± 269.4 0.041 0.069

Total PE 3502.5 ± 1052.4 3840.7 ± 914.1 2986.4 ± 769 0.004 0.285

PE(34:2) 203.1 ± 65.5 205.2 ± 47 144.1 ± 37.9 0.008 0.028

PE(36:4) 1014.5 ± 300.8 1309.3 ± 502.6 629.4 ± 269.1 0.011 0.036

LPE(18:2) 144.7 ± 60.3 142.7 ± 43.4 95 ± 30.3 0.006 0.052

Total PG 538.9 ± 135.4 581.8 ± 188.7 329.2 ± 152.5 0.045 0.041

PG(34:1) 483 ± 121.9 523 ± 176.8 300.9 ± 139.4 0.052 0.042

PG(34:2) 55.9 ± 20.6 58.8 ± 19.1 28.3 ± 14.9 0.028 0.047

Data are expressed as mean± SD, n= 9 (RV, LV and LV INF). PC: phosphatidylcholine, PE:phosphatidylethanolamine,
LPE: lysophosphatidylethanolamine, PG: phosphatidylglycerol, SD: standard deviation, RV: right ventricle, LV: left
ventricle, LV INF: infarcted left ventricle.

Table 4. Neutral lipid species with differential concentrations in the infarcted left ventricle compared
to left ventricle or right ventricle from human explanted ischemic hearts.

Variable RV LV LV INF p vs. LV p vs. RV

TAG(58:8) 2856 ± 1534.1 3364.8 ± 3160.3 1978.9 ± 1520.3 0.018 0.075

CE(18:3) 269.5 ± 248.3 352.3 ± 319.7 575.9 ± 583.5 0.239 0.018

Data are expressed as mean ± SD, n = 9 (RV, LV and LV INF). TAG: triacylglycerols, CE: cholesteryl esters, SD:
standard deviation, RV: right ventricle, LV: left ventricle, LV INF: infarcted left ventricle.

3.8. Study of the Association between FTIR and Lipidomic Variables in RV, LV and LV INF

As shown in Figure 6, biophysical studies revealed that ECM remodeling was closely associated
with lipid indicators, such as total lipids (2921–2850 cm−1) (R = 1, p = 1.6 × 10−8) (Figure 6A) and
esterified lipids (1745 cm−1/amide II) (R = 0.99, p = 9.3 × 10−7) (Figure 6B) specifically in LV INF.
In addition, other extracellular matrix markers such as lactate, polysaccharides, and glycogen, were
also closely associated with total lipids (R = 1, p = 3.6 × 10−11) (Figure 6C) and esterified lipids (R = 0.99,
p = 9.1 × 10−7) (Figure 6D) in the cardiac infarcted tissue. There was no significant correlation between
lipid and ECM remodeling FITR indicators in human RV (R = 0.54, p = 1) or LV (R = 0.68, p = 1).
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Figure 6. Correlation analysis of FTIR indicators of cardiac remodeling and lipids in the human heart.
Correlation between the extracellular matrix (ECM) remodeling indicator and both total lipids (A) and
esterified lipids (B), as well as between lactate, polysaccharide, and glycogen and both total lipids (C)
and esterified lipids (D), in human infarcted left ventricle. The correlation was studied with Pearson’s
correlation, and p values were adjusted with Bonferroni’s correction. LV INF: infarcted left ventricle.

4. Discussion

In this work, we used the FTIR spectrum to illustrate the overall variety of changes in proteins,
nucleic acids, and lipids that occur in human cardiac infarcted tissue. FTIR spectroscopy is very
sensitive to variations in cell metabolism, making it highly suitable for defining the structure in the
infarcted areas where the tissue has undergone strong cardiometabolic alterations primarily associated
with the process of ischemia [41].

The spectral signatures of the structural proteins of ECM and the myofibers in the human heart are
similar to those previously reported in murine [4] and porcine hearts [5]. One of the most significant
alterations observed in the FTIR spectra of human LV INF vs. LV or RV was a strong increase in the
1338 cm−1 band, which has been shown to be specific to collagen [6,25,36]. The utility of this particular
FTIR band to monitor the evolution of cardiac pathology and therapeutics was previously validated in
a rat MI model [6]. Another FTIR band that is deeply altered in the context of MI is the 974 cm−1 band
assigned to nucleic acids that, as expected, suffered a strong decline in LV INF compared to LV and RV.
These changes reflected a profound remodeling of the LV INF accompanying cardiomyocyte death
in the context of myocardial infarction and highlighted the potential of infrared markers to trace the
incidence of ischemia in cardiac remodeling.

The spectral signatures of lipids are also quasi-identical in the human heart to those in previous
murine [4] and pig [5] hearts. The vibrational response of the lipids is much more intense (for both
the ν(CH2) and ν(C=O) bands, corresponding to the total lipids and ester carbonyl groups of PL and
neutral lipids) in human than in murine or porcine ventricles. Lipidomic analysis of the human heart
revealed that the main lipids present are SM (d18:1) (88% of the total sphingolipids), PC (75% of the
total glycerophospholipids) and TAGs (97% of the total neutral lipids). There are few detailed lipidomic
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studies of ventricles and almost none on humans, likely due to the difficulty of obtaining human heart
samples. We found several species belonging to the sphingolipid, glycerophospholipid, and neutral
lipid families that were altered in LV INF but not in RV and LV. Most of the glycerophospholipids
decreased, while most of the sphingolipids and, specific species of cholesteryl esters increased in the
infarcted human cardiac tissue.

Between sphingolipids, the levels of several species of SM, dhSM, and HexCer were increased
in LV INF compared to LV or RV. The increase in the SM content of infarcted tissue found in the
present work seems to be coherent with the decreased sphingomyelinase (SMase) activity previously
described [42]. The increase in SM that we found in humans differs from the results showing
lower SM levels in the infarcted brains of in vivo models of ischemic stroke [43]. The cleavage of
SM by acid or neutral SMase results in the liberation of ceramide, a sphingolipid that acts as an
intracellular messenger regulating the activity of kinases, phosphatases, and transcription factors.
Ceramides were reported to be upregulated in the ischemic zones of the heart in several in vivo
models of ischemia/reperfusion [13,44,45]. This increase in ceramides after ischemia reperfusion
appears to be transient and linked with reperfusion injury, as shown in a model of ischemic-reperfused
myocardium in rats [42]. It has also been shown that the post-MI increase in cardiac ceramide is
not caused by increased SMase activity but instead by decreased ceramidase activity. In addition,
it has been recently demonstrated that a transient increase in acid ceramidase is sufficient to induce
cardioprotection post-MI [46]. Ceramide is utilized for the synthesis of other bioactive sphingolipids,
including sphingosine-1-phosphate, sphingosine, and the glycosphingolipids lactosylceramide and
hexosylceramide (HexCer). Here, several species of HexCer were found accumulated in human
infarcted hearts. Previous studies have reported the accumulation of HexCer in several organs from
in vivo models of aging [47,48]. Clinically, increased circulating levels of both SM and Cer have been
correlated with an increased risk of coronary artery disease [49,50].

Between glycerophospholipids, we found that the levels of the main PL, phosphatidylcholine
(PC), and other less abundant PLs, such as phosphatidylethanolamine (PE) and phosphatidylglycerol
(PG), were significantly decreased in LV INF compared to LV. These results are in agreement with
previous studies performed in in vivo MI models [16,17] showing a strong PL decay caused by
ischemia-induced phospholipolysis of the cardiomyocyte membranes. Increased phospholipolysis can
be caused, among other factors, by the upregulatory effect of hypoxia on phospholipase activity [51,52].
Unbalanced levels of anionic phospholipids such as PG seem to have harmful consequences for
mitochondrial morphology and function. PG plays a pivotal role in the formation of cardiolipin, which is
essential in the control of mitochondrial inflammation and oxidative stress [53,54], and respiratory
activity [54]. In this study, we found a significant loss of PG that could, indeed, contribute to a
serious decrease in mitochondrial oxidative metabolism in infarcted tissue. The strong decrease in
mitochondrial respiratory activity combined with acute phospholipolysis, which actively generates
fatty acids [16,17], could be a determinant for increased FA esterification. An additional source of
esterified lipids in the infarcted tissue is circulating lipoproteins. Several groups, including ours,
have reported the upregulatory effect of hypoxia/ischemia on lipoprotein receptors such as Very
low-density lipoprotein receptor VLDLR and Low-density lipoprotein receptor related-protein 1 LRP1,
which bind and internalize lipoproteins such as Very low-density lipoprotein (VLDL) and Low-density
lipoprotein (LDL) (lipoproteins highly enriched in cholesteryl esters) [11–13,55,56]. Here, the close
correlation between esterified lipids and remodeling in the human infarcted tissue pointed to FTIR
lipid indicators as potential biomarkers of remodeling, at least in the context of ischemia. Previous
studies from our group demonstrated that the levels of intracellular esterified lipids in cardiomyocytes
determine the structural and physical characteristics of secreted tropoelastin through an increase in
cathepsin S mature protein levels [57]. The intracellular esterified lipids stored in lipid droplets are the
subject of an intense debate over their potential beneficial/harmful effects on cell functionality [58].
The differential implications of triglyceride and cholesteryl ester proportions in these lipid droplets are
also under discussion [59].
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5. Conclusions

As a general conclusion, FTIR studies showed that human cardiac infarcted tissue suffers deep
alterations in proteins, nucleic acids, and—especially—lipids. Liquid chromatography coupled to
high-resolution mass spectrometry (LC–HRMS) revealed the strong lipid remodeling that results in
reduced levels of PC, PE, LPE and PG and increased levels of SM, HexCer and cholesteryl esters
in human cardiac infarcted tissue. We found a strong and positive association between esterified
lipids and adverse cardiac remodeling in the context of human cardiac remodeling post-MI. The
specific conclusions are that (i) there are deep alterations of the FTIR bands related to myofibers and
structural extracellular matrix proteins in human LV INF compared to LV and RV, (ii) there are strong
differences in the FTIR spectra corresponding to DNA responses in human LV INF compared to RV
and LV, (iii) there is a differential hydric response of human LV INF compared to RV and LV, (iv) FTIR
combined with lipidomic studies showed a strong intensification of lipids, particularly esterified lipids
concomitantly with deep phospholipid remodeling in human infarcted hearts, and (v) esterified lipids
are closely related with adverse cardiac remodeling in human infarcted heart. Thus, we have shown
that FTIR lipid indicators are potential biomarkers of cardiac remodeling and validated certain lipid
species as crucial in human pathological ventricular remodeling post-MI.

Limitations of This Study: The main limitation of this study is the low number of patients included due to the
difficulty of (i) obtaining samples from ischemic cardiomyopathy patients and (ii) performing biophysical and
lipidomic studies on an elevated number of series. However, great differences in some variables were found
between ventricle samples, as well as strong correlations between variables. There was also a high correlation
between ECM remodeling indicators and the total and esterified lipids in LV INF. Furthermore, we have obtained
relatively high values of statistical power (between 0.64–0.98), despite the low number of samples, due to the big
differences in some variables between the ventricles. Regardless, more studies are needed to confirm our results
and provide higher statistical power. We also consider, as limitation of this study, the impossibility to characterize
the infarcted right ventricle due to the low prevalence and diagnose of this entity. Finally, we could not assess
the levels of cardiolipin, a crucial lipid in cardiovascular disease, due to the technical unavailability to perform
this analysis.
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Abstract: Dyslipidemia has a substantial role in the development of acute coronary syndrome (ACS).
Low-density lipoprotein receptor (LDLR) plays a critical role in plasma lipoprotein hemostasis,
which is involved in the formation of atherosclerotic plaque. This study aimed to evaluate whether
LDLR gene polymorphisms are significantly associated with ACS and the plasma lipids profile.
Three LDLR gene polymorphisms located in the UTR′3 region (c.*52 A/G, c.*504 A/G, and c.* 773
A/G) were determined using TaqMan genotyping assays in a group of 618 ACS patients and 666
healthy controls. Plasma lipids profile concentrations were determined by enzymatic/colorimetric
assays. Under co-dominant and recessive models, the c.*52 A allele of the c.*52 A/G polymorphism
was associated with a higher risk of ACS (OR = 2.02, pCCo-dom = 0.033, and OR = 2.00, pCRes = 0.009,
respectively). In the same way, under co-dominant and recessive models, the c.*773 G allele of the
c.*773 A/G polymorphism was associated with a high risk of ACS (OR = 2.04, pCCo-dom = 0.027,
and OR = 2.01, pCRes = 0.007, respectively). The “AAG” haplotype was associated with a high risk
of ACS (OR = 1.22, pC = 0.016). The c.*52 AA genotype showed a lower HDL-C concentration than
individuals with the GG genotype. In addition, carriers of c.*773 GG genotype carriers had a lower
concentration of the high-density lipoprotein-cholesterol (HDL-C) than subjects with the AA genotype.
Our data suggest the association of the LDLR c.*773 A/G and LDLR c.*52 A/G polymorphisms with
both the risk of developing ACS and with a lower concentration of HDL-C in the study population.

Keywords: genetics; single nucleotide polymorphism; acute coronary syndrome
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1. Introduction

Acute coronary syndrome (ACS) constitutes a worldwide public health problem. It is a complex
disease resulting from the interaction of genetic and environmental factors, as well as traditional
cardiovascular risk factors [1,2]. This syndrome is a consequence of atherosclerosis by the excessive
accumulation of cholesterol, which results in the formation of the atherosclerotic plaque associated with a
strong inflammatory component [1–3]. The low-density lipoprotein receptor (LDLR) is a cell membrane
glycoprotein that functions in the binding and internalization of circulating cholesterol-containing
lipoprotein particles. The LDL receptor is ubiquitously expressed and is a key receptor for maintaining
cholesterol homeostasis in humans [3–5]. This receptor mediates endocytosis of plasma lipoproteins
containing apolipoprotein B, as well as remnants of triglyceride-rich lipoprotein metabolism, which are
the precursors of plasma low-density lipoprotein cholesterol (LDL-C), which plays an important role
in the atherosclerotic plaque [4–6].

Previous reports have shown a large number of the genetic variants in the LDLR gene that play an
important role in the development of hypercholesterolemia and cardiovascular diseases in different
populations; however, less than 15% have functional evidence [7,8]. Nonetheless, in recent years,
three novel single nucleotide polymorphisms [LDLR UTR′3 c.*52 A/G (rs14158), LDLR UTR′3 c.*504
A/G (rs2738465), and LDLR UTR′3 c.* 773 A/G (rs2738466)] in the 3′ untranslated region (UTR′3) of the
LDLR gene (located in p13.1-13.3 of the chromosome 19) have been associated with higher levels of
LDL-C and a greater risk of the developing hypercholesterolemia, the principal cardiovascular risk
factor in atherosclerosis [9–11].

In this context, considering the important role of the LDL receptor in the uptake of low-density
lipoprotein cholesterol (LDL-C) associated with the atherosclerotic plaque formation, the present study
aimed to establish the role of the LDLR c.*52 A/G, LDLR c.*504 A/G, and LDLR c.* 773 A/G polymorphisms
in the susceptibility to develop ACS. Furthermore, we evaluated whether these polymorphisms are
associated with lipid profile plasma concentrations in a Mexican population sample.

2. Materials and Methods

2.1. Characteristics of the Study Population

We used the sample size calculation for unmatched cases and controls study with a power of 80%
and an alpha error of 0.05 [12]. The study included 618 patients with ACS and 666 healthy controls
unmatched by age or gender. From July 2010 to July 2015, 618 patients with ACS (82% men and 18%
women, with a mean age of 58 ± 10.5 years) were referred to the Instituto Nacional de Cardiologia
Ignacio Chavez. The patient inclusion criterion was the diagnosis of ACS; this disease was identified
and classified by either an ST-elevation myocardial infarction (STEMI) or a non-ST-elevation ACS
(NSTE-ACS) based on clinical characteristics, electrocardiographic changes, and biochemical markers of
cardiac necrosis (creatinine kinase isoenzymes, creatinine phosphokinase, or troponin I above the upper
limit of normal). The European Society of Cardiology (ESC) and American College of Cardiology (ACC)
definitions were followed [13,14]. The diagnosis of NSTE-ACS included non-STEMI and unstable
angina. The diagnosis of non-STEMI was angina or discomfort at rest with ST-segment changes on ECG
indicating ischemia [ST-segment depression or transient elevation (≥1 mm) in at least two contiguous
leads and/or prominent T-wave inversion] with a positive biomarker indicating myocardial necrosis.
Patients with clinical features and/or electrocardiographic expression of non-STEMI (albeit with normal
cardiac biomarker levels) were diagnosed with unstable angina [13,14]. Moreover, 666 healthy controls
were included (68% men and 32% women with a mean age of 54 ± 7.65 years) from the cohort of the
Genetics of Atherosclerotic Disease (GEA) Mexican study. The GEA study investigates the genetic
factors associated with premature coronary artery disease (CAD), atherosclerosis, and other coronary
risk factors in the Mexican population [15]. All subjects were asymptomatic and healthy individuals
without a family history of premature CAD or atherosclerosis; they were recruited from June 2009 to
June 2013 from blood bank donors and with the assistance of brochures posted in social service centers.
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The exclusion criteria included the use of anti-dyslipidemic and anti-hypertensive drugs at the time
of the study, congestive heart failure, and liver, renal, thyroid, or oncological disease. Additionally,
the control subjects had a zero coronary calcium score determined by computed tomography, indicating
the absence of subclinical atherosclerosis [15]. To assess the contributions of the LDLR UTR′3 c.*52
A/G, LDLR UTR′3 c.*504 A/G, and LDLR UTR′3 c.* 773 A/G SNPs genotypes on the plasma lipids levels,
we selected only the healthy controls group. All the included subjects were ethnically matched and
considered Mexican mestizos only if they and their ancestors (at last three generations) had been born
in the country. The study complies with the Declaration of Helsinki and was approved by the Ethics
and Research commission of Instituto Nacional de Cardiologia Ignacio Chavez. Written informed
consent was obtained from all individuals enrolled in the study.

2.2. Laboratory Analyses

Cholesterol and triglycerides plasma concentrations were determined by enzymatic/colorimetric
assays (Randox Laboratories, Crumlin, Country Antrim, UK). HDL-cholesterol (C) concentrations
were determined after precipitation of the apo B-containing lipoproteins by the method of the
phosphotungstic acid-Mg2+. The LDL-C concentration was determined in samples with a triglyceride
level lower than 400 mg/dL with the Friedewald formula [16]. Dyslipidemia was defined as the
presence of one or more of the following conditions: cholesterol > 200 mg/dL, LDL-C > 130 mg/dL,
HDL-C < 40 mg/dL, or triglycerides > 150 mg/dL, according to the guidelines of the National
Cholesterol Education Project (NCEP) Adult Treatment Panel (ATP III) [17]. Type 2 diabetes mellitus
(T2DM) was defined with a fasting glucose ≥ 126 mg/dL; it was also considered when participants
reported glucose-lowering treatment or a physician diagnosis of T2DM. Hypertension was defined
by a systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, or the use of oral
antihypertensive therapy [15].

2.3. Genetic Analysis

DNA extraction was performed from peripheral blood in agreement with the method described
by Lahiri and Nurnberger [18]. The LDLR UTR′3 c.*52 A/G (rs14158), LDLR UTR′3 c.*504 A/G
(rs2738465), and LDLR UTR′3 c.* 773 A/G (rs2738466) SNPs were genotyped using 5′ exonuclease
TaqMan genotyping assays on a 7900HT Fast Real-Time PCR System according to manufacturer’s
instructions (Applied Biosystems, Foster City, CA, USA). To avoid genotyping errors, 10% of the
samples were assayed in duplicate; the results were concordant for all cases.

2.4. Inheritance Models Analysis

The association of the c.*52 A/G, c.*504 A/G, and c.* 773 A/G SNPs with ACS patients was perform
under the following inheritance model: additive (major allele homozygotes versus heterozygotes versus
minor allele homozygotes), codominant (major allele homozygotes versus minor allele homozygotes),
dominant (major allele homozygotes versus heterozygotes+minor allele homozygotes), over-dominant
(heterozygotes versus major allele homozygotes +minor allele homozygotes), and recessive (major
allele homozygotes + heterozygotes versus minor allele homozygotes) using logistic regression,
adjusting for cardiovascular risk factors.

2.5. Analysis of the Haplotypes

The linkage disequilibrium analysis (LD, D”) and haplotypes construction were performed
using Haploview version 4.1 (Broad Institute of Massachusetts Institute of Technology and Harvard
University, Cambridge, MA, USA).
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2.6. Functional Prediction Analysis

Two in silico programs, the ESEfinder 3.0 and SNP Function Prediction, were used to predict the
possible functional effect of the LDLR SNPs. Both web-based tools (ESEfinder2.0 and SNPinfo) analyze
the localization of the SNPs (e.g., 5′-upstream, 3′-untranslated regions, intronic) and their possible
functional effects, such as amino acid changes in protein structure, transcription factor binding sites in
the promoter or intronic enhancer regions, and alternative splicing regulation by disrupting exonic
splicing enhancers (ESE) or silencers [19,20].

2.7. Statistical Analysis

All statistical analyses in this study were performed using SPSS version 18.0 (SPSS, Chicago, IL,
USA). The Mann-Whitney U test was used to compare the continuous variables (e.g., age, body mass
index (BMI), blood pressure, glucose, total cholesterol, HDL-C, LDL-C, and triglycerides) between
control and ACS groups. For the categorical variables (e.g., gender, hypertension, T2DM, dyslipidemia,
and smoking habit), chi-squared or Fisher’s exact tests were performed. All p-values were corrected
(pC) by the Bonferroni test. The values of pC< 0.05 were considered statistically significant, and all odds
ratios (OR) were presented with 95% confidence intervals. The occurrence of the ACS in our study was
based in the OR values: (a) OR = 1 does not affect the odds of developing ACS, (b) OR > 1 is associated
with higher odds of developing ACS, and (c) OR < 1 is associated with lower odds of developing ACS.
To evaluate Hardy-Weinberg equilibrium (HWE), we used the chi-squared test. The Mann-Whitney U
test was used for establishing the contributions of the genotypes on the lipid plasma levels. Values were
expressed as means ± SD, and statistical significance was set at p < 0.05. The statistical power to detect
an association with ACS was 0.80 according to the QUANTO software [21].

3. Results

3.1. Characteristics of the Study Population

Anthropometrics and biochemical parameters of the ACS patients and healthy controls are
presented in Table 1. Patients with ACS have higher levels of blood pressure, glucose, and higher
prevalence of hypertension, diabetes, and dyslipidemias than control subjects. On the other hand,
ACS patients presented lower levels of total cholesterol, LDL-C, and triglycerides than healthy controls.
This phenomenon could be due to the treatment with statins received by the group of patients.

3.2. Allele and Genotype Frequencies

Genotype frequencies in the polymorphic sites were in HWE. The allele and genotype frequencies
of the LDLR SNPs in ACS patients and healthy controls are shown in Table 2. The frequencies allelic of
the c.*52 A/G, c.*504 A/G, and c.*773 A/G SNPs located in the LDLR gene showed that the c.*52 A, c.*504
A, and c.*773 G alleles were associated with the risk of developing ACS (OR = 1.20, pC = 0.02, OR = 1.18,
pC = 0.02, and OR = 1.22, pC = 0.01 respectively) (Table 2). In addition, we corroborated the association
according to the inheritance models. In this context, the association of the c.*504 A/G polymorphism
loses significance statistically (pC > 0.05). Nonetheless, the c.*52 A/G and c.*773 A/G polymorphisms
were associated with the presence of ACS (Table 2). Under co-dominant and recessive models, the c.*52
AA genotype of the c.*52 A/G polymorphism was associated with a greater risk of ACS (OR = 2.02,
pCCo-dom = 0.033, and OR = 2.00, pCRes = 0.009, respectively). In the same way, under co-dominant and
recessive models, the c.*773 G genotype of the c.*773 A/G polymorphism was associated with a high
risk of ACS (OR = 2.04, pCCo-dom = 0.027, and OR = 2.01, pCRes = 0.007, respectively). All models were
adjusted for gender, age, blood pressure, BMI, glucose, total cholesterol, HDL-C, LDL-C, triglycerides,
and smoking habits.
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Table 1. Anthropometrics and biochemical parameters of the study individuals.

Characteristic ACS Patients (n = 618) Healthy Controls (n = 666) p-Value

Median (percentile 25–75) Median (percentile 25–75)

Age (years) 58 (51–65) 54 (49–59) 0.001

Gender n (%) Male 505 (82) 453 (68) <0.001

Female 113 (18) 213 (32)

BMI (kg/m2) 27 (25–29) 28 (26–31) 0.521

Blood pressure (mmHg) Systolic 132 (114–144) 117 (106–126) <0.001

Diastolic 80 (70–90) 73 (67–78) <0.001

Glucose (mg/dL) 159 (102–188) 98 (84–99) <0.001

Total cholesterol (mg/dL) 164(128–199) 191 (165–210) <0.001

HDL-C (mg/dL) 39 (34–45) 44 (35–53) 0.017

LDL-C (mg/dL) 106 (75–132) 116 (94–134) <0.001

Triglycerides (mg/dL) 169 (109–201) 176 (113–208) 0.301

Hypertension n (%) Yes 350 (57) 201 (30) <0.001

Type II diabetes mellitus n (%) Yes 216 (35) 63 (9) <0.001

Dyslipidemia n (%) Yes 528 (85) 479 (72) <0.001

Smoking n (%) Yes 222 (36) 147 (22) <0.001

Data are expressed as median and percentiles (25th–75th). p values were estimated using the Mann-Whitney U test
for continuous variables and the chi-squared test for categorical values. ACS: Acute coronary syndrome.
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3.3. Linkage Disequilibrium Analysis

The linkage disequilibrium analysis between the c.*52 A/G, c.*504 A/G, and c.* 773 A/G SNPs
located in the LDLR gene showed three common haplotypes (Table 3). Two of them showed significant
differences between patients with ACS and healthy controls. The “GGA” haplotype was associated
with a low risk of developing ACS (OR = 0.84, 95% CI: 0.71–0.99, pC = 0.023), whereas the “AAG”
haplotype was associated with high risk of developing the same syndrome (OR = 1.22, 95% CI:
1.02–1.46, pC = 0.016). In this study, we did not find any other haplotype because these SNPs are in
almost complete linkage disequilibrium (D′ ≈ 1), which results in the joint co-segregation of these
polymorphisms in the cases and controls (data not shown).

Table 3. Frequencies of LDLR haplotypes in patients with ACS and healthy controls.

c.*52 A/G c.*504 A/G c.*773 A/G ACS (n = 618) Controls (n = 666) OR 95%CI pC

Haplotype Hf Hf

G G A 0.658 0.695 0.84 0.71–0.99 0.023

A A G 0.267 0.230 1.22 1.02–1.46 0.016

A G A 0.070 0.069 1.03 0.76–1.39 0.446

Abbreviations: ACS: acute coronary syndrome; Hf = Haplotype frequency, pC = p corrected. The order of the
polymorphisms in the haplotypes is according to the positions in the chromosome (rs14158, rs2738465, rs2738466).

3.4. Functional Prediction

According, with the in silico programs ESEfinder 3.0 and SNP Function Prediction [19,20],
the functional prediction analysis showed that the presence of the A allele of the c.*504 A/G polymorphism
potentially produced a binding motif for the miR-200a microRNA. Moreover, a binding motif for miR-638
is predicted for the G allele of the c.* 773 A/G SNP. This analysis suggest that these polymorphisms
located in the UTR′3 of the LDLR gene could be influence splicing or mRNA stability altering
expression levels.

3.5. Association of Polymorphisms and Haplotypes with Plasma Lipids Levels

To define the possible functional effect of c.*52 A/G, c.*504 A/G, and c.* 773 A/G SNPs, we determined
the plasma lipids levels (total cholesterol, LDL-C, HDL-C, and triglycerides), as well as the risk
cardiovascular factors (BMI, blood pressure, glucose) in individuals with different genotypes of these
three polymorphisms. For this analysis, we selected only the healthy controls group. We did not
include the plasma-lipid level analysis in patients with ACS because, in the setting of the coronary
syndrome, these levels may be altered using anti-dyslipidemic or anti-hypertensive drugs [8–10].
The analysis showed that the c.*52 A/G, c.*504 A/G, and c.* 773 A/G SNPs were not associated with
the following parameters: total cholesterol, LDL-C, triglycerides, BMI, blood pressure, and glucose
(Supplementary Table S1). However, we observed significant differences in HDL-C plasma levels when
subjects were grouped by these SNPs. As for the c.*52 A/G SNP, individuals with the AA genotype
showed a lower concentration of HDL-C in plasma (38 ± 10.4 mg/dL) than individuals with either AG
(45.5 ± 13.7 mg/dL, p = 0.002) or GG genotypes (44.3 ± 13.2 mg/dL, p = 0.007) (Figure 1A). Alternatively,
subjects carrying c.*773 GG genotype had a lower HDL-C plasma concentration (38 ± 10.3 mg/dL) than
carriers of either the AA (44.4 ± 13.1 mg/dL, p = 0.007) or AG genotype (45.4 ± 14.9 mg/dL, p = 0.003)
(Figure 1C). Although the c.*504 A/G polymorphism was not associated with ACS development,
individuals with the c.*504 AA genotype had a lower HDL-C plasma concentration than individuals
with the AG genotype (41.7 ± 13.8 mg/dL, p = 0.039) (Figure 1B). In addition, the analysis of the
haplotypes (GGA and AAG) showed significant differences when compared with HDL-C plasma
concentrations. The “AAG” haplotype risk showed a lower concentration of HDL-C in plasma
(39.9 ± 12.3 mg/dL) when compared to “GGA” haplotype of low risk (44.5 ± 13.24, p = 0.004) (Figure 2).
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Figure 1. Genetic contribution of the LDLR UTR′3 c.*52 A/G, LDLR UTR′3 c.*504 A/G, and LDLR UTR‘3
c.* 773 A/G polymorphisms on HDL-C levels. (A) The AA genotype of the LDLR UTR′3 c.*52 A/G SNP
showed low HDL-C levels in plasma when compared to AG/GG genotypes. (B) The AA genotype
of the LDLR UTR′3 c.*504 A/G polymorphism showed lower HDL-C levels in plasma than the AG
genotype. (C) The GG genotype of the LDLR UTR′3 c.* 773 A/G showed low HDL-C levels in plasma
when compared to AA/AG genotypes.

Figure 2. Contribution of the “GGA” and “AAG” on HDL-C levels. The “AAG” haplotype risk showed
a lower concentration of HDL-C in plasma when compared to “GGA” haplotype of low risk (p = 0.004).

142



Biomolecules 2020, 10, 1381

4. Discussion

ACS is a multifactorial and polygenic disorder consequence of atherosclerosis, in which the
excessive accumulation of cholesterol plays an important role. In the present study, we focused on the
LDL receptor, which is a cell membrane glycoprotein that functions in the binding and internalization
of circulating cholesterol-containing lipoprotein particles. The LDL receptor is ubiquitously expressed
and is a key receptor for maintaining cholesterol homeostasis in humans [3–5]. We studied three
polymorphisms (c.*52 A/G, c.*504 A/G, and c.*773 A/G) located in the 3′ untranslated region of the
LDLR gene in ACS patients and healthy controls. According to our analysis, the c.*52 A/G and c.*773
A/G SNPs were associated with the risk of developing ACS, as well as with lower plasma HDL-C
concentrations. To the best of our knowledge, this study is the first to describe the association between
these polymorphisms and the presence of ACS. In this context, the association of these SNPs with several
diseases in different populations is scarce and controversial. For example, in agreement with our data,
van Zyl et al. reported that the A allele of the c.*52 A/G SNP increased the risk of developing familial
hypercholesterolemia in the African population [11]. In the same way, De Castro-Oros et al. reported
that the hypercholesterolemic subjects with the c.*52 A, c.*504 A, and c.*773 G alleles have a lower
response to the anti-dyslipidemic drug Armolipid Plus; in their study, the authors suggested that these
SNPs increased the risk of developing hypercholesterolemia in a Spanish population [10]. In contrast,
Zambrano et al. reported that the A allele of the c.*52 A/G SNP decreased the risk of the developing
hypercholesterolemia in a Brazilian population [9]. By the same token, Chen et al. reported that c.*52
A/G, c.*504 A/G, and c.*773 A/G polymorphisms were not associated with the risk of developing coronary
heart diseases in a Chinese population [22]. Although in our study the c.*504 A/G polymorphism
showed a moderate association with the risk of developing ACS (pC = 0.06), van Zyl et al. reported
that this polymorphism increased the risk of developing familial hypercholesterolemia in an African
population (p = 0.051) [11]. In addition, we found that the “AAG” haplotype was associated with a
high risk of developing ACS and with lower plasma HDL-C levels, whereas the “GGA” haplotype was
associated with a low risk and higher plasma HDL-C levels.

According to data in the literature, the impact of the LDLR gene polymorphisms on lipid plasma
concentration has been proposed as the mechanism that explains the relationship between these SNPs
and the higher risk of developing familial hypercholesterolemia [7,8]. In this context, recent studies have
associated the LDLR polymorphisms (c.*52 A/G, c.*504 A/G, and c.*773 A/G) with low levels of plasma
lipids and the risk of developing familial hypercholesterolemia [9–11,23]. For example, Li et al. reported
that c.*773 G/G genotype is associated with decreased plasma levels of HDL-C in healthy individuals
of China [23]. In the same way, van Zyl et al. documented that c.*52 A/A and c.*504 A/A genotypes
are associated with increased levels of LDL-C in the healthy black South African population [11].
Our results showed that c.*52 A/A, c.*504 A/A, and c.*773 G/G genotypes were associated with low HDL-C
levels. In contrast, Chen et al., studying a Chinese population, reported that these polymorphisms were
not associated with altered plasma lipid levels in patients with coronary heart diseases and healthy
controls [22]. As far as we know, the precise mechanism by which low HDL-C levels are associated
with hypercholesterolemia and adverse events, such as ACS, remains to be elucidated. Nonetheless,
data in the literature provide evidence that the reduction of plasma HDL-C is due to the defective
assembly of nascent HDL by hepatocyte Abca1 (ATP binding cassette transport A1) and increased
plasma clearance of HDL protein and cholesteryl ester [24,25]. Moreover, experimental studies in mice
have shown that (i) the hepatic LDL receptor stimulated plasma HDL selective cholesteryl ester uptake,
and (ii) sterol trafficking into reverse cholesterol transport decreased HDL-C levels, when hepatocyte
Abca1 was deficient [24–26]. Additionally, using bioinformatics tools, we determined the potential
effect of the LDLR gene polymorphisms; no evidence of a functional motif was found for the c.*52
A/G polymorphism. Nonetheless, the analysis of the c.*504 A/G polymorphism showed that A allele
produced a binding motif for miR-200a; this microRNA regulates the kelch-like EHC-associated protein
1 (Keap1)/nuclear factor erythroid 2-related factor (Nrf2) signaling axis, which plays an important role
in regulating ischemic myocardial oxidative stress. Furthermore, the overexpression of miR-200a was
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found to protect cardiomyocytes from hypoxia-induced cell damage and the excessive production of
reactive oxygen species [27]. On the other hand, the G allele of the c.*773 A/G polymorphism produced
a binding site for miR-638; this microRNA plays an important role in the vascular smooth muscle cell
(VSMC) proliferation and migration in atherosclerotic plaque vulnerability through the regulation of
the cyclin D and NOR1. Alternatively, miR-638 is a regulator of the platelet-derived growth factor-BB
(PDGF-BB), which is released primarily by vascular endothelial cells and platelets at the sites of vascular
injury. Of note, this miRNA has been identified as one of the most potent stimulants for the VSMC
proliferation and migration, through the modulation of several transcription factors and key molecular
signaling pathways [28,29]. However, the effects of miR-200a or miR-638 on plasma lipid levels has not
been previously reported. Mechanistically, using bioinformatics tools, miRNAs predicted to recognize
the polymorphic site were expected to decrease the LDL-R-mRNA half-life in the cytoplasm [19,20].
Consequently, LDL-cholesterol should have been higher in the risk allele carriers, but such difference
was not observed. Speculative explanations to these observations include a mRNA stabilizing role
of the micro RNAs or a limited or null association of the miRNA to the 3′UTR region. Based in the
LDL-cholesterol plasma levels it is likely that the second result is more acceptable; the miR-200a and
miR-638 seem to have a little impact on regulating LDL-R gene expression. Nevertheless, it cannot
be discarded a contribution of these miRNAS to increasing LDL-cholesterol plasma levels. To our
knowledge, there are no data describing the possible pathways altered specifically in ACS and/or other
cardiovascular events by the miR-200a and miR-638, and binding sites harboring to the alleles c. * 52 A
and c. * 773 G. Nonetheless, recent data have identified several SNPs that generates binding sites
with microRNAs such as miR-33, miR-148a, and miR.128-1 that play an important role in the LDLR
expression [30]. Future investigations are needed to understand the effect of these polymorphisms on
LDL-R and HDL-C plasma levels and its potential relationship with miRNAs.

Finally, in our study, the c.*52 A/G and c.*773 A/G polymorphisms were associated with the presence
of ACS; however, the participation of these polymorphisms is controversial in other populations.
We think that the association of the LDLR polymorphisms with ACS could be due to the role of this
receptor in the regulation of the circulating cholesterol-containing lipoprotein particles, which is,
in turn, an important cardiovascular risk factor [11,23]. It is important to notice that the allele
distribution of these polymorphisms varies according to the ethnic origin of the study populations.
In this context, data obtained from the National Center for Biotechnology Information revealed that
the individuals from Los Angeles with Mexican ancestry, Mexican mestizos, Caucasian, and Africans
had a lower frequency of the c.*52 A allele (26, 23, 23, and 15%, respectively) than Asians (41%).
Moreover, Mexican mestizos, Europeans, Africans, as well as individuals from Los Angeles with
Mexican ancestry, have a lower frequency of the c.*773 G allele (23, 22, 16, and 26%, respectively)
than the Asian population (41%) [31]. Of note, the Mexican population has a characteristic genetic
background with important ethnic differences compared to other populations [32–34]. Therefore,
we consider that studies with a greater sample in populations with different ethnic origins may explain
the true role of LDLR SNPs in the risk of developing ACS.

In summary, this study demonstrated that the c.*52 A/G and c.*773 A/G polymorphisms of the
LDLR gene are associated with the risk of developing ACS in a Mexican population. In addition,
it was possible to distinguish one haplotype (AAG) associated with a higher risk of developing ACS.
There was a statistically significant association of both c.*52 A/G and c.*773 A/G polymorphisms
with lower HDL-C levels in plasma. Lastly, because of the specific genetic characteristics of the
Mexican population, we consider that additional studies need to be undertaken in a larger number of
individuals and in populations with different ethnic origins. This future research could help define the
true role of these polymorphisms as markers of risk or protection from developing ACS and other
cardiovascular events.

144



Biomolecules 2020, 10, 1381

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/10/1381/s1,
Table S1: Association of the LDLR gene SNPs with plasma lipids levels and anthropometric characteristics in the
healthy control group (n = 666).
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Abstract: Adipose tissue is considered one of the endocrine organs in the body because of its ability
to synthesize and release a large number of hormones, cytokines, and growth and vasoactive factors
that influence a variety of physiological and pathophysiological processes, such as vascular tone,
inflammation, vascular smooth muscle cell migration, endothelial function, and vascular redox state.
Moreover, genetic factors substantially contribute to the risk of obesity. Research into the biochemical
effects of molecules secreted by visceral adipocytes as well as their molecular genetic characteristics
is actively conducted around the world mostly in relation to pathologies of the cardiovascular
system, metabolic syndrome, and diabetes mellitus. Adipokines could be developed into biomarkers
for diagnosis, prognosis, and therapeutic targets in different diseases. This review describes the
relevance of secretory activity molecules of visceral adipocytes in cardiovascular disease associated
abdominal obesity.
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1. Introduction

At present, obesity is a relevant and important problem because of its rapidly increasing prevalence
and severity of complications, which sometimes cause death at a young age [1,2].

According to the World Health Organization (WHO) in 2016, more than 1.9 billion adults over the
age of 18 were overweight, and more than 650 million of them were obese. The worldwide prevalence
of obesity nearly tripled between 1975 and 2016 [3].

Visceral fat constitutes up to 10–20% of all adipose tissue in males and up to 5–8% in females.
With age, in people of both sexes, there is an increase in the mass of visceral fat in the human body.
Visceral adipose tissue contains a lot of large adipocytes. Visceral adipocytes are metabolically active
and possess a higher lipolytic activity [4,5].

In recent years, there have been a number of biochemical and clinical–biochemical studies on
the molecules generated by the secretory activity of visceral adipocytes, mostly in relation to the
pathologies of the cardiovascular and endocrine systems.

The present review focuses on describing the current state of research in the field of cardiovascular
diseases (CVDs) associated with abdominal obesity, discussion of the role of molecules of secretory
activity of visceral adipocytes in the development of CVD, and their potential as biomarkers for
diagnosis and prognosis.
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2. Genetic Factors of Obesity

Genetic factors substantially contribute to the risk of obesity [6,7]. In recent years, there have been
quite a few molecular genetic studies addressing the obesity problem in the world. It is thought that
environmental risk factors related to changes in nutrition and physical activity can materialize only
in the presence of genetic factors [8]. Accordingly, identification of candidate genes of obesity has
aroused a lot of interest. Through medical examination of children and adults in various populations,
investigators have uncovered more than 100 genetic polymorphisms associated with this disease [9,10].

Studies on the genetic polymorphisms in the Alaskan population have shown that the frequency
of risk alleles of foodborne diseases in the ethnic groups of these regions is different from that in
European and Asian populations [11,12]. A statistically significant association with excess body weight
and obesity has been identified for two sequence variants (rs35682 and rs35683) of the adiponectin
gene (ADIPOQ) in Americans of European origin in contrast to the residents of Alaska, who lack such
associations [13]. In the population of Iceland, researchers have discovered a statistically significant
association of obesity with polymorphic variant rs7566605 (of gene INSIG2 regulating the synthesis of
cholesterol, phospholipids, triglycerides (TG), and unsaturated fatty acids). This association is absent
among the residents of Scandinavian countries, Americans of British origin, Russians living in Siberia,
Koreans, and Chinese children and adolescents [14,15].

It is known that during visceral obesity, the increase in adipocyte size is related to the expression
of genes FABP4, S100A9, and p53. The expression of p53, but not S100A9, in epicardial stromal cells is
associated with adipocyte enlargement in obese patients with CVD [16]. In visceral adipose tissue from
patients with IHD (ischemic heart disease), researchers have detected higher gene expression of such
cytokines as interleukin-1β (IL-1β), monocytic chemotactic protein-1 (MCP-1), and natriuretic peptide
receptor-C (NPR-C) [17]. In a study by Sacks et al., they investigated mRNA expression of 70 genes in
visceral adipose tissue from patients with IHD. The authors found that 39 of the 70 analyzed genes were
upregulated. Among the most actively expressed mRNAs was IL8 mRNA, which manifested a threefold
increase in expression [18]. It has been reported that circulating tumor necrosis factor-alpha (TNF-α)
concentration and its mRNA expression are higher in patients with obesity and IHD (37 subjects)
in comparison with patients without cardiovascular disorders (20 subjects). These data confirm the
relation between changes in the secretome and transcriptome of adipose tissue in CVDs [19].

According to the above review, a small number of adipokines have been thoroughly studied
(adiponectin is among the best-studied adipokines), as is the case for genes involved in the processes
of adipogenesis and secretion of a protein product by adipocytes. Nonetheless, in the literature,
there are data on some other factors. For instance, in adipocytes of epicardial adipose tissue and
subcutaneous adipose tissue, researchers compared the expression of 307 genes participating in the
regulation of angiogenesis, formation of vessel morphology, inflammation, and blood clotting. Among
the 156 upregulated genes expressed in epicardial adipose tissue, 59 were found to be associated
with angiogenesis and inflammation (e.g., TNFRSF11B, PLAT, TGFB1, THBS2, HIF1A, GATA6, and
SERPINE1), whereas among the 166 downregulated genes, only 21 showed such associations (including
ANGPT1, ANGPTL1, and VEGFC). These results indicate that epicardial adipocytes can participate in
significant modulation of vascular inflammation [20].

3. Specific Molecules of Visceral Adipocytes

Recent studies suggest that visceral adipose tissue not only serves for the accumulation of
energy-rich substrates but also acts as an endocrine gland of sorts, which produces various compounds
exerting their effects both locally and at the systemic level. Products of secretion by the cells of visceral
adipose tissue (adipocytes) are hormones (leptin, adiponectin, and resistin), proinflammatory cytokines
(TNF-α, IL-6, IL-8, and others), and rennin–angiotensin system proteins; some of them take part
in the functioning of the complement system and in vascular hemostasis (PAI1 and others) [21–26].
Research into biochemical effects of the molecules secreted by visceral adipocytes as well as their
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molecular genetic characteristics is actively conducted worldwide mostly in relation to pathologies of
the cardiovascular system, metabolic syndrome, and diabetes mellitus.

4. Leptin

Many authors have lately addressed the contribution of leptin to cardiac remodeling in heart
failure and the possible explanation of the obesity paradox by the influence of leptin on the metabolism,
apoptosis, and remodeling of the extracellular matrix and on hypertrophy. Besides, obesity and
hyperleptinemia are often linked with hypertension. We should not rule out the direct action of leptin
on such phenomena as atherosclerosis, endothelial dysfunction, and thrombosis [27–29]. Unfortunately,
extrapolation of the results of basic in vitro research (or research on animal models) to human physiology
has turned out to be rather complicated. It is thought that leptin may be an important mediator
between obesity and the development of CVDs. This mechanism is possibly driven by such leptin
effects as the influence on arterial pressure, aggregation of platelets, formation of arterial thrombosis,
and an inflammatory vascular response. Investigators believe that a high level of leptin is related to low
arterial extensibility and participates in the pathogenesis of atherosclerosis via mechanisms different
from vascular relaxation. Some authors have noted a connection between serum concentrations of
leptin and various cardiovascular risks, including stroke, chronic heart failure, acute myocardial
infarction, coronary artery disease, and left ventricle hypertrophy [30–34]. It seems worthwhile to
study leptin/adiponectin ratios. As demonstrated by Kappelle et al. [35] in a cohort case–control study
of males with adjustment for age, the incidence of CVDs correlates with blood plasma levels of leptin,
adiponectin, and the leptin/adiponectin ratio. After adjustment of the results for smoking status,
waist circumference, hypertension, microalbuminuria, the TG/high-density lipoprotein (HDL) ratio,
C-reactive protein (CRP), and the homeostasis model assessment of insulin resistance (HOMA-IR)
index, the statistical significance of the link between CVD incidence and leptin and adiponectin levels
disappeared. Thus, the authors concluded that the leptin/adiponectin ratio may be the most sensitive
marker of CVD in males in comparison with leptin and adiponectin.

5. Adiponectin

In contrast to most other adipokines, the blood plasma level of adiponectin is lower during obesity
and during the related pathologies, including CVDs, T2DM, and nonalcoholic fatty liver disease
(NAFLD) [36–38]. Adiponectin levels were shown to be significantly lower in patients with NAFLD
and NAFLD + T2DM than in the group of healthy subjects. Lower level of adiponectin was associated
with the presence of T2DM and NAFLD independent of insulin resistance and obesity indices [37].
The number of studies on the relationship between NAFLD and CVD is increasing year by year. These
studies suggest that NAFLD can be actively involved in the pathogenesis of CVD [37,39].

Both mRNA expression of adiponectin and secretion of oligomeric adiponectin of high molecular
weight are dysregulated in the adipose tissue of obese people. Epidemiological studies in various
ethnic groups indicate that a low level of adiponectin in blood serum, and especially of its
high-molecular-weight oligomer, is an independent risk factor of CVDs. There is a strong correlation
between hypoadiponectinemia and CHD. Conversely, high blood plasma levels of adiponectin
are related to a lower CHD risk, independently of other risk factors [40]. Hypoadiponectinemia
is independently associated with endothelial dysfunction in patients with diabetes. The inverse
correlation between intima/media thickness and serum adiponectin has been detected in several
clinical cohorts, which included both healthy subjects and patients with diabetes mellitus of both
sexes. Moreover, the ratio of leptin to adiponectin is inversely related to the intima/media thickness of
the vascular wall [41] and has been suggested as an atherosclerotic indicator in patients with T2DM.
Hyperadiponectinemia is an independent risk factor of diabetic cardiomyopathy. In healthy people,
the levels of total adiponectin and high-molecular-weight adiponectin in the blood are linked with
left ventricle hypertrophy, regardless of age and metabolic factors [42]. A similar association has
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been noted in obese people [43]. These paradoxical findings can be explained by the development of
adiponectin resistance [44] with age and with CVD progression.

6. Resistin

In 2001, researchers isolated a polypeptide named resistin, which is secreted mostly by
preadipocytes and, to a lesser extent, by mature adipocytes located mostly in the abdomen [44,45]. There
is evidence that CVDs are accompanied by changes in serum levels of resistin [46–48]. For instance,
one study included 220 patients with chest pain and revealed that in patients with acute coronary
syndrome (ACS), serum levels of resistin were significantly higher than those in the patients with
stable angina pectoris. In the ACS group, an elevated serum level of resistin significantly correlated
with high-sensitivity serum C-reactive protein (CRP) test results and with the leukocyte count; resistin
also correlated with the number of coronary vessels with stenosis >50%. Overall, serum resistin was
found to be a strong risk factor of ACS [49]. Moreover, resistin is a prognostic factor for death in type 2
diabetes [50].

There is a report of a substantial increase in the blood plasma level of resistin in patients with
unstable angina pectoris in comparison to patients with stable angina pectoris or a control group; again,
plasma resistin positively correlated with indicators of inflammation and of endothelium activation,
e.g., the leukocyte count, CRP, and blood level of endothelin 1. Furthermore, resistin was found to
be an independent predictor of the main adverse cardiovascular events, including cardiovascular
death, myocardial infarction, and restenosis in patients after transcutaneous transluminal coronary
angioplasty [51,52]. In a European cohort study on cancer and nutrition (the Potsdam study on
26,490 middle-aged patients without a history of acute myocardial infarction (AMI) or stroke; showing
a relative risk of 2.09), the authors proposed to investigate the blood plasma level of resistin (adjusted
for CRP) to predict the development of AMI. They noted elevated levels of resistin in patients with
ACS and its correlation with severe myocardial injury and poor prognosis. A high level of resistin
apparently is related to an adverse outcome after atherothrombotic ischemic stroke, regardless of
other predictors of adverse outcomes [53]. Nevertheless, in some studies, researchers did not find a
link between an elevated level of resistin circulating in the blood and the prevalence or outcome of
IHD. Such discrepancies may have to do with differences in the demographics of the studied groups,
differences in study design and in eligibility criteria for participants, as well as dissimilar methods of
analysis. All these observations suggest that resistin plays an important part in the pathogenesis of
CVDs, and currently, studies are underway to determine its involvement in atherogenesis and ACS.

7. Tumor Necrosis Factor Alpha (TNF-α)

Tumor necrosis factor-α is expressed by lymphocytes and adipocytes and has auto- and paracrine
effects. The level of TNF-α in adipose tissue correlates with fat mass and hyperinsulinemia. The TNF-α
stimulates leptin secretion, and this action is mediated by IL-1. In animal experiments, TNF-α administration
reduces food intake, delays gastric emptying, inhibits insulin effects, modulates the levels of glucagon and
glucocorticoids, and stimulates thermogenesis. Because of elevated secretion of TNF-α and IL-6, visceral
fat exerts a proinflammatory action. These proinflammatory cytokines activate a transcription factor
of the response to oxidative stress, NF-κB. The vascular endothelium is a specific target of TNF-α:
the latter upregulates many proinflammatory, procoagulant, pro-proliferative, and proapoptotic
genes [54,55]. The common initial stage for these changes is a decrease in the bioavailability of nitric
oxide (NO), which is secondary to increased elimination of NO by reactive oxygen species (ROS)
and/or decreased synthesis of NO. Vascular damage related to the main risk factors of CVDs [56] is
characterized by endothelial dysfunction, formation and liberation of inflammatory cytokines such as
TNF-α, prolonged activation of the systems producing ROS, and eventually, a decrease in endothelial
bioavailability of NO. In isolated coronary arteries of type 2 diabetic mice, it was demonstrated that
activated superoxide-generating systems reduced vasodilatation, and the concentration of circulating
TNF-α increased. Inhibition of superoxide production [57] or lowering of superoxide content restores
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vasodilatation. In aged rats, there is an increase in the blood level of TNF-α, which is associated
with endothelial dysfunction of coronary arteries, whereas chronic inhibition of TNF-α improves the
slowing of blood flow in mesenteric arteries of the aged rats. Thus, TNF-α attenuates vasodilatation,
mostly by lowering NO bioavailability and also because of ROS upregulation.

8. Interleukin-1 (IL-1)

Interleukin-1 is an apical proinflammatory mediator during acute and chronic inflammation and
is a powerful inducer of an innate immune response [58]. It triggers the synthesis and expression
of several hundred mediators of the secondary alteration and upregulates its own production and
processing: this stage is a key event in the pathogenesis of many autoinflammatory diseases [59–61].
Interleukin-1α and IL-1β, together with their negative regulator IL-1 receptor antagonist, play the
most important role in the development of various CVDs, including atherosclerosis, AMI, myocarditis,
dilated cardiomyopathy, infectious endocarditis, and cardiomyopathy. All other variants of the IL1 gene
also correlate with a higher risk of CVDs. Two related genes encode two different proteins (IL-1α and
IL-1β), which bind to the same receptor (type I). Interleukin-1α is synthesized as a fully active peptide,
which remains bound to the membrane or may be liberated from the cytoplasm during cell death.
Consequently, IL-1α participates more prominently in a local response to injury, and less frequently
in a systemic inflammatory response [59,60,62]. Interleukin-1β, the main form of circulating IL-1, is
initially synthesized as a precursor (pro-IL-1β) and becomes active via cleavage of pro-IL-1β by caspase
1 under the conditions of a macromolecular structure known as a focus of inflammation [59]. Caspase 1
also participates in the secretion of active IL-1, which can then bind to a membrane receptor of IL-1 on
the same cell, on a neighboring cell, or on target cells [60]. Inflammation activation after tissue injury
causes a local increase in the IL-1β amount, thereby substantially enhancing the inflammatory response,
attracting a large number of inflammatory cells, stimulating metalloproteinases, and eventually
inducing the death (pyroptosis) of such inflammatory cells as leukocytes and resident cells [63,64].
In other words, the active form of IL-1 is a consequence of transformation of an inactive precursor
through the NLRP3/caspase pathway after an infectious or inflammatory stimulus. Interleukin-1β
possesses various biological properties and correlates with atherosclerosis, IHD, and tissue remodeling
after AMI. IL-1α is constitutively active toward various cell types by binding to the same receptor as
IL-1β binds, thereby exerting similar actions. Physiologically, IL-1α acts as a danger signal in response
to sterile irritants, mostly owing to cell death as a consequence of necrosis taking place in AMI or stroke.

9. Interleukin-6 (IL-6)

Interleukin-6 is produced by activated monocytes or macrophages, by a vascular endothelium,
fibroblasts, activated T cells, and by several nonimmune cell types [65]. Interleukin-6 performs its
biological functions via two signaling pathways: classical signaling through membrane-bound receptor
of IL-6 (IL-6-R), which is responsible for anti-inflammatory processes, and signal transduction via a
soluble receptor of IL-6 (sIL-6-R), which takes part in proinflammatory processes. Some effects caused
by IL-6 are similar to those seen during the actions of IL-1 and TNF. Nonetheless, the main effect of
IL-6 is related to its participation as a cofactor in the differentiation of B lymphocytes, their maturation,
and conversion to plasma cells secreting immunoglobulins. In addition, IL-6 promotes IL-2 receptor
expression on activated immune cells and induces IL-2 production by T cells. This cytokine stimulates
T-lymphocyte proliferation and hematopoietic reactions. Furthermore, IL-6 mediates acute and chronic
inflammatory reactions and regulates the acute phase reaction in hepatocytes, including the synthesis
of CRP [66]. Vascular effects of IL-6 depend on experimental conditions. In C57B1/6 mice and in
apoE-deficient mice, injection of recombinant IL-6 at supraphysiological doses enhances atherosclerosis.
By contrast, at an early stage, deletion of the IL6 gene in apoE-deficient mice did not affect the disease
relative to control mice, whereas at later stages, this knockout promoted atherosclerosis. Atherosclerotic
plaques of humans contain IL-6, and a high plasma level of IL-6 is associated with a poor prognosis in
people without a well-pronounced CVD and in patients with ACS. A large-scale analysis of 34 genetic
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studies, including 25,458 cases of IHD and 100,740 control cases of polymorphisms of the IL-6-R gene
with cardiac events, revealed that polymorphism rs7529229 in IL6R, which is associated with elevated
blood plasma levels of soluble IL-6-R, and lower levels of CRP correlate with lesser frequency of
coronary artery diseases [67]. The similar findings of the two independent genetic studies indicate a
causal link between IL-6 signaling and atherosclerosis in humans. Therefore, IL-6-R is a promising
therapeutic target in IHD.

10. Interleukin-8 (IL-8)

Interleukin-8 bears the main responsibility for chemotaxis (recruiting) of monocytes and neutrophils:
the characteristic cells of an acute inflammatory response. In vivo, a chemotactic gradient can be
created by the binding of IL-8 to proteins of the basal membrane. This gradient helps to lead cells to
an inflammation site and retains them as soon as they enter the site. Aside from recruitment of cells,
IL-8 promotes activation of monocytes and neutrophils. Interleukin-8 emerges at an early stage of an
inflammatory response but stays active for a long period: several days or even weeks. This feature
distinguishes it from other inflammatory cytokines, which are usually produced and metabolized in vivo
within several hours. IL-8 is very sensitive to oxidative agents, whereas antioxidants substantially
downregulate the IL8 gene. The role of oxidative agents in the regulation of IL-8 and other chemokines
is important in the pathogenesis of CVDs, where ischemia-induced oxidative stress is simultaneously a
marker of the disease and a potential therapeutic target [68]. In the literature, there are plenty of data on
the involvement of IL-8 in the pathogenesis of atherosclerosis. A popular field of research is elucidating
whether IL-8 is a predictor of short-term and long-term outcomes in patients with IHD. Inoue et al. has
found serum levels of 10 cytokines to be prognostically significant in an analysis of long-term outcomes
of patients with stable IHD confirmed by angiography. The authors concluded that IL-8 is the only
cytokine that predicts cardiovascular complications and does so regardless of nine other cytokines and
high-sensitivity CRP test results [69].

It has been proven that IL-8 is a strong independent prognostic factor of cardiovascular and
general mortality among patients with end-stage kidney failure. Investigators have found that the
initial concentrations of IL-8 are substantially higher in IHD than in patients without IHD. Nonetheless,
adjustment for additional cardiovascular and immunological risk factors weakened the observed
relation, and the authors concluded that elevated blood levels of IL-8 precede the development of
IHD but cannot serve as an independent risk factor. It is reported that lower levels of IL-8 after
cardiovascular interventions are a prognostic indicator of more favorable short-term and long-term
outcomes of the disease [70].

11. Interleukin-10 (IL-10)

Interleukin-10 controls the level of active forms of cyclooxygenase (COX). Sikka et al. has revealed
that IL-10 deficiency causes COX activation and, therefore, activation of thromboxane receptor, which
induces endothelial and cardiac dysfunction of blood vessels in mice. In mice with a low level of
IL-10, cardiac and vascular dysfunctions develop with age [71]. On the other hand, Didion et al. has
demonstrated that endogenous IL-10 reduces angiotensin II-mediated oxidative stress and vascular
dysfunction both in vitro and in vivo, thereby confirming that at least some protective functions of
IL-10 can be performed in the vessel wall [72]. Elevated initial levels of IL-10 are an independent
predictor of a higher risk of subsequent death and AMI within one year. This finding is confirmed
by the study by Cavusoglu and coauthors, who discovered that elevated levels of IL-10 in plasma
are independently associated with a higher risk of death and of nonlethal myocardial infarction
during 5-year follow-up in a group of males with ACS who were referred to coronary angiography.
Additionally, the prognostic value of IL-10 in this regard did not depend on other biomarkers, including
high-sensitivity CRP test results, and was comparable with their prognostic utility [73]. Elevated levels
of IL-10 have also been found in patients with acute myocarditis, after which IL-10 was suggested as a
pathogenic marker that can help to discriminate acute myocarditis and AMI [74]. Elevated levels of
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IL-10 in blood serum have also been associated with a higher incidence of subsequent adverse events
in patients with cardiomyopathy [75]. Thus, IL-10, originally known as an anti-inflammatory cytokine
with pleiotropic effects on the human body, probably plays an ambiguous role in CVDs.

12. Tissue Factor (TF)

As a strong initiator of coagulation, tissue factor (TF) is a crucial player in hemostasis and
thrombogenesis. In general, TF is absent in the cells of a vascular endothelium, or if it is present,
its conformation does not allow it to interact with factor VII. Nonetheless, after tissue and vascular
endothelium are damaged, and the physical barrier separating intravessel factor VII from TF is disrupted,
the factor VII–TF complex is formed. Furthermore, during stimulation of monocytes, macrophages, and
endothelial cells by endotoxins, cytokines, and lectins, the expression of TF increases in these cells in
parallel with an increase in procoagulant activity [76]. In ACS, concentrations of inflammatory cytokines,
such as TNF-α and interleukins, increase at the site of coronary artery occlusion to such an extent
that TF is produced in vascular cells. There are several polymorphisms of the TF gene, and existing
evidence suggests that certain mutations in gene TF and in the promoter of this gene may be related to a
worse outcome of patients with ACS, possibly because of elevated production of TF by monocytes [77].
In patients with tension-related unstable angina pectoris or myocardial infarction without elevation
of the ST segment and a high index of intima/media thickness (TIMI ≥ 4), an elevated level of TF is
detectable in blood plasma in comparison to patients with a low TIMI index (<3). Elevated levels of TF
are present in people with cardiovascular risk factors and in patients with IHD. Tissue factor expression
is higher in atherosclerotic plaques, and cellular and extracellular TF (contained in microparticles) come
into contact with blood during endothelium erosion or plaque rupture. Consequently, TF plays a decisive
part in the development of acute vascular events, such as AMI or stroke. On the other hand, TF can
promote atherosclerosis progression by enhancing migration and proliferation of smooth muscle cells in
the vessels.

13. Lipoportein Lipase (LPL)

In a large cross-sectional study by Khera et al., they found that the presence of rare damaging
mutations in the lipoprotein lipase gene (LPL) was substantially associated with higher levels of TGs
and a diagnosis of IHD [78]. Similar results have been obtained by Lotta et al., who uncovered a
relation between a polymorphism of the LPL gene and a lower risk of IHD among people carrying
alleles corresponding to low TG levels in the blood, irrespective of genetic mechanisms lowering the
level of low-density lipoprotein (LDL) cholesterol [79]. In international literature, rather frequently,
there are descriptions of both isolated cases and of meta-analyses suggesting that low levels of LPL
in serum are linked with early atherosclerosis (before 55 years of age), whereas a higher LPL activity
has a protective effect against the development of IHD. Xie and Li in a meta-analysis show that the
risk of IHD varies depending on the polymorphism of LPL. For example, the HindIII polymorphism
of LPL is substantially associated with a risk of IHD. For polymorphism Ser447X, investigators have
discovered that only the XX genotype significantly correlates with IHD risk. Polymorphism PvuII did
not manifest a significant link with the risk of IHD. Thus, LPL polymorphism HindIII may serve as a
possible risk biomarker of IHD [80].

14. Apolipoprotein E (ApoE)

Defects in ApoE lead to familial dysbetalipoproteinemia, also known as type III hyperlipoproteinemia,
where elevated levels of cholesterol and TGs in blood plasma are caused by disrupted clearance of
chylomicrons, very LDL, and LDL. Later, ApoE was studied regarding its participation in several
biological processes not directly related to the transport of lipoproteins, e.g., Alzheimer’s disease,
immunoregulation, and cognitive functions. Isoform 4 of ApoE, encoded by an allele of APOE, has been
implicated in the elevated level of calcium ions and apoptosis after mechanical damage [81]. Data on the
role of ApoE in the development of IHD are rather inconsistent. For instance, a large (~92,000 subjects)
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populational study on the link between ApoE and IHD clearly indicated that circulating ApoE raised
the risk of IHD [82]. Sofat et al. made similar findings in their meta-analysis. It is reported that there is
no evidence of a relation between ApoE blood concentration and CVD events. The validated link of an
APOE genotype with CVD events may be explained by functions that are specific for isoforms and by
other mechanisms rather than the concentrations of ApoE circulating with the blood [83]. By contrast,
in their study, Corsetti et al. concluded that the levels of ApoE predicted CVD in females with high
levels of HDL cholesterol and CRP [51]. In the elderly, high levels of ApoE in the blood precede
upregulation of circulating CRP and strongly correlate with cardiovascular mortality, regardless of the
APOE genotype and blood lipids.

15. Complement System

The complement system performs an important function in the pathogenesis of IHD and of heart
failure [84,85]. The lectin pathway has a more prominent role in the induction of complement activation
than do the classic and alternative pathways during ischemia-reperfusion injury [86]. Trendelenburg
et al. has found that a serum level of mannose-binding lectin (MBL) is associated with lower mortality in
patients with AMI who underwent transcutaneous transluminal coronary angioplasty [87]. Conversely,
a low concentration of serine proteases associated with MBL is apparently a bad sign. For instance,
Zhang et al. reported that the concentration of MBL-bound serine protease 2 was lower in the peripheral
blood of patients after AMI, in comparison with a control group [88]. Taken together, these observations
suggest that lower levels of MBL are a good sign because of a lower probability of lectin pathway
activation. Several research papers have shown that an elevated level of C3 in serum and/or a higher
C3/C4 ratio correlate with a higher risk of IHD. An elevated level of C4 in plasma is reported to be
associated with a higher incidence of coronary events. Gombos et al. has demonstrated that higher
levels of anaphylatoxin C3a in the plasma of patients with a left ventricular ejection fraction below 45%
predict repeated hospitalization, cardiovascular events, and mortality [89].

16. Plasminogen Activator Inhibitor 1 (PAI-1)

It is reported that elevated levels of PAI1 are typically related to repeated myocardial infarction
and IHD. Nonetheless, at present, the links among PAI1, early atherosclerosis, and IHD remain
unclear. In several studies, it has been shown that PAI1 correlates with many traditional risk factors of
IHD, such as obesity, hyperglycemia, T2DM [90], metabolic syndrome [91], and vessel wall thickness.
Besides, higher expression of PAI1 is observed in coronary artery tissues in the presence of atherogenic
lesions. Association of elevated levels of PAI1 in blood plasma with the incidence of IHD is noted in
several prospective studies [92,93]. Nevertheless, this link has not always persisted after adjustment
for cardiovascular risk factors. These discrepancies may have something to do with small sample sizes
and/or limitations of the studies (e.g., only patients with T2DM, only obese people, or patients with
HIV infection) [94].

17. Visfatin

There is evidence that the effects of visfatin on the accumulation of lipid depots are implemented by
insulin receptors. By binding to these receptors, visfatin activates them. Administration of recombinant
visfatin to mice acts on insulin receptor just as insulin does. The level of visfatin in circulating blood cells
directly correlates with the body mass index, waist circumference, and the insulin resistance index. It is
thought that visfatin participates in atherogenesis and in the pathogenesis of arterial hypertension in
the presence of obesity and vascular complications of T2DM. Although further research will clarify the
mechanisms behind the many well-studied physiological changes, it is already obvious that visfatin is
a crucial immunoregulator with well-pronounced anti-inflammatory properties. A meta-analysis by
Yu et al. [95], including 15 papers with 1053 cases of IHD and 714 control patients, suggests that, overall,
visfatin concentration in peripheral blood is much higher in IHD cases than in controls. Group and
meta-regression analyses revealed that the possible reasons for the heterogeneity are age, body mass
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index, race, diabetes mellitus, systolic arterial pressure, TGs, HDL cholesterol, and LDL cholesterol.
These findings clearly show that an increase in the visfatin concentration in peripheral blood may be a
risk marker of IHD. A study by Auguet et al. has revealed that the levels of visfatin are substantially
higher in the secretome of the unstable atherosclerotic plaque from a carotid artery than in the secretome
of a nonatherosclerotic thoracic artery. There were no differences in other analyzed adipo-/cytokines [96].
Of note, in a study by Zheng et al. on the level of visfatin in patients with T2DM, the patients were
subdivided into two groups by the presence of atherosclerotic plaques. Serum levels of visfatin were
higher in the group with atherosclerotic plaques. In people with atherosclerotic plaques in the carotid
artery, the level of visfatin was higher than that in patients with/without plaques in the femoral artery.
Pearson’s correlation analyses suggested that the serum levels of visfatin positively correlated with waist
circumference, waist hip index, TGs, and the number of plaques. Logistic regression analysis revealed
that a higher level of visfatin in serum is an independent predictor of the presence of atherosclerotic
plaques [97].

18. Angiotensin II

Numerous components of the renin–angiotensin system directly affect the physiology of adipocytes,
and genetic animal models have provided a wealth of information about the mechanisms underlying
these effects. In general, these studies indicate that angiotensin II in visceral adipose tissue promotes
accumulation of energy. For example, transgenic activation of angiotensin in the adipose tissue of
mice increases obesity [98], whereas its conditional knockout in adipocytes does not affect either body
weight or obesity but reduces inflammation in adipose tissue, raises metabolic activity, improves
glucose tolerance, and lowers the predisposition to hypertension associated with obesity [99,100].
It is assumed that elevated levels of angiotensin in adipose tissue are sufficient for an increase in the
adipose tissue volume, and that they are necessary for the inflammation associated with obesity as well
as for the development of glucose tolerance impairment and hypertension. As for subtype 1 receptor
of angiotensin II (AT1R), which may be involved in these phenomena, the following has been reported.
Mice lacking AT1R in the whole body are resistant to diet-induced obesity, show smaller adipocytes,
and do not show changes in adipocyte differentiation, indicating a possible role of AT1R in the growth
of adipocytes, which manifests itself during diet-induced obesity.

19. Apelin

Apelin is considered a cardioprotective factor because it has effects opposite to those of the
renin–angiotensin system. Apelin is expressed in several organs, including the hypothalamus,
vascular endothelium, heart, lungs, and kidneys, as well as adipose tissue and the gastrointestinal
tract. Its receptor APJ is widely expressed in endothelia, smooth muscles, and myocytes. In the
systemic circulation, apelin causes NO-dependent vasodilatation, prevents vasoconstriction caused by
angiotensin II, and exerts positive ionotropic and cardioprotective effects. Plasma levels of apelin are
substantially lower in patients with atrial fibrillation than in healthy subjects. There are data on a higher
risk of repeated atrial fibrillation in subjects with a lower level of apelin [101,102]. The level of apelin
starts to decline early after AMI. Several days later, its level starts to grow but remains lowered until
24 weeks after AMI. This downregulation does not depend on the degree of ventricular dysfunction
and prognosis [103,104]. As a rule, levels of apelin are lower in patients with IHD. In patients with
unstable angina pectoris and AMI, levels of apelin are lower than those in patients with stable types of
IHD. These levels also inversely correlate with the severity of coronary stenoses [105]. There is a report
of a beneficial influence of apelin on reperfusion damage after AMI. There is increased expression
and production of apelin in the left ventricle, whereas mRNA levels of apelin in atria are unchanged,
while in blood serum, the levels of apelin are lowered, as is the expression of apelin receptor AJP.
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20. Omentin

Expression of the omentin gene and the omentin serum levels are lower in obese people and
inversely correlate with the body mass index, waist circumference, insulin resistance, and IHD.
Conversely, there is a positive correlation of omentin with serum adiponectin and HDL cholesterol.
Furthermore, omentin increases insulin-induced glucose reuptake and participates in the regulation
of insulin sensitivity and, therefore, may exert a protective action against the worsening of insulin
resistance. Regarding the influence of omentin on the cardiovascular system, as mentioned above,
lower levels of omentin are seen in patients with IHD [106,107]. In case of heart failure, the levels of
omentin are significantly lower in people who experienced a greater number of cardiac events in the
long term (death, repeated hospitalization) and in patients with more severe symptoms (with New
York Heart Association (NYHA) class IV in comparison with NYHA II and III) [108].

21. Monocytic Chemoattractant Protein-1 (MCP-1)

Induction of chemokines is a characteristic feature of the inflammatory response associated with
ischemia-reperfusion injury in many tissues. Analysis of biopsies from patients and animal models by
hybridization and immunostaining in situ have revealed mRNA and protein expression of MCP1 in an
ischemic myocardium. Elevated levels of MCP1 in blood serum have been detected in patients with
IHD and were implicated in the risk of myocardial infarction and left ventricle dysfunction [109,110].
Quantitation of MCP1 in the coronary blood of patients with tension-related unstable angina pectoris
has shown a link between the levels of MCP1 and the degree of coronary atherosclerosis as evidenced
by coronary angiography. In the OPUS-TIMI 16 study, levels of MCP1 above the 75th percentile
were associated with a higher risk of death or AMI after 10 months, even after adjustment for the
traditional risk factors. Furthermore, according to Lee et al., the levels of circulating MCP1 positively
correlate with a greater amount of visceral adipose tissue and IHD with multiple vascular damage [109].
Even though MCP1 is a promising biomarker, further research is needed to determine its clinical value.

22. Retinol-Binding Protein 4 (RBP4)

Upregulation of retinol-binding protein 4 (RBP4) in human blood serum is linked with insulin
resistance, the development of T2DM, and such clinical manifestations of metabolic syndrome as
obesity, glucose intolerance, dyslipidemia, and hypertension [111,112]. It has been demonstrated
that patients with atherosclerosis of carotid arteries in combination with IHD have higher levels of
RBP4 [113]. Liu et al. has noted that higher levels of RBP4 and adiponectin are related to higher rates
of death from CVDs among males with T2DM [114]. Similar results have been obtained by Ingelsson
et al. In the elderly, RBP4 concentrations correlate with metabolic syndrome and its components
both in males and females as well as with a history of cerebrovascular disease in males [115]. In a
study on a female population, Alkharfy et al. found that serum RBP4 concentration correlated with
various well-established risk factors of CVDs; accordingly, they proposed that RBP4 may serve as an
independent predictor of CVDs in females [116]. All the above data are consistent with the hypothesis
that circulating RBP4 is a marker of metabolic complications, and possibly of atherosclerosis too.

23. Molecular and Genetic Studies

Recent years have witnessed a number of molecular genetic studies on the molecules of the
secretory activity of visceral adipocytes, again, mostly in relation to pathologies of the cardiovascular
and endocrine systems.

There has been research into the expression of adiponectin genes in patients with various types of
cardiovascular pathologies [117,118]. One research group studied the mRNA expression of adiponectin
in adipose tissue samples from 11 males after coronary artery bypass grafting and 10 males with a
replaced heart valve. It was found that the mRNA expression was high in abdominal adipose tissue [119].
There is a report of a lower level of adiponectin with a concurrent increase in the expression of CD48
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and MCP1 in the adipose tissue of patients with T2DM [120]. Underexpression of the adiponectin
gene (ADIPOQ) and simultaneous upregulation of leptin (LEP) were detected in the analysis of the
transcriptome from the adipocytes of patients with metabolic syndrome after coronary artery bypass
grafting [121]. Other researchers have revealed that adiponectin expression is lower in patients with
hypertension [122] or with IHD [123,124]. Another study has uncovered an insignificant increase in the
expression of this gene in patients with IHD [17]. During induction of adipogenesis in the samples of
visceral adipocytes from patients with IHD after a surgical intervention, investigators noted upregulation
of ADIPOQ in response to various concentrations of glucose [125].

24. Conclusions and Future Perspectives

Thus, there is large number of biomarkers secreted by visceral adipocytes. All of them can
substantially affect the development of atherosclerosis, vascular inflammation, and, as a consequence,
stroke, myocardial infarction, and other cardiovascular events [126]. Nonetheless, the effects of most
biomarkers discovered to date are usually either weak, poorly studied, or inconsistent and require
further research.

It should be noted that the evidence accumulated so far regarding the secretory function of
adipose tissue and its involvement in the pathogenesis of some socially significant diseases (such as
obesity, T2DM, and atherosclerosis) suggests that it is important to continue studying the molecular
basis of this secretory function. Today, there are virtually no data on the secretory function of adipose
tissue and its role in the pathogenesis of various socially significant diseases and pathologies (not only
cardiovascular and endocrine) in young adults at employable and reproductive age. These future
studies seem to be especially relevant because they include medical examination of young adults living
in strongly continental and subarctic climatic geographic conditions.

Overall, studies on the molecular genetic factors underlying adipose tissue function in the context
of the above conditions may lead to a deeper understanding of the etiopathogenesis of not only
cardiovascular but also other common socially significant diseases and pathologies in young adults as
well as help to develop an effective strategy for their prophylaxis and management.
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Abstract: The use of molecular biomarkers for the early detection of heart disease, before their onset of
symptoms, is an attractive novel approach. Ideal molecular biomarkers, those that are both sensitive
and specific to heart disease, are likely to provide a much earlier diagnosis, thereby providing better
treatment outcomes. Galectin-3 is expressed by various immune cells, including mast cells, histiocytes
and macrophages, and plays an important role in diverse physiological functions. Since galectin-3
is readily expressed on the cell surface, and is readily secreted by injured and inflammatory cells,
it has been suggested that cardiac galectin-3 could be a marker for cardiac disorders such as cardiac
inflammation and fibrosis, depending on the specific pathogenesis. Thus, galectin-3 may be a novel
candidate biomarker for the diagnosis, analysis and prognosis of various cardiac diseases, including
heart failure. The goals of heart disease treatment are to prevent acute onset and to predict their
occurrence by using the ideal molecular biomarkers. In this review, we discuss and summarize recent
developments of galectin-3 as a next-generation molecular biomarker of heart disease. Furthermore,
we describe how galectin-3 may be useful as a diagnostic marker for detecting the early stages of
various heart diseases, which may contribute to improved early therapeutic interventions.

Keywords: galectin-3; biomarker; diagnostic; prognostic; early stage; heart disease; animal model

1. Introduction

Heart diseases are a leading cause of death worldwide, killing approximately 17.9 million people
each year. Individuals at risk of heart disease may demonstrate an elevated body weight, blood pressure,
plasma cholesterol and blood glucose, as well as obesity. These factors can be easily measured in primary
healthcare services. In addition to these standard measures, the use of molecular biomarkers may provide
a much earlier detection of heart disease, thereby providing earlier and more efficacious therapeutic
interventions. The detection of ideal molecular biomarkers, those that are both sensitive and specific to
heart disease, are likely to provide an early diagnosis and suggest specific targeted therapy. However,
to date, such ideal biomarkers of heart disease have yet to be identified, despite advances in technologies
such as multiplex molecular and genetic biomarkers [1,2]. Thus, the aim of this review is to provide an
overview of a candidate molecular heart disease biomarker, galectin-3 (Gal-3).

Biomolecules 2020, 10, 1277; doi:10.3390/biom10091277 www.mdpi.com/journal/biomolecules167
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Galectins are composed of a family of widely expressedβ-galactoside-binding lectins and can modulate
basic cellular functions such as "cell-to-cell" and "cell-to-matrix" interactions, cell growth and differentiation,
tissue regeneration and the regulation of immune cell activities [3–5]. Galectins have been classified
according to their carbohydrate recognition domain (CRD) number and function. The CRDs recognize
β-galactoside residues that form complexes that crosslink glycosylated ligands [6–8]. The following three
types of galectin members are widely accepted (Figure 1): (1) prototype galectins (galectin-1, -2, -5, -7, -10,
-11, -13, -14, and -15), containing a single CRD that form noncovalent homodimers; (2) tandem-repeat
galectins (galectin-4, -6, -8, -9, and -12), carrying two CRD motifs connected by a peptide linker and (3) a
chimera-type galectin (Gal-3), which is characterized by having a single CRD and an amino-terminal
polypeptide tail region [4,7,8]. The members of galectins, numbered consecutively by order of discovery,
are ubiquitously present in vertebrates, invertebrates and, also, protists [3].

Figure 1. Schematic diagram of the galectin family members. Galectin members are divided into three
types based on the organization of the galectin carbohydrate recognition domain (CRD).

One member of the family, Gal-3, an approximately 30-kDa chimera-type galectin, is expressed by
various immune cells, including mast cells, histiocytes and macrophages, which are associated with
the mononuclear phagocytic system in various tissues [9]. Although Gal-3 is predominantly present as
a cytosolic protein for cellular function and a nuclei protein for splicing, it is also expressed on cell
surfaces and secreted into the plasma by various cells [10]. It has been shown that Gal-3 plays an
important role in diverse physiological functions, such as cell growth and differentiation, macrophage
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activation, angiogenesis, apoptosis and antimicrobial activity, as well as acting as a mediator of local
inflammatory responses in many pathological conditions [11].

Since Gal-3 is readily expressed on the cell surface, and easily secreted into biological fluids (e.g.,
serum and urine) from injured cells and inflammatory cells, recent studies suggest that cardiac Gal-3
could be a marker for cardiac disorders such as cardiac inflammation and fibrosis, depending on the
specific pathogenesis of human heart diseases [12,13]. Therefore, Gal-3 may be a novel candidate biomarker
for the diagnosis, analysis and prognosis of various cardiac diseases, including heart failure [14–17].

Furthermore, Gal-3 may also be useful for detecting the early stages of some diseases. Gal-3 has
already been used as a possible clinical biomarker in the early detection of myocardial dysfunction,
including acute heart failure [17]. In experimental acute myocarditis following viral infection, Gal-3
has been validated as a biomarker of cardiac fibrotic degeneration in animal models [13,16]. Serum
Gal-3 levels have been used as an early diagnostic biomarker for detecting cardiac degeneration in
acute myocarditis [13] and acute myocardial infarction [16].

Established cardiovascular biomarkers, other than Gal-3, have been investigated for many years
for their ability to differentiate different pathophysiological processes, such as inflammation, injury
and fibrosis. These biomarkers have been used in clinical practices to reveal the pathophysiological
characteristics of heart failure, myocyte injury, ventricular wall stress, fibrosis and cardiac remodeling.
Natriuretic peptides (NPs), soluble ST2 (suppression of tumourigenicity2) (sST2), myocardial troponin I
(cTnI), myocardial troponin T (cTnT), C-reactive protein (CRP) and growth and differentiation factor-15
(GDF-15) are the cardiovascular biomarkers discussed in this review.

In this review, we discuss and summarize the recent developments of Gal-3 as a next-generation
molecular biomarker in not only the patients with various types of heart diseases but, also, the disease-
associated animal models. Furthermore, we provide a possibility of Gal-3 as a diagnostic or prognostic
marker for detecting the early stages of various heart diseases.

2. Current Clinical Studies of Gal-3 as a Possible Biomarker in Heart Disease

Clinically, Gal-3 is studied most intensively in heart disease as a diagnostic or prognostic
marker [14–17]. In addition to heart disease, Gal-3 has also been considered as a biomarker in other
human diseases, such as viral infections [18–20], autoimmune diseases [21–24], diabetes [25–27], kidney
disease [25,26,28,29] and even tumor formations, including thyroid tumors [30–39]. The diverse clinical
involvement of galectins in many diseases has been suggested as a role for the regulators of acute
and chronic inflammation, which is linking inflammation-related macrophages to the promotion of
fibrosis [40]. The evidence suggests that Gal-3 is not an organ-specific marker but a specific marker of
individual pathogenesis, such as inflammation or fibrosis. Therefore, the primary sources for circulating
Gal-3 are not always identified.

Many clinical studies of heart failure suggest that plasma and cardiac Gal-3 levels reflect cardiac
inflammatory responses and can be considered as a possible marker for both cardiac inflammation and
fibrosis, depending on the pathogenesis of heart failure [40]. However, the mechanism responsible for
increased blood levels of Gal-3 remains incompletely defined. Several studies have been conducted on
Gal-3 to assess its prognostic effect in heart failure populations. In general, a high concentration of
plasma Gal-3 correlates with a clinical outcome in heart failure associated with cardiac fibrosis [41,42].
The increased plasma levels of Gal-3 are associated with adverse long-term cardiovascular outcomes
in both patients with acute [43,44] and chronic [45,46] heart failure. However, some studies have
generated conflicting results and suggested that Gal-3 is a poor predictor of mortality [47]. In addition,
some studies have reported contradictory results on the association between plasma and cardiac Gal-3
levels and cardiac fibrosis in heart failure [48–50]. These clinical studies were limited by their small
sample sizes and nondetailed evaluations. However, a large-scale meta-analysis of the plasma Gal-3 in
the general population has revealed that elevated plasma galectin-3 is associated with a high risk of
cardiovascular mortality and heart failure, in addition to all-cause mortality, and has suggested that
galectin-3 is an important prognostic factor for patients with heart disease [51].
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Various heart diseases, such as myocardial infarction, myocarditis, hypertension and subsequent
heart failure, have dynamic interactions between inflammation and fibrosis [52]. Furthermore, recent
studies indicate that Gal-3 is involved in cardiovascular fibrosis as a regulatory molecule in heart
failure and, thus, that Gal-3 inhibition ameliorates myocardial injury, highlighting its therapeutic
potential [53,54]. Atrial fibrillation, the most common arrhythmia presented in clinical practice, can
occur in association with electrical and structural remodeling in the atria. Several lines of evidence
demonstrate that myocardial strain, fibrosis and inflammation are involved in the pathogenesis of
arrhythmia, including atrial fibrillation, in addition to conventional factors such as the increased left atrial
size and the presence of heart failure, coronary heart disease or valvular heart disease. Galectin-3 may be
involved in atrial structural remodeling, which involves progressive fibrogenesis in atrial fibrillation
patients [55]. A meta-analysis of the relationship between baseline circulating Gal-3 levels and the
recurrence of atrial fibrillation in patients undergoing catheter ablation showed that baseline circulating
Gal-3 levels were significantly higher in patients with a recurrence of atrial fibrillation compared to those
without atrial fibrillation [56]. In addition, higher baseline Gal-3 levels were independently associated
with a significantly higher risk of recurrence of atrial fibrillation after catheter ablation [56].

Gal-3 is also reported to be elevated in patients with adult congenital heart disease. A significant
association of Gal-3 with functional capacity, cardiac function and adverse cardiovascular events in
patients with adult congenital heart disease has been reported recently [57]. In pediatric heart surgery,
elevated pre-and postoperative levels of Gal-3 are reported to be associated with an increased risk of
readmission or mortality after the operation [58]. Thus, the clinically available biomarker Gal-3 can be
used for improved risk stratification.

Chronic kidney disease (CKD) is a risk factor for cardiovascular disease (CVD). Many cardiac
biomarkers associated with heart diseases may also reflect the progression of kidney disease. It is
plausible that CKD and CVD are closely interrelated, and patients with CKD have a strong risk of
CVD [59,60]. Gal-3 is associated with myofibroblast proliferation, fibrogenesis, tissue repair and
myocardial remodeling and is also associated with kidney fibrosis and an increased risk of CKD.
Thus, the wide tissue distribution of Gal-3 associated with fibrosis in both CVD and CKD complicates
the utility of Gal-3 as a cardiac biomarker in CKD patients [28]. Furthermore, a strong and negative
correlation between circulating Gal-3 levels and the estimated glomerular filtration rate has been
reported. Renal dysfunction is a determinant of blood Gal-3 levels, and the Gal-3 levels are markedly
elevated in patients with severe renal failure [61–63]. This means that high concentrations of Gal-3
may be associated with the progression of CKD [26]. Furthermore, Gal-3 is reported to play a pivotal
role in renal interstitial fibrosis and the progression of CKD [64]. A glomerular Gal-3 expression was
observed in 81.8% of patients with systemic lupus erythematosus (SLE) nephritis but not in the control
patients [65]. Blood Gal- 3 levels were particularly higher in SLE patients with nephritis than in healthy
controls. Gal-3 may contribute to the glomerulonephritis in SLE, and thus, the inhibition of Gal-3 may
be a promising therapeutic strategy to prevent advanced renal disease.

The potential use of Gal-3 as a diagnostic biomarker and prognostic indicator in various heart
diseases is summarized in Table 1.

Table 1. The potential use of Gal-3 as a diagnostic biomarker and prognostic indicator in various heart diseases.

Heart Disease Usage of Biomarker Potential Use as Biomarkers Refs.

Diagnostic
Biomarkers

acute heart failure plasma level • combination with natriuretic
peptide [43]

acute heart failure plasma level • promising prognostic marker [44]

chronic heart failure plasma level • useful in heart failure [66]
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Table 1. Cont.

Heart Disease Usage of Biomarker Potential Use as Biomarkers Refs.

chronic heart failure myocardial and
plasma level • no association with histology [45]

acute myocardial
infarction serum level • no definite relationship with

ventricular remodeling [67]

chronic heart failure myocardial and
plasma level

•marker for both cardiac
inflammation and fibrosis

• circulating Gal-3 do not reflect
cardiac fibrosis

[12]

Prognostic
Indicators

chronic heart failure plasma level
• association of Gal-3 with

increased risk for incident heart
failure and mortality

[41]

cardiovascular disease plasma level
• association of Gal-3 with age

and risk factors of
cardiovascular disease

[42]

chronic heart failure plasma level

• not suggested to be a predictor
of mortality

• candidate marker of a
multi-biomarker panel in

prognostication

[47]

chronic heart failure plasma level

• association of Gal-3 with
severe heart failure

• no prediction of outcomes
after device implantation

[48]

heart failure
undergoing heart
transplantation

plasma
levelmyocardial Gal-3

expression

• insufficient use of Gal-3 as a
marker of heart

• local expression of
myocardial Gal-3

[49]

heart failure of
hypertensive origin

biopsies and plasma
samples

• cardiac and systemic excess
Gal-3 in heart failure patients
• no association with histology

[50]

cardiovascular
mortality and
heart failure

plasma level
• large-scale meta-analysis

• important prognostic value for
heart disease

[51]

atrial fibrillation circulating Gal-3 level
• significantly higher in patients

with recurrence of
atrial fibrillation

[56]

adult congenital
heart disease serum level • association of Gal-3 with

adverse cardiovascular events [57]

pediatric congenital
heart disease serum level

• association of Gal-3 with
increased risk of readmission or

mortality after the operation
[58]

3. Current Guidelines for the Clinical Use of Biomarkers in Heart Disease

The clinical use of established or recommended biomarkers in the diagnosis and risk management
of heart failure has been indicated by some representative guidelines. The Heart Failure Society of
America (HFSA), European Society of Cardiology (ESC) and American College of Cardiology Foundation
(ACC)/American Heart Association (AHA) have indicated that the NPs, circulating hormones secreted
by cardiomyocytes in the heart ventricles, play an important role in the regulation of the intravascular
blood volume and vascular tone and act as useful diagnostic biomarkers in patients suspected of
heart failure [46,68–70]. Guideline management based on biomarkers has brought a new dimension in
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diagnosis, prognosis and treatment evaluation. However, the utilities of novel biomarkers other than
NPs are not well-established in clinical routine analyses. The National Academy of Clinical Biochemistry
(NACB) recommended the clinical assessment and analytical perspectives of novel biomarkers in the
diagnosis and management of heart failure [71]. The novel biomarkers in these criteria need to be
able to recognize the fundamental causes of heart failure, assess their severity and foresee the risk of
disease progression. In fact, with regards to Gal-3 as a novel biomarker, the ACC/AHA guidelines
recommended the use of Gal-3 for the assessment of cardiac fibrosis in heart failure; however, thus far,
the ESC has not recommended the clinical use of Gal-3 [72].

4. Established Cardiovascular Biomarkers Other than Gal-3

As mentioned in the above section, beside the recommendation of NPs by several guidelines on
heart failure, many other biomarkers have been investigated as to whether they could reflect different
pathophysiological processes such as inflammation, injury and fibrosis. In fact, many candidate protein
markers reveal the pathophysiological characteristics of heart failure, including inflammation, myocyte
injury, biochemical wall stress, fibrosis and cardiac remodeling. Below, we describe established and
novel biomarkers for heart disease.

4.1. NPs

Since the first discovery of NP structures and functions in humans in 1984, three types of NPs have
been identified in mammals: atrial natriuretic diuretic peptide (ANP), cerebral natriuretic peptide (BNP)
and C-type natriuretic peptide (CNP). In particular, BNP and N-terminal-proBNP (the prohormone
proBNP is cleaved to the active BNP and the inactive amino acid N-terminal proBNP (NT-proBNP))
are the gold standard clinical diagnostic biomarkers as heart failure biomarkers [73]. In healthy adults,
BNP blood levels are less than 25 pg/mL, and NT-proBNP levels are less than 70 pg/mL [74].

Heart failure is a complex, progressive clinical condition in which the heart fails to pump enough
blood to supply the body with the amount of blood it needs. Heart failure is a progressive condition that
is accompanied by sudden dysfunction. The rapid and accurate diagnosis of heart failure is essential
when the progression of the disease is rapid. The diagnosis of heart failure is based on a physical
examination and the patient’s history, and additional diagnostic tests such as electrocardiography,
chest radiography, echocardiography and NT-proBNP have been found to be useful as a means of the
further detailed diagnosis of heart failure.

According to the 2016 ESC guidelines [69], measuring plasma NPs can help differentiate both
nonacute and acute heart from noncardiac conditions. However, high levels of NPs do not definitively
confirm heart failure; therefore, the use of NPs is not recommended to establish the final diagnosis.

It is recommended to use plasma NP concentrations as a clinical test at the first visit of patients
with nonacute symptoms if echocardiography is not rapidly available: NT- proBNP < 125 pg/ml = a
low probability of heart failure.

A similar concept in the case of acute symptoms but with a higher cut-off value: NT-proBNP
< 300 pg/mL = less chance of heart failure. The guideline recommends differentiating acute heart
failure from acute dyspnea of noncardiac origin by measuring NT-proBNP in emergency patients with
suspected acute dyspnea or acute heart failure.

It is widely recognized that the mechanisms that contribute to the development of heart failure
include a complex bidirectional interaction between the kidney and the heart, which is expressed in
the term cardiac-renal syndrome (CRS). In a wave of new urinary biomarkers associated with CRS,
CNP has emerged as an innovative biomarker of renal structural and functional impairment in heart
failure and chronic renal disease states. CNP as a diagnostic and prognostic biomarker in heart failure
and renal disease states is expected to have future clinical utility [75].
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4.2. Soluble ST2 (sST2)

ST2 (suppression of tumourigenicity2) is a member of the interleukin (IL)-1 family and has both
a membrane-bound receptor type (ST2L) and soluble (sST2) isoform. In the physiological stretch
state of the heart, myofibroblasts release IL-33, which binds to ST2L and promotes cell survival and
integrity. This ST2L/IL-33 signaling is regulated by the sST2, which is a decoy of IL-33 secreted by
cardiac fibroblasts in response to cardiac pressure and volume overload [76]. However, when local and
neighboring cells abnormally increase the release of sST2, it excessively blocks IL-33/ST2L-binding,
which is detrimental to the heart. That is, sST2 acts as a decoy receptor for IL-33 to regulate excessive
IL33 signaling under normal conditions, but under pathological conditions, it excessively represses
IL-33 signaling, resulting in the interruption of ST2L-mediated cardioprotection. This imbalance in
sST2 levels in the extracellular space of the heart is strongly associated with major cardiovascular
disorders, including coronary artery disease, heart failure and valvular heart disease [77,78]. Thus,
sST2 has come to be used as a biomarker of cardiac stress and fibrosis, and its circulating blood levels
are now approved as an additional stratification factor for heart failure [79] and as a biomarker of
ventricular remodeling and fibrosis, along with Gal-3 [46].

Recent studies have demonstrated that elevated ST2 levels in acute heart failure are prognostic for
both recurrent hospitalization and mortality [80] and that ST2 levels in response to drug treatments are
associated with improved outcomes in patients with chronic heart failure [81]. Thus, while sST2 is a
biomarker of myocardial wall stress and the activation of the fibrosis pathway, sST2 is also expressed
in organs other than the heart and is not specific to heart failure, making its use for diagnostic purposes
in non-heart failure patients problematic.

4.3. Myocardial Troponin I (cTnI) and Myocardial Troponin T (cTnT)

The troponin complex, consisting of three subunits: Troponin T, I and C, regulates calcium-mediated
muscle contractions between actin and myosin in both skeletal and cardiac muscles. The cardiac-specific
isoforms of the troponin subunits cTnI and cTnT have very low or barely detectable blood levels in
normal myocardium, but the blood levels of cTnI and cTnT are elevated when myocardial infarction
damages cardiomyocytes. They are currently considered to be the most specific markers of myocardial
damage, and clinical tests of cTnI and cTnT have been found to be clinically useful for the relative
mortality risk classification of patients with acute coronary syndrome (ACS). The system for measuring
cardiac troponin in the blood uses cardiac-specific antibodies that do not cross-react with skeletal muscle.
Cardiac troponin is the diagnostic criteria for acute myocardial infarction [82,83].

4.4. C-reactive Protein (CRP)

CRP is a nonspecific blood marker of biological disease. The measurement of plasma CRP levels
has proven clinically useful in the diagnosis and management of infectious diseases and the monitoring
of a variety of noninfectious inflammatory diseases, including heart disease.

The importance of high-sensitive C-reactive protein (hs-CRP) measurements has also been
reported. One small cohort study concluded that about 70% of patients with hs-CRP values above
4.25 mg/L at 90-day hospitalization died, compared to only 6.5% of patients with hs-CRP values below
4.25 mg/L [84]. Of note, Japanese people are characterized by lower mean CRP levels (one-third to
one-fourth) compared to Westerners; however, a large cohort study revealed that higher levels of
hs-CRP are associated with an increased risk of cardiovascular death and myocardial infarction, which
may be useful in assessing cardiovascular disease risk [85,86].

4.5. Growth and Differentiation Factor-15 (GDF-15)

GDF-15, a member of the transforming growth factor-beta superfamily, also known as macrophage
inhibitory cytokine-1 (MIC-1) or nonsteroidal anti-inflammatory drug-activating gene (NAG-1), has
been implicated in pathologies such as inflammation, cancer, cardiovascular disease, lung disease
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and kidney disease. Cardiomyocytes produce and secrete GDF-15 in response to oxidative stress,
stimulation by angiotensin II or proinflammatory cytokines, ischemia and mechanical stretch. Cell
sources other than cardiomyocytes are known to include macrophages, vascular smooth muscle cells,
endothelial cells and adipocytes, which secrete GDF-15 in response to oxidative or metabolic stress or
stimulation by proinflammatory cytokines. GDF-15 is thought to protect the heart and adipose tissue,
as well as endothelial cells, by inhibiting JNK (c-Jun N-terminal kinase), Bad (Bcl-2-associated death
promoter) and EGFR (epidermal growth factor receptor) and activating the Smad, eNOS, PI3K and
AKT signaling pathways [87].

GDF-15 can be used as a prognostic marker in patients with cardiovascular disorders in combination
with conventional prognostic factors such as NT-proBNP and hs-TnT, as it is induced in hypertrophic
and dilated cardiomyopathy after volume overload, ischemia and heart failure [88]. GDF-15 has also
been shown to predict both the morbidity and mortality of CVD and cancer in apparently healthy older
men [89]. It is interesting to suggest here that GDF-15 expression may be a common early indicator
of cellular vulnerability to the development of vascular and cancer diseases. Measurements of sST2,
hs-TnI and GDF-15 in the general population have also shown that sST2, GDF-15 and hs-TnI, in addition
to established biomarkers such as hs-CRP, can predict cardiovascular risks [90]. GDF-15 has also been
widely studied for its usefulness as a biomarker of cardiovascular events in diabetic patients, and it is
interesting to note that GDF-15 was the only biomarker associated with cardiovascular events in patients
with type 2 diabetes [91]. It has also been suggested that GDF-15 may be a new biomarker for identifying
high-risk patients with muscle wasting and kidney dysfunction prior to cardiovascular surgery [92].

In a recent study of three biomarkers: Galectin 3, sSt2 and GDF-15 in adult CKD patients, higher
circulating concentrations of all of them were associated with higher mortality, but only elevated
GDF-15 concentrations were associated with an increased incidence of heart failure [93].

Finally, many biomarkers for heart disease, including Gal-3, have low tissue specificity, so it will
be necessary to study them in combination as multiple markers rather than using them alone.

5. Gal-3 as a Biomarker of Cardiac Fibrosis

Cardiac inflammation and fibrosis are tightly implicated in the pathophysiological mechanisms
for the myocardial tissue remodeling of heart failure regardless of its etiology [52]. As the important
cellular and molecular mechanisms contributing to heart failure, the US Food and Drug Administration
has approved Gal-3 as a soluble biomarker for cardiac fibrosis to detect cardiac tissue remodeling [94].
Thus, the serum levels of Gal-3 are associated with cardiac tissue remodeling and cardiac function.
However, whether and how Gal-3 contributes to pathophysiology in cardiac remodeling remains
unclear, especially in clinical settings. Although certain biomarkers involved in extracellular matrix
turnover such as matrix metalloproteinase-3 and monocyte chemoattractant protein-1 at baseline were
highly associated with the pathophysiology of acute myocardial infarction, the serum levels of Gal-3
were not related to the left ventricular remodeling defined by cardiac MRI in patients showing cardiac
dysfunction [67].

The diverse clinical involvement of galectins in many diseases suggests its role as a regulator
of acute and chronic inflammation, linking inflammation-related macrophages to the promotion of
fibrosis [52,95]. Specifically, Gal-3 expression and secretion by macrophages is a major mechanism
linking macrophages to fibrosis. Macrophages are increasingly recognized as a potential therapeutic
target in cardiac fibrosis through interactions with connective tissue fibroblasts [96].

6. Usefulness of Gal-3 in Animal Models

The use of animal models that reproduce the clinical features of heart failure and heart disease
have contributed to new approaches to improve diagnostic techniques and preventive/therapeutic
strategies. As mentioned above, the roles of Gal-3 in heart failure and heart disease in humans are still
controversial; however, many animal models have greatly improved our understanding of Gal-3 as a
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novel biomarker of heart disease. On the other hand, a few studies in animal models have generated
conflicting results and suggested that Gal-3 is not a critical disease mediator of cardiac disease [97,98].

The overexpression of cardiac Gal-3 during early pre-symptomatic stages has been demonstrated
to induce heart failure and heart disease in several studies using animal models. The intrapericardial
injection of recombinant Gal-3 in healthy rats significantly increased the prevalence of cardiac
fibrosis with cardiac remodeling and dysfunction and the induction of heart failure [99,100]. Gal-3
was also found to be colocalized with cardiac-infiltrating macrophages [99]. In contrast, cardiac
remodeling and dysfunction induced by Gal-3 was prevented by a pharmacological inhibitor of Gal-3,
N-acetyl-seryl-aspartyl-lysyl-proline [99]. An early increase in Gal-3 expression occurs in hypertrophied
hearts, prior to the development of heart failure in a rat model of heart failure, with Gal-3 inducing
cardiac fibroblast proliferation, collagen deposition and ventricular dysfunction [100]. This suggests
that Gal-3 may be a novel biomarker candidate for the early stages of heart failure and that antagonizing
Gal-3 at the early stages of heart failure may be a useful novel heart failure therapy. In a rat model
subjected to pulmonary artery banding to induce right ventricular heart failure, Gal-3 was significantly
increased in both the right and left ventricles, and protein kinase C promoted cardiac fibrosis and heart
failure by stimulating the Gal-3 expression [101].

A myocardial ischemia/reperfusion (IR) injury is caused by reperfusion to restore the coronary
blood flow to the ischemic region. IR also initiates an inflammatory response, contributing to adverse
ventricular remodeling, which is possibly promoted by Gal-3. The upregulation of Gal-3, contributing to
IR-induced cardiac dysfunction in a mouse model, has been reported [53]. Gal-3 inhibition ameliorates
myocardial injury and suggests its therapeutic potential. In a rat model of IR injury induced by coronary
artery ligation, a Gal-3 blockade improved ischemic injury through lower myocardial inflammation
and reduced fibrosis [102]. In a mouse model of IR injury in the heart using wild-type and Gal-3
knockout mice, Gal-3 was shown to influence the redox pathways, control cell survival and death and
play a protective role in the myocardium following IR injury [103].

In order to clarify the important role of cardiac Gal-3 expression during the early stage of heart
failure, the time-course analysis of cardiac and serum Gal-3 in viral myocarditis, which was induced
at 12, 24, 48, 96, 168 and 240 hours after a specific virus inoculation, was performed using a mouse
model [13]. Gal-3 was demonstrated as a useful histological biomarker of cardiac fibrosis in acute
myocarditis following a viral infection, and serum Gal-3 levels could be used as an early diagnostic
marker for detecting cardiac fibrotic degeneration in acute myocarditis [13].

As mentioned earlier, Gal-3 expression and secretion by macrophages is a major function of
macrophages not only contributing to excessive macrophage accumulation and their activation in
cardiac tissue but, also, promoting fibroblast activation and proliferation, thus leading to cardiac fibrosis
and cardiac remodeling [96,104]. In a mouse model of coxsackievirus B3 (CVB3)-induced myocarditis,
mice infected with CVB3 and depleted of macrophages by a liposome-encapsulated clodronate treatment
presented a reduction of acute myocarditis and chronic fibrosis, compared with untreated CVB3-infected
mice [105]. In a pressure-overloaded mouse model of heart failure, Gal-3 interacted with aldosterone
in promoting macrophage infiltration and cardiac fibrosis. The pharmacological inhibition of Gal-3
prevented the expression of genes involved in fibrogenesis (collagen type 1 and collagen type 3) and
macrophage infiltration and cardiac remodeling [106]. Interestingly, in a pressure-overloaded mouse
model, induced by transverse aortic constriction, an early upregulation of Gal-3 occurred three days after
transverse aortic constriction in subpopulations of macrophages showing interstitial infiltration [97].
In contrast, large amounts of Gal-3 were localized in a subset of cardiomyocytes adjacent to fibrotic areas
after 7–28 days of transverse aortic constriction [97]. The results indicate that the Gal-3 expressing cells
change depending on the stage (early to late) of disease. Furthermore, these results from animal models
indicate that cardiac-infiltrating macrophages expressing Gal-3 in the early stage are potential therapeutic
targets for cardiac fibrosis and remodeling. Therefore, the early detection of such Gal-3-producing
macrophages by a diagnostic marker is important.
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Gal-3 is a key modulator of macrophages for differentiation or activation [107]. In a mouse model
for acute myocardial infarction, the treatment of intravenous transplantation using human umbilical
cord blood mesenchymal stem cells by modulating the conversion of macrophage subtype M1/M2
reduced the inflammatory response, decreased the serum Gal-3 level, improved cardiac function and
protected the infarcted myocardium [108]. The serum level of Gal-3 is closely associated with the ratio
of M1 macrophages to M2 macrophages, which is an important factor to improve cardiac function and
protect the infarcted myocardium [108].

Representative microphotographs in cardiac lesions showing clear Gal-3 expression are demonstrated
in Figure 2. The cardiac lesions of dilated cardiomyopathy in the late stage of δ-sarcoglycan (SG) knockout
(KO) mice [13] is shown. The cardiac fibrous lesions, including tissue-resident macrophages, which are
usually called histiocytes as a histomorphological term, are seen, with fibroblasts and collagen detected as
blue in azan staining. Many histiocytes in the lesions are clearly seen as dark brown in Gal-3 immunostaining.

Figure 2. The cardiac lesions of dilated cardiomyopathy in the late stage of δ-sarcoglycan (δ-SG)
knockout (KO) mice. Microphotographs for hematoxylin and eosin (H&E) staining, Azan staining and
immunohistochemistry of Gal-3 are shown. Scale bars in H&E = 1 mm in the upper panel and 100 μm
in the lower panel. Gal-3 expression sites indicated by arrows are identical to the fibrotic areas detected
as blue in azan staining.

The promising animal models reproducing the clinical features of Gal-3 in heart failure and heart
disease are summarized in Table 2.

Table 2. Promising animal models reproducing the clinical features of Gal-3 in heart failure and
cardiovascular disease. IR: ischemia/reperfusion.

Animal
Species

Experimental Models
Experimental

Methods
Experimental Findings Refs.

rat chronic heart failure
intrapericardial

injection of
recombinant Gal-3

•myocardial fibrosis and its
pharmacological inhibition
• prevention of remodeling by

an inhibitor of Gal-3

[99]

rat chronic heart failure
intrapericardial

infusion of low-dose
Gal-3

• increased Gal-3 in
hypertrophied hearts

• a novel biomarker at the early
stages of heart failure

[100]
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Table 2. Cont.

Animal
Species

Experimental Models
Experimental

Methods
Experimental Findings Refs.

rat chronic heart failure banding of the
pulmonary artery • increase of Gal-3 in ventricles [101]

rat ischemia/reperfusion
injury

Gal-3 pharmacological
inhibition

• Gal-3 blockade improved
ischemic injury [102]

mouse acute heart failure viral myocarditis

• time-course analysis of cardiac
and serum Gal-3

• an early diagnostic marker for
cardiac fibrosis

[13]

mouse myocardial fibrosis
angiotensin-mediated

hypertension in
AngII/Cx3cr1-/- mice

•macrophages promoting
fibroblast differentiation and

collagen production
[96]

mouse acute myocarditis and
chronic fibrosis

coxsackievirus
B3-induced
myocarditis

• disruption of Gal-3 gene
reduced acute myocarditis and

chronic fibrosis
[105]

mouse heart failure

isoproterenol-induced
left ventricular

dysfunction
and fibrosis

• interaction of Gal-3 with
aldosterone in promoting

macrophage infiltration and
cardiac fibrosis

[106]

mouse pressure-overloaded
heart

transverse aortic
constriction

• early upregulation of Gal-3
in macrophages

• large amounts of Gal-3 in
cardiomyocytes at the late stage
• Loss of Gal-3 did not affect

survival, cardiac fibrosis
and hypertrophy

[97]

mouse acute myocardial
infarction

intravenous
transplantation of

human umbilical cord
blood mesenchymal

stem cells

• close association of Gal-3 with
the ratio of M1 macrophages to

M2 macrophages
[108]

mouse ischemia/reperfusion
injury

30 min/24 h in
ischemia/ reperfusion

model

• contribution of upregulated
Gal-3 in cardiac dysfunction
• amelioration of myocardial
injury by inhibition of Gal-3

[53]

mouse ischemia/reperfusion
injury

wild-type mice and
Gal-3 knockout mice

• protective role of Gal-3 on the
myocardium following IR injury [103]

mouse several mouse models
of heart disease

cardiac and plasma
Gal-3-level analysis

•multifold increases in cardiac
Gal-3 expression

• etiology-dependency of
increments in circulating Gal-3

[61]

mouse fibrotic
cardiomyopathy

cardiac overexpression
of b2-adrenoceptors

• upregulation of cardiac
Gal-3 expression

• Gal-3 may not be a critical
disease mediator of
cardiac remodeling

[98]

7. Clinical Use of Gal-3 as a Next-generation Biomarker in the Future

As mentioned earlier, the clinical data has not shown that circulating Gal-3 levels reflect cardiac
Gal-3 levels or cardiac fibrosis, although circulating Gal-3 has been demonstrated as a potential
predictor for clinical outcomes in several cohort studies [41,42].
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In a clinical setting, since various degrees of cardiac inflammation and the progression of fibrosis
may be present in a patient with heart disease, blood Gal-3 levels may reflect a sum of different stages
of pathophysiological conditions [12]. This is because the circulating blood levels of Gal-3 in a patient
with various stages of heart disease cannot adequately reflect cardiac inflammation and fibrosis.

An endomyocardial biopsy is widely used as a diagnostic tool for patients with heart disease, such as
myocarditis and secondary cardiomyopathies, which are often difficult to diagnose by conventional
imaging alone [109]. There are many variables in human biopsy material by its nature, unlike those
obtained from experimental animals. Human biopsies are usually performed under different conditions,
variable time periods between biopsy and processing and variations in disease onset or severity. However,
the histological examination of an endomyocardial biopsy is still the gold standard for the final diagnosis,
despite continued advancements in diagnostic and therapeutic strategies [110–112].

In contrast to the clinical data, the blood levels of Gal-3 reflect the cardiac Gal-3 expression or
cardiac fibrosis by using a sophisticated animal model for the time-course histological examination.
Especially in the early phase of pathophysiology, there is a close relationship between the infiltration
of Gal-3-positive macrophages and fibrotic lesions following myocarditis, and the blood levels of Gal-3
are tightly correlated with the number of cardiac Gal-3-positive cells [13]. The difference between the
experimental data from animal studies and clinical findings from individual patients is due to a wide
variability in clinical settings, with differences in sample collections and disease stages or severity.

Since experimental data from animal studies clearly indicate that the blood level of Gal-3 might
be an early diagnostic biomarker for cardiac degeneration or fibrosis in acute myocarditis [13], further
studies are needed to investigate whether such findings are also observed in cardiac degeneration or
fibrosis in human patients. Gal-3 can be used reliably as a predictive biomarker for the early stage
or new onset of heart disease, especially if it is derived from only the first single pathological lesion,
without complicated factors. In addition, Gal-3 can also possibly be used in late stages of the diseases
as an additional indicator for detecting a worse prognosis, mortality and readmission.

8. Conclusions and Perspectives

The blood levels of Gal-3 are altered by different clinical factors depending on the underlying
pathophysiological conditions in patients, and thus, Gal-3 itself is not an organ-specific marker. However,
Gal-3 is a specific marker of pathogenesis, such as macrophage-related disease or fibrosis, and the
cardiac-infiltrating macrophages expressing Gal-3 in the early stages are potential therapeutic targets for
cardiac fibrosis and remodeling. Therefore, the early detection of such Gal-3-producing macrophages by
a diagnostic marker is important. Furthermore, Gal-3 is being tested for personalized medicine based
on biomarker-guided diagnostics, using new technologies such as genetic biomarkers and multiplex
biomarkers, combining multiple markers into a multiplex panel. In pediatric heart surgery, the clinically
available biomarker Gal-3 can be used for improved risk stratification, because Gal-3 has recently
been reported to be associated with an increased risk of readmission or mortality after the operation.
In addition, Gal-3 at the early stages of inflammatory responses may be a potential therapeutic target for
diseases, especially in cardiac fibrosis, autoimmune diseases, neurodegenerative diseases and cardio-
and cerebrovascular diseases.
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Abstract: Heart Failure (HF) is a syndrome, which implies the existence of different phenotypes. The new
categorization includes patients with preserved ejection fraction (HFpEF), mid-range EF (HFmrEF),
and reduced EF (HFrEF) but the molecular mechanisms involved in these HF phenotypes have not yet
been exhaustively investigated. Sirt1 plays a crucial role in biological processes strongly related to HF.
This study aimed to evaluate whether Sirt1 activity was correlated with EF and other parameters in
HFpEF, HFmrEF, and HFrEF. Seventy patients, HFpEF (n = 23), HFmrEF (n = 23) and HFrEF (n = 24),
were enrolled at the Cardiology Unit of the University Hospital of Salerno. Sirt1 activity was measured
in peripheral blood mononuclear cells (PBMCs). Angiotensin-Converting Enzyme 2 (ACE2) activity,
Tumor Necrosis Factor-alpha (TNF-α) and Brain Natriuretic Peptide (BNP) levels were quantified in
plasma. HFpEF showed lower Sirt1 and ACE2 activities than both HFmrEF and HFrEF (p < 0.0001),
without difference compared to No HF controls. In HFmrEF and HFrEF a very strong correlation was
found between Sirt1 activity and EF (r2 = 0.899 and r2 = 0.909, respectively), and between ACE2 activity
and Sirt1 (r2 = 0.801 and r2 = 0.802, respectively). HFrEF showed the highest TNF-α levels without
reaching statistical significance. Significant differences in BNP were found among the groups, with the
highest levels in the HFrEF. Determining Sirt1 activity in PBMCs is useful to distinguish the HF patients’
phenotypes from each other, especially HFmrEF/HFrEF from HFpEF.

Keywords: heart failure with preserved ejection fraction; heart failure with mid-range ejection
fraction; heart failure with reduced ejection fraction; sirtuins; Sirt1

1. Introduction

Despite impressive advances in clinical/diagnostic tools and therapies, heart failure (HF) still
represents a paramount public health problem being one of the most important causes of death and
hospitalization worldwide [1]. As a syndrome, HF has multifactorial pathogenesis, and its diagnosis
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and management can be very demanding [2]. Determining the left ventricular ejection fraction (EF) is
an essential diagnostic step [3].

The most recent guidelines of the European Society of Cardiology (ESC) consider three patient’s
categories, Heart Failure (HF) with reduced Ejection Fraction (HFrEF; EF < 40%), HF with preserved
ejection fraction (HFpEF; EF ≥ 50%), and HF with mid-range EF (between 40 and 49%) referred to as
HFmrEF [4]. While there is an agreement that the categorization of HFrEF requires EF < 40%, the clinical
overview of the patients with HFpEF has not been clearly established yet. The same ESC guidelines
propose the measurement of the B-type natriuretic peptide (BNP) and/or N-terminal pro-BNP as an
additional diagnostic criterion for HFmrEF and HFpEF, specifying that this cannot be useful to discriminate
all three HF phenotypes because of its increase in other clinical conditions, including atrial fibrillation and
renal failure, that compromise the interpretation of BNP and pro-BNP quantification [4].

Given the clinical implication, especially concerning comorbidities and therapy response,
the correct characterization of the HF patients represents a crucial step for the management of
this syndrome. One of the most important questions is if the HFmrEF represents a distinct phenotype
or a transitional condition from HFrEF to HFpEF, or vice-versa [5]. However, doubtless, such a new
category has been introduced to stimulate the research on these particular patients because there is
an urgent need to identify new biomarkers and pharmacological targets helpful to choose the best
therapy according to the different failing heart phenotypes.

Recent studies have investigated the possible role in the HF of sirtuins, a family of NAD+
dependent deacetylases, among which Sirtuin 1 (Sirt1) is the best-characterized member [6]. Sirt1 is
involved in biological processes strongly related to HF, including oxidative stress, cell senescence,
and energy production [7]. Moreover, it also plays a crucial role in angiotensin II-induced vascular
remodeling [8] and inflammatory response modulating the expression of some cytokines [9].
For instance, tumor necrosis factor-alpha (TNF-α), which is involved in both central and peripheral
manifestations of HF, has been found to increase in HFrEF when compared to HFpEF. Therefore, such a
proinflammatory cytokine could be useful to separate the HF patients’ phenotypes from each other [9].

The overexpression of Sirt1 has been shown to favor the survival of cardiomyocytes, but to be also
associated with cardiac hypertrophy and HF [10,11]. Indeed, both expression and activity levels of Sirt1
vary in the response of internal and external stimuli [12,13] and, following a hormetic mechanism, can be
either advantageous or injurious [14]. However, until now, no data on Sirt1 activity according to the
different HF phenotypes are available. Then, the present study aimed at evaluating in HFpEF, HFmrEF,
and HFrEF patients whether the amount of Sirt1 activity was correlated with EF and other characteristics,
including circulating TNF-α and angiotensin-converting enzyme 2 (ACE2) activity levels.

2. Materials and Methods

2.1. Study Population

Seventy patients with chronic HF in NYHA classes 2 and 3 were consecutively enrolled at the
Cardiology Unit of the University Hospital of Salerno. Twenty-nine age-matched subjects without
heart failure represented the control group (no HF controls). All the enrolled patients underwent a
physical examination, blood chemistry tests, electrocardiographic and echocardiographic exams, and a
6-min walking test. Additionally, baseline demographic, clinical, echocardiographic, and functional
data were collected on a predefined computerized datasheet. All subjects included in the study were in
optimal medical therapy and managed according to ESC guidelines. All participants gave their written
informed consent. The study was in accordance with the Declaration of Helsinki and its amendments
and was approved by the local Ethical Committee (Comitato Etico Campania Sud Prot.n.4_r.p.s.o.).

2.2. Echocardiography

Transthoracic echocardiography (TTE) was performed following the ASE and ESC/EACVI
recommendations using a Vivid E95 system with an M5S phased array and probe (GE Healthcare
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Vingmed Ultrasound AS, Horten, Norway). All echocardiographic images were digitally recorded.
The left ventricular (LV) end-diastolic diameter (LVEDD) and the LV end-systolic diameter (LVESD)
were measured using M-mode by the parasternal long-axis view; the LV volumes (LV end-diastolic
volume, LVEDV, and LV end-systolic volume, LVESV) and the EF were calculated by the Simpson’s
method using the apical 2-chamber and 4-chamber view. The LV diastolic function was characterized
by the assessment of the ELV/e’LV ratio as a surrogate parameter of LV filling pressure. For the
evaluation of the early-diastolic filling (E), the pulsed-wave Doppler sample volume was positioned at
the tip of the tenting area of the mitral valve in the apical long-axis view. The mean of e’ was assessed
in the basal inferoseptal and lateral LV region in the apical 4-chamber view using Tissue Doppler
Imaging TDI. The left atrial (LA) volume index was calculated by biplane LA planimetry in the apical
2- and 4-chamber view. The right ventricular function resulted by the measurement of the tricuspid
annular plane systolic excursion (TAPSE), and the pulmonary artery systolic pressure was estimated
by tricuspid regurgitation velocity in the apical 4-chamber view and the right arterial pressure (RAP),
derived from the inferior vena cava diameter and degree of respiratory collapse.

2.3. Six-Minute Walking Test

The 6-min walking test (6MWT) was performed according to the American Thoracic Society (ATS)
guidelines [15].

The primary measurement was the total distance (meters, m) walked. The patients were instructed
to walk up and down a corridor of 30 m, covering as much ground as possible in 6 min without running.
Blood pressure was recorded at the end of the test, and pulse and oxygen saturation. The latter was
measured by using a handheld pulse oximeter (G.i.ma. Spa, Milan, Italy) placed on the index finger
of patients.

2.4. Blood Sampling and SIRT1 Activity

Blood samples were collected in fasting conditions in the BD Vacutainer® containing sodium
EDTA (BD, USA). The separation of plasma and peripheral blood mononuclear cells (PBMCs) was
obtained by Ficoll density gradient centrifuged at 3000 rcf spin for 30 min at room temperature. Aliquots
of plasma and PBMCs were frozen at −80 ◦C until further analysis.

To measure SIRT1 activity, nuclear extracts (10μL) were isolated by PBMCs using a nuclear
extraction kit (EpiGentek Group Inc., Farmingdale, NY, USA). Then, SIRT1 activity was determinate by a
SIRT1/Sir2 Deacetylase Fluorometric Assay (CycLex, Ina, Nagano, Japan), following the manufacturer’s
instructions. The values were reported as relative fluorescence/micrograms of protein (AU).

2.5. Circulating Angiotensin-Converting Enzyme 2 (ACE2) Activity and TNF-Alpha Measurement

The ACE2 activity was measured as previously described [16] using fluorogenic
substrate 7-methoxycoumarin-4-yl) acetyl-Ala-Pro-Lys(2,4-dinitrophenyl)-OH (Mca-APK(Dnp))
Mca-Ala-Pro-Lys(Dnp)-OH (BioVision Inc., CA, USA). Briefly, plasma was diluted 1:10 in ACE2
reaction buffer containing protease inhibitors (10 μM Bestatin-hydrochloride, 10 μM Z-prolyl-prolinal,
(Sigma, MO, USA), 5 μM Amastatin-hydrochloride, 10 μM Captopril in a buffer of 500 mM NaCI,
100 μM ZnCI2, and 75 mM TRIS HCI, pH 6.5). All chemicals were from Santa Cruz (CA, USA) if
not stated otherwise. The reaction was performed at 37 ◦C in black 96-well microtiter plates in a
total volume of 200 μL using a fluorescence plate reader (TECAN® infinite 200 PRO) at an excitation
wavelength of 320 nm and emission wavelength of 405 nm. Enzymatic activity was determined from
a fluorescence rate increase over a 10–120 min time course, and the activity was reported as relative
fluorescence units (RFU)/min.

The TNF-alpha evaluation was performed on plasma samples according to the manufacturer’s
instruction (Diaclone, Human TNF-α ELISA Kit; #950.090.192).

The measurements of Sirt1 and ACE2 activities and TNF-alpha levels were performed in a blinded
fashion. All data are expressed as the mean ± SD of three independent experiments.
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2.6. Statistical Analysis

Data were analyzed using the SPSS (v 23.0) software package (SPSS Inc., Chicago, IL, USA).
The Shapiro–Wilk test was used to assess the normal distribution of data. Differences between multiple
groups were evaluated by the analysis of variance (ANOVA) with the Bonferroni post hoc test and
are presented as mean ± SD. The χ2 test was used to compare categorical variables. A multiple linear
analysis was used to investigate the relationship between variables when appropriate. To explore the
correlation between variables, Spearman’s correlation (r) was used. The statistical significance was
established at a p-value < 0.05.

The sample size was calculated from similar studies where Sirt1 activity determination in PBMCs
was assessed in healthy individuals and HF patients (12, 17). We used an estimated standard deviation
of 0.5 and the two-tailed alpha set at 0.05. An n = 9 per group was determined to provide sufficient
power at 0.9 to detect a significant difference among groups.

Then a total of 99 subjects (29 No HF controls; 23 HFpEF; 23 HFmrEF; and 24 HFrEF) were
included in the study.

3. Results

3.1. Study Population

The study population consisted of 99 subjects (66 M, 33 F; mean age 62.6 ± 9.4, and range 42–85)
including 29 No HF controls and 70 HF patients (Table 1) belonging to the HFpEF (n = 23), HFmrEF
(n = 23), and HFrEF (n = 24) categories defined according to the criteria of the ESC guidelines [4].
The main demographic and clinical characteristics of each group are reported in Table 1. Among the
groups, no differences were found in age, gender, and body mass index (BMI). The echocardiographic
findings confirmed the different types of the HF with the HFpEF group showing lower LVESV and
LVEDV compared to both HmrEF and HFrEF (in both p < 0.0001), with an increasing trend between
the groups through EF reduction.

From a functional point of view, all the HF groups showed a reduction in six-minute walking
distance in comparison to the no HF controls (p < 0.0001) but no differences were found among the
HF groups.

The HF groups were more affected by diabetes mellitus (p = 0.042) and used more diuretics
(p < 0.0001), beta-blockers (p < 0.0001), ACE-inhibitors (p < 0.0001), and statins (p = 0.004) in respect to
the no HF controls. No differences were found in comorbidities and therapy among the HF groups.

3.2. Sirt1 Activity

The HFpEF subjects showed significant lower Sirt1 activity values than both the HFmrEF and the
HFrEF (p < 0.0001), without any difference compared to the no HF controls (Figure 1A).

When a multivariate linear regression analysis was performed by using the EF as a dependent
variable, after correction for the parameters statistically significant at the univariate analysis, the best
predictors of EF were represented by Sirt1 activity (p < 0.0001; β = −0.019; 95%CI −0.023–0.014), and the
use of beta-blockers (p = 0.001; β = −7.404; 95%CI −11.622–3.186).

The Sirt1 activity (used as dependent variable) was significantly associated to the HF groups
(p= 0.003; β=−133.960; 95%CI−221.708–46.212). Then, because of the different characteristics of the HF
in the three groups, to better explore the relationship between EF and Sirt1 activity, other multivariate
regression analyses were performed. For each group, setting the EF as the dependent variable,
the parameters statistically significant at the univariate analysis were identified, and then they were
introduced in the multivariate analysis. In the no HF controls, the best predictors of EF were represented
by the gender (p = 0.011; β = 4.539; 95%CI 1.132 7.946) and six-minute walking distance (p = 0.032;
β = 0.067; 95%CI 0.006 0.127).
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In the HFpEF group the EF was not associated to any variable. In the HFmrEF and HFrEF
groups the best predictor of EF was represented only by the Sirt1 activity (for HFmrEF with p < 0.0001,
β = −0.009, 95%CI −0.010–0.008 and for HFrEF with p < 0.0001; β = −0.011; 95%CI −0.013–0.010).

In Figure 2A, the correlation between Sirt1 activity and EF is pictured by groups, showing a very
strong correlation between the two variables in the HFrEF (r2 = 0.909) and HFmrEF (r2 = 0.899), but not
in the HFpEF (r2 = 0.001). Moreover, a logistic regression analysis with the NYHA classes, as the
dependent variable, showed that Sirt 1 activity represented the best predictor in the HFrEF (p = 0.018,
β = 1.006; 95%CI 1.001 1.010) and HFmrEF (p = 0.024; β = 1.005; 95%CI 1.001 1.009) but not in the
HFpEF (Figure 2B). In particular, the higher NYHA class was significantly associated to the higher Sirt
1 activity levels in the HFrEF and HFmrEF.

These findings suggest the possible role of Sirt1 as a marker useful to distinguish the HF phenotypes.

Table 1. Main characteristics of the study population stratified by No HF Controls and on the basis of
HF type.

Ctr
(n = 29)

HFpEF
(n = 23)

HFmrEF
(n = 23)

HFrEF
(n = 24)

p

Age, years 60.52 ± 8.91 63.87 ± 10.25 63.00 ± 9.16 63.50 ± 9.57 0.558
Sex, (M/F) n (%) 19/10 (65.5/34.5) 13/10 (56.5/43.5) 15/8 (65.2/34.8) 16/8 (66.7/33.3) 0.157

BMI, kg/m2 27.00 ± 3.14 27.89 ± 2.80 28.40 ± 3.80 28.07 ± 4.73 0.545
SBP, mmHg 126 ± 8 a 123 ± 7 b 121 ± 6 c 106 ± 12 <0.0001
DBP, mmHg 81 ± 5 a 80 ± 4 d 79 ± 7 e 72 ± 8 <0.0001

EF, % 61.07 ± 4.75 f,g 57.61 ± 5.39 h 44.35 ± 2.93 i 33.03 ± 4.24 <0.0001
BNP, pg/mL 31.33 ± 14.00 f 105.00 ± 64.42 b,j 408.08 ± 55.5 i 814.50 ± 193.83 <0.0001
LVESV, mL 32.56 ± 4.82 f 44.30 ± 17.48 b,k 72.63 ± 21.69 i 122.17 ± 33.56 <0.0001
LVEDV, mL 84.83 ± 10.22 a 103.17 ± 34.06 k 131.68 ± 39.51 l 171.25 ± 44.74 <0.0001

Cardiac Index, L/min/m2 2.94 ± 0.35 2.82 ± 0.47 2.74 ± 0.43 2.64 ± 0.36 0.059
SPAP, mmHg 28.41 ± 3.57 m,n 40.00 ± 17.15 32.16 ± 5.83 36.33 ± 11.48 0.002

E/e’ ratio 6.72 ± 1.56 a,o 12.85 ± 6.75 10.87 ± 2.61 p 16.54 ± 8.03 <0.0001
Walking distance at 6′, m 522.69 ± 26.63 q 387.30 ± 56.14 406.65 ± 49.14 408.54 ± 73.69 <0.0001

Walking distance at
6′ ≥ 350 m, n (%) 29 (100.0) 19 (82.6) 18 (78.3) 18 (75.0) 0.049

CKD, (yes) n (%) 0 (0) 5 (22.2) 6 (26.7) 8 (35) 0.116
Hypertension, (yes) n (%) 10 (34.5) 16 (69.6) 14 (60.9) 14 (58.3) 0.063
Dyslipidaemia, (yes) n (%) 7 (24.1) 12 (52.2) 12 (52.2) 14 (58.3) 0.051

Smoking, (yes) n (%) 8 (27.6) 5 (21.7) 9 (39.1) 6 (25.0) 0.582
Diabetes Mellitus, (yes) n (%) 2 (6.9) 8 (34.8) 6 (26.1) 9 (37.5) 0.042

COPD, (yes) n (%) 3 (10.3) 5 (21.7) 4 (17.4) 6 (25.0) 0.541
Prior MI, (yes) n (%) 0 (0) 4 (26.7) 8 (44.4) 12 (50.0) 0.415

HF etiology, (yes) n (%)
Ischemic cardiomyopathy 0 (0) 5 (21.7) 11 (47.8) 19 (79.2) 0.004
Valvular cardiomyopathy 0 (0) 6 (26.1) 5 (21.7) 2 (8.3) 0.083

Hypertensive
cardiomyopathy 0 (0) 5 (21.7) 4 (17.4) 1 (4.2) 0.329

Primary cardiomyopathy 0 (0) 7 (30.4) 3 (13) 2 (8.3) 0.195
Diuretics, (yes) n (%) 1 (3.4) 8 (34.8) 27 (73.9) 20 (83.3) <0.0001

Beta-blockers, (yes) n (%) 3 (10.3) 22 (95.7) 21 (91.3) 22 (91.7) <0.0001
ACE-inhibitors, (yes) n (%) 4 (13.8) 14 (60.9) 15 (65.2) 15 (62.5) <0.0001

ARBs, (yes) n (%) 3 (10.3) 7 (30.4) 7 (30.4) 3 (12.5) 0.132
Statins, (yes) n (%) 8 (27.6) 15 (65.2) 16 (69.6) 16 (66.7) 0.004

Ctr, No Heart Failure Controls; HFpEF, Heart Failure with preserved Ejection Fraction; HFmrEF, Heart failure
with mid-range Ejection Fraction; HFrEF, Heart Failure with reduced Ejection Fraction; BMI, Body Mass Index;
SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; EF, Ejection Fraction; BNP, Brain Natriuretic Peptide;
LVESV, Left Ventricle End Systolic Volume; LVEDV, Left Ventricle End Diastolic Volume; SPAP, Systolic Pulmonary
Artery Pressure; CKD, Chronic Kidney Disease; COPD, Chronic Obstructive Pulmonary Disease; MI, Myocardial
Infarction; ARBs, Angiotensin Receptor Blockers. a Ctr vs. HFrEF p < 0.0001; b HFpEF vs. HFrEF p < 0.0001;
c HFmrEF vs. HFrEF p = 0.002; d HFpEF vs. HFrEF p = 0.001; e HFmrEF vs. HFrEF p = 0.035; f Ctr vs. HFmrEF and
HFrEF group p < 0.0001; g Ctr vs. HFpEF p = 0.038; h HFpEF vs. HFmrEF and HFrEF group p < 0.0001; i HFmrEF
vs. HFrEF p < 0.0001; j HFpEF vs. HFmrEF p = 0.010; k HFpEF vs. HFmrEF p = 0.002; l HFmrEF vs. HFrEF p = 0.001;
m Ctr vs. HFpEF p = 0.002; n Ctr vs. HFrEF p = 0.028; o Ctr vs. HFpEF p = 0.003; p HFmrEF vs. HFrEF p = 0.004;
q Ctr vs. all other groups p < 0.0001.
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Figure 1. (A) Sirt1 activity levels by groups in the study population. Subjects with heart failure with
preserved ejection fraction showed significant lower Sirt1 activity values than both subjects with heart
failure with mid-range EF (HFmrEF) and those with heart failure with reduced EF (HFrEF) (p < 0.0001),
without any difference compared to the no heart failure (HF) controls (Ctr). (B) Circulating ACE2 activity
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by groups in the study population. The HFpEF subjects showed significant lower ACE2 activity values
than both HFmrEF and HFrEF (p < 0.0001), without any difference compared to the no HF controls
(Ctr). (C) Circulating TNF-alpha levels by groups in the study population. An increasing trend of
plasma TNF-alpha levels from the HFpEF through the HFmrEF to the HFrEF patients without reaching
statistical significance was found.

Figure 2. (A) Correlation between EF and Sirt 1 activity stratified by HF groups and no HF controls (Ctr).
In the HFmrEF and HFrEF groups a very strong correlation was found between Sirt 1 activity levels and
EF values (r2 = 0.899 and r2 = 0.909, respectively). Otherwise, in the HFpEF as in the no HF controls no
correlation was found. (B) Association between NYHA classes and Sirt 1 activity stratified by HF groups.
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Sirt 1 activity represented the best predictor of NYHA classes in the HFrEF (p = 0.018, β = 1.006; 95%CI
1.001 1.010) and HFmrEF (p = 0.024; β = 1.005; 95%CI 1.001 1.009) but not in the HFpEF. (C) Correlation
between ACE2 and Sirt 1 activities stratified by HF groups and no HF controls (Ctr). In the HFmrEF
and HFrEF groups a very strong correlation was found between Sirt 1 activity and ACE2 activity levels
(r2 = 0.801 and r2 = 0.802, respectively). Otherwise, in the HFpEF as in the no HF controls no correlation
was found.

3.3. Circulating Angiotensin-Converting Enzyme 2 (ACE2) Activity

The HFpEF subjects showed significant lower ACE2 activity values than both the HFmrEF and
HFrEF (p < 0.0001) without any difference compared to the no HF controls (Figure 1B).

In Figure 2C, the correlation between the Sirt1 activity and ACE2 activity is pictured by groups,
showing a very strong correlation between the two variables in the HFrEF (r2 = 0.802) and HFmrEF
(r2 = 0.801), but not in the HFpEF (r2 = 0.149).

3.4. Circulating Tumor Necrosis Factor-Alpha (TNF-α) Levels

As shown in Figure 1C, no statistically significant differences in plasma levels of TNF-α were
found among the groups. An increasing trend was observed from the HFpEF through HFmrEF to
HFrEF. The No HF control subjects showed values closed to the HFpEF patients.

3.5. Circulating Brain Natriuretic Peptide (BNP) levels

At the univariate analysis, statistically significant differences in plasma levels of BNP were found
among the groups, with the highest levels in the HFrEF group (Table 1). An increasing trend was observed
from the HFpEF through HFmrEF to HFrEF. The no HF control subjects showed values close to the
HFpEF patients. However, a multivariate linear regression analysis demonstrated no correlation between
BNP and Sirt1 activity levels in all groups (for Ctr p = 0.434, r2 = 0.097, β = −0.026, 95%CI −0.104 0.052;
for HFpEF p = 0.566, r2 = 0.024, β = −0.206, 95%CI −3.428 3.016; for HFmrEF p = 0.752, r2 = 0.025,
β = −0.073; 95%CI −0.580 0.434; for HFrEF p = 0.388, r2 = 0.050, β = 0.126; 95%CI −0.175 0.427).

4. Discussion

The introduction in the recent ESC guidelines of the HFmrEF category [4] has given the impulse
for investigations aiming at a better characterization of the patients suffering from HF. What emerges
from the trials performed until now has highlighted that the clinical overview of the patients with
HFpEF has not been adequately studied and, consequently, there are few effective treatments for them.
Moreover, the HFmrEF represents a borderline group scarcely investigated, even less than HFpEF [3].

The processes and mechanisms involved in the cardiac failing phenotypes have not been
exhaustively investigated, nonetheless elucidating the molecular card of the different HF patients
might be of great help to better manage the disease and personalize the therapy.

Sirt1 represents a good candidate in this field because of its involvement in cardiac
pathophysiology [17]. Indeed, historically Sirt1 has been recognized as an enzyme crucial to assure
lifespan prolonging from yeasts to humans, and, in general, its decreased levels have been linked
to endothelial dysfunction and the pathogenesis of metabolic and cardiovascular diseases [7,17–19].
Therefore, interventions aiming at increasing Sirt1 levels have been considered beneficial in aging and
aging-associated diseases [20,21].

Sirt 1 expression and activity are often measured in PBMCs, which represent a model helpful
to provide a comprehensive overview of the cellular system status together with measurement of
circulating serum or plasma markers [22]. PBMCs are cells easy to isolate by a non-invasive and
inexpensive method. This model has been used to study Sirt1 in several disorders such as diabetes
mellitus [23], chronic obstructive pulmonary disease (COPD) [24,25], and in patients assuming a
specific diet [26], or underwent cardiac rehabilitation [27].
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Herein, we found that Sirt1 activity was much higher in PBMCs isolated from the HFrEF patients
when compared to the HFmrEF and even more HFpEF. Importantly, the levels were so different making
it possible to distinguish the HFmrEF/HFrEF from the HFpEF that, conversely, had Sirt1 activity very
similar to the no HF control subjects. A very strong correlation between Sirt1 activity and EF values
was found in the HFrEF (r2 = 0.909) and HFmrEF (r2 = 0.899), while no correlation in the HFpEF and
no HF control subjects was observed. Additionally, the higher Sirt 1 activity levels were significantly
associated with the higher NYHA class in the HFrEF and HFmrEF but not in the HFpEF.

Concerning the involvement of Sirt1 in cardiac remodeling, literature data show contrasting
evidence. Some data report a relationship between increased Sirt1 levels and cardiac hypertrophy [28],
while other data suggest that low-moderate Sirt1 overexpression has beneficial effects in contrasting
fibrosis and hypertrophy [8]. Currently, several studies, while confirming a link between these
conditions and Sirt1 increased levels, stressed the importance of a Sirt1 overexpression degree in
determining beneficial or detrimental effects [14,29]. It is unsurprising when you consider that the
intensity of caloric restriction and exercise training, interventions well recognized to activate Sirt1,
makes the difference between their positive and negative effects [30–32]. Moreover, accumulating
evidence has corroborated the idea that both expression and activity of Sirt1 vary in the response of
internal and external stimuli, and the outcomes strongly depend on the cell type and condition [17].
Furthermore, understanding the role and the effects of Sirt1 in different contexts is essential, given the
indubitable involvement of this enzyme in cardiovascular homeostasis and diseases [33]. In our
opinion, the results of the present study go in such a direction. We found different Sirt1 activity levels
with the highest value in the HFrEF patients, by measuring this parameter in HF patients classified
(according to the recent ESC guidelines) in three different categories.

A possible explanation may be related to a link existing between Sirt1 and the renin angiotensin
aldosterone system (RAAS) [34–36]. RAAS is one of the most important components of the so-called
‘neurohormonal’ system, designed to maintain cardiovascular homeostasis through a series of
compensatory mechanisms. While this system is beneficial in the short term, its prolonged activation
causes hemodynamic stress, cardiac and vessel structural modifications, and ultimately progression
of HF, especially in HFrEF patients [33]. As a matter of fact, it is well known the better therapeutic
response of HFrEF patients to beta-blockers, RAAS inhibitors, and angiotensin receptor–neprilysin
inhibitors (ARNI), the latter licensed only in these subjects [33,37]. Furthermore, the lack of an optimal
therapeutic response in HFpEF subjects represented one of the fundamental reasons to stimulate a
better pathophysiology understanding of this HF phenotype [38].

It has been demonstrated both in vivo and in vitro that resveratrol, a polyphenol able to activate
Sirt1, leads to a decrease of angiotensin II receptor AT1 through Sirt1 activation [34]. Another important
result is that overexpression of Sirt1 exerts beneficial effects contrasting the angiotensin II-induced
vascular remodeling and attenuating hypertension in mice [8]. In addition, an interesting study
by Davis et al. performed in patients with Bartter’s/Gitelman’s (BS/GS) syndromes, who have a
persistent RAAS activation with increased circulating levels of angiotensin II, showed that Sirt1 protein
levels were higher in patients’ PBMCs than in those of healthy subjects [35]. Noteworthy, circulating
AngII-degrading enzyme (ACE2) activity is much higher in the HFrEF in comparison with the HFpEF
subjects. This finding indicates circulating ACE2 activity as a potential biomarker to differentiate
these two cardiac failing phenotypes [39]. Moreover, Epelman et al. demonstrated that elevated
plasma ACE2 activity was associated with greater severity of myocardial dysfunction, without a
relationship between circulating ACE2 activity and markers of systemic inflammation [40]. On the
contrary, Niethammer et al. found increased circulating levels of TNF-alpha in HFrEF in comparison
to HFpEF patients and showed that such higher levels were negatively correlated to EF [9].

Here, we found an increasing trend of plasma TNF-alpha levels from the HFpEF through the
HFmrEF to the HFrEF patients without reaching statistical significance.

Our results show that the HFrEF group had levels of ACE2 activity significantly higher than those
measured in the HFmrEF and even more in the HFpEF subjects, with the latter showing no difference
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when compared with the No HF controls. Notably, a positive correlation between Sirt1 activity and
ACE2 activity in the HFrEF (r2 = 0.802) and the HFmrEF (r2 = 0.801) but not in the HFpEF (r2 = 0.149)
was found (Figure 2C).

Altogether these findings suggest a role for Sirt1 activity as a biomarker to distinguish the three
HF phenotypes.

The highest Sirt1 activity in the HFrEF patients might reflect the high neurohormonal activation,
including RAAS, which in turn characterizes systolic HF [33].

As already stated, the HFmrEF remains insufficiently characterized compared with the other
groups. We found that the HFmrEF and HFrEF patients have similar Sirt1 levels, both much higher
than the HFpEF and the correlation between Sirt1 activity and EF values in the HFmrEF was as relevant
as in the HFrEF, even if less strong. However, the intermediate mean value of the Sirt1 activity found
in the HFmrEF group (Figure 1A) seems to confirm the arising idea that the HFmrEF could represent
an intermediate condition rather than a different HF category.

Sirt1 activity induced by pharmacological and non-pharmacological activators has been
demonstrated to ameliorate the health status of HF patients [13,21,27]. Indeed, mild and moderate
overexpression of Sirt1 might favor resistance to stress, thereby leading to cardiac positive outcomes,
while further increased levels might be associated with cardiac damages [14]. Possibly, Sirt1 activity
values, linked to beneficial effects, depending on the individual baseline levels, and their assessment
could be useful in the management of the different HF patients.

In our opinion, the most important result of the present investigation is the existence, observed
for the first time, of the relationship between the EF and Sirt1 activity with a very strong correlation
between Sirt1 activity and EF in the HFmrEF and HFrEF. Of note, this correlation does not exist in the
HFpEF patients.

This study is subject to some limitations. One of them is the lack of the cardiopulmonary stress
test because it was performed not in all enrolled patients and no HF controls. Another limitation is the
small number of patients included in each group.

As discussed, the high levels of Sirt1 might reflect an adaptive activation of the sympathetic
system and RAAS characterizing the systolic HF. The relationship between Sirt1 and circulating ACE2
activity found in the HFrEF and HFmrEF but not in the HFpEF patients corroborates this hypothesis.
Measuring factors other than ACE2 activity involved in the neurohormonal modulation could be
helpful to better classify patients with HF.

Another limitation is the absence of Sirt1 activity levels definition in healthy subjects as a reference.
Undoubtedly, further and larger studies are necessary to measure such and other inflammatory

parameters, other than TNF alpha, and verify whether they correlate with Sirt1 activity.

5. Conclusions

In our study, Sirt1 activity levels increased from the HFpEF through HFmrEF to the HFrEF.
Sirt1 activity in the HFmrEF, showing an average value between the HFrEF and HFpEF subjects,

suggests the hypothesis that the HFmrEF represents an intermediate phenotype. This is supported
by the finding of the strong correlation between Sirt1 activity and EF values observed also in
HFmrEF patients.

The correlation between Sirt1 and ACE2 also reinforces the hypothesis that Sirt1 activity could be
used as a biomarker to better differentiate the patients with different HF phenotypes, especially to
separate HFmrEF/HFrEF from HFpEF.

Further studies with a larger sample size are needed to confirm or deny these results and clarify
whether monitoring Sirt1 activity levels can effectively help the management of the patients suffering
from HF. Moreover, more trials should also be performed to better understand the mechanisms
underlining the HF phenotypes that could explain the different Sirt1 activation and to define the range
of Sirt1 activity levels associated with beneficial effects.
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Abstract: Studies in recent years have shown increased interest in developing new methods of
evaluation, but also in limiting post infarction ventricular remodeling, hoping to improve ventricular
function and the further evolution of the patient. This is the point where biomarkers have proven
effective in early detection of remodeling phenomena. There are six main processes that promote
the remodeling and each of them has specific biomarkers that can be used in predicting the
evolution (myocardial necrosis, neurohormonal activation, inflammatory reaction, hypertrophy and
fibrosis, apoptosis, mixed processes). Some of the biomarkers such as creatine kinase–myocardial
band (CK-MB), troponin, and N-terminal-pro type B natriuretic peptide (NT-proBNP) were so
convincing that they immediately found their place in the post infarction patient evaluation protocol.
Others that are related to more complex processes such as inflammatory biomarkers, atheroma plaque
destabilization biomarkers, and microRNA are still being studied, but the results so far are promising.
This article aims to review the markers used so far, but also the existing data on new markers that
could be considered, taking into consideration the most important studies that have been conducted
so far.

Keywords: post-myocardial infarction ventricular remodeling; prognosis; myocardial necrosis biomarkers;
neurohormonal activation biomarkers; inflammatory reaction biomarkers; fibrosis biomarkers;
apoptosis biomarkers; new generation biomarkers

1. Introduction

Cardiovascular diseases represent a leading cause of death, accounting for 30% of deaths
worldwide. Of these, up to 7 million deaths a year are caused by coronary ischemic disease, accounting
for 12.8% of the total. Therefore, the statistics speak of a sad reality: every sixth patient in Europe
dies from a heart attack [1]. This explains the increased interest in this pathology and the increased
interest that the evaluation of these patients enjoys lately. Increasing access to cardiac catheterization
laboratories and, implicitly, to percutaneous myocardial revascularization techniques, has significantly
reduced both short-term and long-term mortality in patients with heart attacks.
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Therefore, in the context of current knowledge, studies in recent years have shown increased
interest in developing new methods of evaluation, but also in limiting post-infarction ventricular
remodeling, hoping to improve ventricular function and the further evolution of the patient. This is the
point where biomarkers have proven effective in early detection of remodeling phenomena, some of
them being so convincing that they immediately found their place in the post-infarction patient
evaluation protocol. This article aims to review the markers used so far, and also, the existing data on
new markers that could be considered, in order to see the biomarkers that approach the characteristics
of an ideal biomarker.

2. Ventricular Remodeling—Pathophysiology

Despite this medical progress, in the case of patients who suffered a myocardial infarction,
there is more and more concerns about the phenomenon of ventricular remodeling that deeply affects
ventricular function and implicitly resonates with the patient’s prognosis. Experimentally, it has been
shown that acute ischemia causes important changes in the ventricular architecture, localized changes
both in the infarct area and in other segments.

From a physiopathological point of view, the ventricular remodeling manifests under two
directions: macroscopic changes that occur after 3 months of onset and microscopic changes that begin
from the first moment of the coronary occlusion.

At the macroscopic level, despite complete and successful coronary angioplasty, studies have
shown that both in the infarcted area and in the adjacent areas, there is a remodeling process translated
into the loss of shortening and contraction with asynchronous abnormalities, hypokinesia, akinesia,
and dyskinesia at the level of the ischemic zone and of the initial hyperkinesia followed by the
subsequent hypokinesia at the level of the neighboring areas and the final result is a decrease in
cardiac pump function, in the cardiac output, and in blood pressure and an increase in ventricular
volumes [2,3]. In parallel, the ventricular cavity dilates as a compensatory response to its dysfunction,
a process directly related to the magnitude of the infarction area. Its purpose is to maintain a constant
beating volume as the percentage of viable contractile myocardium decreases. In the long run, however,
this dilation increases the systolic and diastolic parietal stress, thus creating a vicious circle in which
the initial dilation generates additional dilation [4].

In addition to myocardial ischemia, at least two other processes participate in this process:
the phenomenon of no reflow and the epigenetically mediating disturbance of endogenous
repair system.

The no reflow phenomenon is associated with early remodeling and is determined by the
microvascular obstruction and dysfunction that disrupts regional perfusion [5]. Studies have shown
that the phenomenon of no reflow correlates with the higher incidence of ventricular remodeling and
increased risk of cardiovascular events and sudden death [6].

On the other hand, epigenetically mediating disturbance of endogenous repair system translates
to altered vascular repair, with maintenance of vasoconstriction and vascular dysfunction in the area
adjacent to myocardial infarction [7,8].

At the microscopic level, from the moment of coronary obstruction, a series of nitric oxide
disrupting processes are initiated, the vascular signaling systems endothelial growth factors signaling
systems are activated, the cytokines are released and this is how the apoptosis and necrosis pathways are
activated, generating an increase in oxidative stress, mitochondrial dysfunction, alteration of myocyte
metabolism, promotion of fibrosis, and cell remodeling. Therefore, microvascular inflammation,
small vessel obstruction, and endothelial dysfunction maintain the remodeling phenomenon [9].

Sequentially, in the first 72 h hours of ischemia, myocytic necrosis appears accompanied by
edema and inflammation of the area affected by the infarction. Subsequently, a process of fibroblastic
proliferation and collagen storage is installed, which results in the occurrence of the scar. In the period
between the resorption of necrotic tissue and scarring, the infarct area undergoes a process of thinning
and elongation which is called “infarction expansion” [10]. Proteases and the activation of matrix
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metalloproteinases (MMPs) released by neutrophils that cause degradation of collagen fibers participate
in this process. The final effect is an increased parietal stress which stimulates the mechanoreceptors
and generates angiotensin II-releasing intracellular signals. After 72 h, there is a process mediated by
the renin–angiotensin–aldosterone system and by neurohormonal activation, which causes changes in
ventricular geometry, with dilation of the cavities and myocardial hypertrophy [11,12].

The remodeling process can take from a few weeks to a few months, until a balance between the
forces of distension and the resistance offered by the collagen fibers is obtained [1]. This balance is
decisively influenced by [13]:

• Characteristics of myocardial infarction: its size, location, and transmurality;
• Extension of the sidereal myocardium;
• Re-permeabilization of the artery responsible for infarction [14];
• Local trophic factors [15].

In summary, within the ventricular remodeling, four types of processes take place that are closely
related to the types of biomarkers that can be detected (Figure 1):

Figure 1. The processes that promote the ventricular remodeling and their specific biomarkers. CK-MB:
creatine kinase–myocardial band; hFABP: heart fatty acids binding protein; NT-proBNP: N-terminal-pro
type B natriuretic peptide; BNP: type B natriuretic peptide; RAAS: renin–angiotensin–aldosterone
system; TNF: tumor necrosis factor; IL: interleukin; MPO: myeloperoxidase; ST-2: suppression
of tumorgenicity; GDF-15: growth differentiation factor-15; VEGFR: vascular endothelial growth
factor receptor.

1. Myocardial necrosis: creatine kinase–myocardial band (CK-MB), troponin I and T (TnI, TnT),
myoglobin, heart fatty acids binding protein (hFABP), ischemia modified albumin, GDF-15.

2. Neurohormonal activation: N-terminal-pro type B natriuretic peptide (NT-proBNP),
type B natriuretic peptide (BNP), adrenomedullin, renin–angiotensin–aldosterone system
(RAAS)-related biomarkers.

3. Inflammatory reaction closely related to the release of C-reactive protein (CRP), tumor necrosis factor
α (TNF-α), interleukins 6, 13, 23, and 38 (IL-6, IL-13, IL-23, IL-38), homocysteine, procalcitonin.

4. Hypertrophy and fibrosis involving MMP, collagen propeptidases, galectin-3 (Gal-3), soluble ST-2
(sST-2) [5].

There are also some novel biomarkers that are involved in several processes and they cannot be
categorized. The main exponents are microRNA (miRNA), which epigenetically regulates the cardiac
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myocytes apoptosis and increases oxidative stress and inflammation by triggering proinflammatory
cytokine release [16,17].

3. Biomarkers

The use of biomarkers in the evaluation of patients after acute myocardial infarction has a
history of 40 years (the initial term was that of biological marker and was first introduced in 1989),
and the scientific trend seems to favor such an approach, which will clearly lead to new studies and
new biomarkers.

The characteristics of a biomarker concern three central aspects: the mode of synthesis and release,
specificity, and sensitivity [18,19]. The outline of an ideal biomarker is therefore outlined (Table 1).

Table 1. Characteristics of the ideal biomarker.

Characteristics of the Ideal Biomarker

High sensitivity
Increased myocardial concentrations after heart attack

Rapid release to allow early diagnosis
Long half-life to allow late diagnosis

High specificity
Its absence in tissues other than the myocardial one

Its absence in healthy patients
Assay-related characteristics
Good cost-effectiveness ratio

Easy to assay
Short processing time

High precision
Clinical characteristics

Useful in guiding therapy
Useful in predicting the prognosis

3.1. Biomarkers of Cardiac Injury and Myocardial Necrosis

The first question that arose was whether biomarkers used in the diagnosis of myocardial ischemia
could also be interpreted as prognostic markers, so these were the first to be investigated in this respect.

3.1.1. Creatine Kinase MB

CK-MB is an enzyme found in the myocardium, its role being related to the generation of
contraction [20]. Its discharge into the circulatory stream is related to myocytolysis and not only to
the process of ischemia [21]. It is one of the most used biomarkers in the diagnosis of myocardial
injury, being detectable in plasma 4–8 h after the onset of pain and reaching a peak at 18–24 h [20,21].
Studies have placed it above myoglobin in terms of diagnostic value, but recognize its poor specificity
in patients with multiple comorbidities such as kidney disease, non-cardiac surgery, chest trauma,
muscle disorders, hypothyroidism, hypoventilation, and pulmonary embolism [22,23].

Predictively, studies have shown that a low CK-MB value at the time of diagnosis of AMI means
a small amount of affected myocardium and therefore, the success of reperfusion therapy can be
maximum, this translating into a lower rate of morbidity and mortality [24]. Clinical data from
previous years’ studies have shown the importance of CK-MB at admission as an independent predictor
in both the short and long term [25–27]. Other studies have shown that not serial CK-MB values,
but its increased value for a longer period (values above 124 mg/dL more than 18 h after the onset of
myocardial infarction, despite the successful PCI) is correlated with subsequent cardiovascular events
(reinfarctions, hospitalizations for cardiac decompensation, death) [28]. Another study was able to
correlate the CK-MB peak ratio value (the ratio between the maximum value of CK-MB reached by
the patient and the higher value of normal) with a higher mortality at two years post infarction [29].
Some retrospective studies have suggested a correlation between increased CK-MB and long-term
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mortality [30–34], while others have established that only a significant increase, of 5 to 8 times the upper
limit, could have prognostic implications [35–38]. Yee KC et al. evaluated, in a study, the independent
prognostic value of CK-MB in patients with acute coronary syndrome and negative troponin [39] and
showed that an increase in CK-MB, even in the absence of troponin dynamics, is correlated with an
increase in morbidity and mortality at 6 months. Although these results failed to create a consensus
on the use of CK-MB as a prognostic factor, the accessibility and low cost of this analysis could be
additional arguments for further studies.

3.1.2. Troponin

Troponin is a protein found in both the heart and skeletal muscles, but I and T isoforms have a
higher specificity for the myocardium. This is also the reason why in 2000, the European Society of
Cardiology (ESC) and the American College of Cardiology (ACC) introduced in the Universal Definition
of Myocardial Infarction, the need for biochemical evidence of myocardial necrosis and indicated
as a biomarker of choice, troponin [40]. The sensitivity of myocytolysis detection is significantly
higher in the case of troponin as compared to CK-MB, due to a higher percentage of discharge in the
circulatory torrent after an acute coronary event, which makes it detectable after a short period of
time from the onset of events [41]. Troponin is involved in the binding of actin to myosin and in the
regulation of contraction in response to calcium overflow and phosphorylation of contractile proteins.
Starting from this mechanism, there was an experimental study that found an inverse correlation of
the level of phosphorylation of troponin T dosed in plasma with the risk of ventricular remodeling
after acute myocardial infarction [42]. A prospective observational study [43] determined the CK-MB
and troponin levels in the first 24 h after onset and correlated them with the evolution of patients one
year after the acute coronary event. The results showed that an increase in isolated troponin, in the
absence of CK-MB increase, was associated with a higher mortality (6.5% vs. 12.5%), but also in the
situation where there was a CK-MB dynamic, the association of increased troponin values led to an
increased mortality rate (6.8% vs. 11.7%). In the case of a normal troponin value, in this study, the
increase in CK-MB was correlated with a higher mortality, but without statistical significance. Similar
data were obtained in a relatively small study conducted in Pakistan that compared the predictive
value of creatine kinase with that of troponin T from admission for acute myocardial infarction [44].
They showed that TnT is a better predictor of mortality. Some studies shown that admission troponin is
directly related to the incidence of cardiovascular events (cardiac death, non-fatal myocardial infarction,
coronary revascularization) and to the mortality rate [45].

3.1.3. Myoglobin

Myoglobin is a heme protein that is found in all types of muscle tissue, but with a higher
concentration in the skeletal and myocardial one [46]. This is exactly what makes it a biomarker with
low specificity, which is why, at least in the diagnosis of myocardial infarction, the recommendations
are to be used in relation to the clinical context, electrocardiography (ECG), and other biomarkers.
An important feature, however, is the early growth in plasma (approximately 2 h after the onset of
pain), given its small size and high cytoplasmic concentration [47]. However, its sensitivity in the first
2 h after the onset of the acute coronary event is of 70%, which means a good diagnostic performance
during this time. It reaches a peak in 6–9 h and disappears from the torrent in the first 24 h [19].
Despite these characteristics, the combined analysis of myoglobin with troponin significantly increased
the ability to identify patients with myocardial infarction with increased mortality comparing to either
of the two biomarkers evaluated separately [48,49]). Myoglobin is mainly renal eliminated and as
kidney disease is a well-known predictor of cardiovascular events, including mortality in patients with
a myocardial infarction [50], it has been suggested that the predictive power of myoglobin mortality is
due to its ability to identify patients with associated renal failure [51].
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3.1.4. Ischemia Modified Albumin

In acute ischemia, the N-terminal end of albumin is damaged, reducing its ability to bind.
It has been used in several studies that have shown its usefulness in the diagnosis of acute coronary
syndromes in conjunction with tropine values and ECG changes [52]. It has been shown that this
combination of biomarkers (troponin and modified albumin) has a predictive value higher than any
of them taken separately [53]. However, high values are also found in patients with neoplasms,
kidney disease, strokes, and liver disease, which significantly limits its specificity.

3.1.5. hFABP (Heart-Type Fatty Acid Binding Protein)

hFABP is a small protein, located cytosolically, and the role of which is related to the transport
and metabolism of fatty acids. The largest amount is found in the myocardium, but we find it in
lower percentages in the kidneys, brain, and skeletal muscles [54]. In serum, it appears early after
coronary occlusion, at about 30 min, with a peak at 6–8 h and with a return to baseline level after
24–30 h. After 6–8 h from the acute event, its diagnostic value decreases and becomes useless due to
accelerated renal clearance [55–57]. Studies have also shown an individual predictive value of this
biomarker in terms of mortality in patients with acute coronary syndrome [58]. Other studies have
hypothesized an even better predictive value than other markers of myocardial necrosis (TnI, CK-MB)
for cardiovascular events occurring more than 1 year after an ACS [59]. For patients with chronic heart
failure, elevated hFABP levels on admission and discharge were correlated with an increased number
of cardiovascular events, including reinfarction and death [60].

3.1.6. GDF-15

Growth differentiation factors (GDF) are a subfamily of proteins belonging to the TGF-beta
(transforming growth factor-beta) family. GDF-15 increases with myocardial injury and the
inflammation process, suggesting an increased cardiovascular risk [61]. Therefore, studies have
shown its increase in myocardial infarction [62] and propose it as an independent predictor of mortality
in these patients. Cumulative dosing of TnT/NT-proBNP and GDF-15 has been shown to be very useful
in stratifying the risk of these patients [63].

3.2. Biomarkers of Neurohormonal Activity

3.2.1. Natriuretic Peptides

BNP is a neurohormone released by myocardial cells following parietal stress associated with
the condition of increased intraventricular pressure. As atrial natriuretic peptides, their role
is the vasodilation, natriuresis, and inhibition of both the sympathetic nervous system and the
renin–angiotensin–aldosterone system [64]. Therefore, both the active form, BNP, and the inactive
form, NT-proBNP, can be considered markers of hemodynamic stress. There have been studies that
have shown that although these markers may represent predictors for the development of heart failure
and death, they do not play an important role as indicators of recurrent infarction [65,66]. Their role in
the diagnosis and prognosis of heart failure of any etiology has long been established by extensive
studies [67,68]. Regarding their predictive role in patients with myocardial infarction, other studies,
such as DETECT, have shown that increased admission levels of NT-proBNP are correlated with higher
mortality rates and cardiovascular events at 5 years [69]. Additionally, in these patients, the level of
BNP seems to correlate with the size of the myocardial infarction [70]. Their levels at 2–4 days after
the acute coronary event may be an independent predictor of left ventricular function and survival
after one year [71]. In fibrinolysis-treated infarction, the initial elevated BNP level was correlated
with worse reperfusion and 30-day mortality, being considered an independent prognostic factor for
mortality, heart failure, and death [72]. There have also been studies comparing the predictive ability of
NT-proBNP and BNP with that of TIMI and GRACE scores, with natriuretic peptides proving superior,
and their combination with these scores did not significantly increase their predictive value [73,74].
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Both BNP and NT-proBNP are therefore excellent biomarkers for cardiovascular events, but their
specificity is low, being increased in other forms of heart failure, pulmonary embolism, and kidney
damage. Further studies are needed to evaluate their use in various protocols in order to guide the
treatment of these patients accordingly to their prognosis.

3.2.2. Adrenomedullin

Adrenomedullin is a regulatory cardiovascular peptide which is increased in the context of the acute
coronary event, its role being related to the limitation of infarction and myocardial remodeling. Therefore,
although few studies have targeted it, they have shown a role in predicting post infarction remodeling,
as well as in stratifying the risk in patients with heart failure and myocardial infarction [75,76].

3.2.3. Renin–Angiotensin–Aldosterone System-Related Biomarkers

RAAS is a hormonal system designed to regulate blood pressure and water balance. After a
myocardial infarction, its activation occurs mediated by the increase in ventricular volumes and by
vasoconstriction. Aldosterone is associated with a wide range of undesirable effects in the coronary
event (endothelial dysfunction, increased oxidative stress, promotion of myocyte necrosis, hypertrophy,
and myocardial fibrosis) [51]. Although no other neuropeptide besides BNP and NT-proBNP is
routinely used in practical evaluation, there is indirect evidence of their ability to predict morbidity and
mortality in patients with infarction by decreasing it in patients treated with RAAS inhibitors [77,78]
Some studies have also shown that a higher renin/aldosterone ratio is correlated with higher chances
of developing ventricular remodeling [79].

3.3. Inflammatory Biomarkers

3.3.1. C-Reactive Protein

This is an acute phase inflammatory protein that causes macrophage activation and is correlated
with oxidative stress. The idea of studying it within the pathophysiology of acute myocardial infarction
is related to the role of inflammation in atherothrombosis and to CRP synthesis by hepatocytes,
as a result of stimulation by inflammatory cytokines, primarily by IL-6. It has long been considered a
marker of cardiovascular disease, being correlated with ventricular dysfunction and increased mortality
rates among patients with heart failure [80]. Its role in fibrosis and inflammation associated with
angiotensin II-induced myocardial remodeling is also known [81]. Some studies tried to recommend
CRP as a diagnostic biomarker for myocardial infarction, but low sensitivity and specificity have ruled
it out [82]. Studies have shown a direct correlation of CRP dosed at 2 days post PCI with the level of
NT-proBNP, infarct size, and ejection fraction and an inverse correlation with non-infarcted myocardial
volume, but no association with ventricular volumes was found. The described relationships are
observed at 1 week after the acute cardiovascular event, but are lost at 2 months [83]. Similar data were
obtained in other studies that managed to correlate CRP not only with infarct size and ejection fraction,
but also with the telesystolic volume of the left ventricle measured at admission and at 6 months [84].
Cardiovascular events after an acute myocardial infarction appear to be associated with an initially
increased CRP value [85–87].

There were also studies that proved the opposite, cancelling by the obtained results, the predictive
value of CRP [88]. Its high sensitivity as an indicator of inflammation has been proposed as an
independent prognostic marker in patients with acute coronary syndromes [89,90], but without the
same ability of troponin to detect patients who may benefit from reperfusion therapy [91,92].

3.3.2. Other Inflammatory Markers

The idea of studying inflammatory markers as predictors for ventricular remodeling after infarction
starts from some well-known pathophysiological mechanisms. Coronary heart disease is seen as the
product of an inflammatory process. The formation of the atheroma plaque starts from the endothelial

205



Biomolecules 2020, 10, 1587

injury caused by risk factors (smoking, diabetes, hypertension, dyslipidemia), as it has an important
contribution in the process of atherosclerosis. Elevated serum LDL-cholesterol concentrations play
a proatherogenic role by stimulating inflammation and oxidative processes in the endothelium.
The latter’s response results in the activation of adhesion molecules and the synthesis of inflammatory
cytokines [93,94], which thus attracts monocytes and T lymphocytes. The atheroma plaque consists
of a lipid center wrapped in a fibrous cap with inflammatory infiltrate. In the development of
myocardial infarction, inflammation again plays an important role, the rupture of the plaque triggering
a proinflammatory and procoagulant status that ultimately leads to acute thrombotic occlusion.
Therefore, it can be stated that inflammation not only promotes the initiation and progression of
atherosclerosis, but also contributes to all thrombotic complications [19].

Perhaps the most important inflammatory markers associated with ischemia and reperfusion
lesions in acute myocardial infarction are IL-6 and TNF-α. IL-6 is involved in the process of recruitment
and activation of inflammatory cells, as well as in CRP synthesis in the liver, having a negative inotropic
effect mediated by nitric oxide synthesis [95].

TNF-α is a cytokine with a cardio-inhibitory role that we find in the endothelium, smooth muscle
cell, or macrophages and that causes a decrease in myocardial contractility either by direct action or by
nitric oxide. There have been studies that have shown the prognostic value in terms of IL-6 mortality
in patients with infarction [82,89], while being also able to identify those who could benefit more from
an invasive treatment than from a drug treatment [96]. What limits the use of IL-6 as a biomarker
for both diagnosis and prognosis is its circadian variation and the small number of studies on this
topic [97]. Regarding TNF-α, studies that evaluated its correlation with mortality at 6 months were
able to prove its prognostic value together with CRP [98].

Other studies have shown that deficiency of inflammatory factors such as interleukin-13 (IL-13)
and interleukin-23 (IL-23) are associated with post infarction ventricular remodeling and a worse
long-term prognosis [99,100].

A recent in vitro study showed that interleukin-38 (IL-38) has an increased level of peri-myocardial
infarction and that the phenomenon of myocardial remodeling has been markedly improved after
the administration of recombinant IL-38. The mechanism involved is related to the decrease in the
inflammatory response in dendritic cells [101].

Fibrinogen, an acute phase reactant with direct procoagulant action, is known to be associated
with a worse prognosis in the short and long term [87,102,103]. Homocysteine, on the other hand,
is associated with the presence of thrombotic material and a greater tendency to reinfarction [104].
However, their individual predictive value is low.

Procalcitonin is a precursor of calcitonin, involved in calcium homeostasis and the synthesis of
which is linked to inflammatory processes. There are studies that have shown both its diagnostic value
for myocardial infarction [105] and its predictive ability on mortality and the recurrence of ischemic
events [106,107].

3.4. Biomarkers of Myocardial Fibrosis

3.4.1. Myeloperoxidase

Myeloperoxidase (MPO) is a hemoprotein produced by PMN and macrophages, with a role
in converting chlorite and hydrogen peroxide to hypochlorite released in the inflammatory context
and involved in the oxidation of LDL-cholesterol particles. This stage is the promoter of foam cell
formation in atherosclerosis, which makes MPO a marker of atheroma plaque instability correlated
with the risk of developing myocardial infarction in the future. Even if until recently, MPO was
thought to be linked only to immune defense [108], recent studies showed its properties as a vascular
pro-inflammatory promoter by facilitating the consumption of nitric oxide or by increasing the reactive
oxygen species [109]. Particularly, in ventricular remodeling following a myocardial infarction,
MPO was proved to increase the collagen deposition in an experimental study that used the ligation
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of the left anterior descending artery [110] and the MPO-deficient mice exhibited less left ventricular
dilatation and attenuated impairment in systolic left ventricular functions [111,112].

Its value increases from the patient with stable coronary heart disease to unstable angina and
reaches a maximum value in the patient with infarction [113]. Studies have shown that its diagnostic
value is lower than that of the other biomarkers, but elevated values may be independent predictors
for cardiovascular events in both acute coronary syndrome patients and healthy individuals [114].
The combined values of MPO, CK-MB, and TnI have shown a more accurate diagnosis of myocardial
infarction [115]. A study that evaluated the prognostic capacity of troponin, CRP, and MPO showed
that each of them can be used as a biomarker, but the first two had higher values [116].

3.4.2. Metalloproteinases

MMPs are a whole family of endoproteins with many roles in cardiovascular pathophysiology [117],
involved in tissue remodeling and degradation of the extracellular matrix and therefore, of collagen,
elastin, glycoproteins, proteoglycans, and gelatins. These are controlled by hormonal discharges,
growth factors, and cytokines secreted by inflammatory cells and also by tissue inhibitors of
metalloproteinase (TIMPs), which are the main regulators for the proteolytic activity [118]. There are
four types of TIMPs, three that are present in normal, healthy hearts and one that is more specific to
heart diseases [119–123]. Although the main roles of the MMPs and TIMPs are in the extracellular
matrix homeostasis, they have also other important functions linked to ventricular remodeling [118,124].
Cardiac fibroblasts (CFBs) can produce a number of MMPs and TIMPs, as a response to the cytokine
and chemokines release [125–128]. TNFα and IL-1β [129], as well as BNP [130], have been reported to
induce their production through CFBs. MMPs can also impact on CFBs’ function, as there were studies
that have shown that they can trigger fibrosis by cleaving and activating the latent ECM-bound TGFβ,
activate the Smad pathway in CFBs, and trigger collagen production [130]. MMP-2 and MMP-9 have
particular roles in collagen synthesis [131,132]. Of these, MMP-9 was shown to be correlated with [133].

3.4.3. Collagen Peptides

A 2013 study [134] tried to test a number of markers of fibrosis as elements of post infarction
prognosis. Their previous determinations had already shown a correlation of the cardiac extracellular
matrix turnover and evolution after the acute coronary event in terms of heart failure development
and left ventricle ejection fraction (LVEF) reduction, independent of congestion estimated by using
BNP [135]. Prolonging this phenomenon weeks after the infarction increased the risk of decreased
LVEF and progression to heart failure, and the combined determination of BNP and TnI after one
month refined the prediction of cardiovascular events [100–103,136–139]. The study wanted to test
the predictive value of collagen peptides dosed at 1 month after infarction. Therefore, they dosed
the telopeptide of type I collagen, the aminoterminal propeptide of procollagen type I, and the
aminoterminal propeptide of procollagen type III. The results showed that the ratio between type I
procollagen aminoterminal propeptide and type III procollagen aminoterminal propeptide over 1,
in combination with BNP and LVEF values, may be correlated with a negative prognostic in terms of
ventricular remodeling, heart failure, and death.

3.4.4. Galectin-3

Galectin-3 is a lectin that binds to beta-galactosidase. It is secreted by activated macrophages
and is involved in cardiac fibrosis, the process of inflammation, and the process of myocardial
healing, mechanisms closely related to ventricular remodeling. Increased serum levels in myocardial
infarction have long been studied in multiple clinical trials [140,141]. The novelty brought by the latest
research is the correlation of Gal-3 with ventricular remodeling and decreased LVEF after myocardial
infarction [142]. Additionally, elevated levels of Gal-3 are associated with a higher KILLIP class,
hemodynamic instability with intra-aortic balloon pump (IABP) requirements, higher NYHA class,
and increased CADILLAC score, and in evolution, these patients are prone to a higher rate of major
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cardiovascular events, despite effective primary angioplasty [143]. A contradictory result was obtained
by Weir et al. [144], which showed the link between galectin-3 and decreased LVEF at 24 months,
but without a significant correlation in terms of remodeling per se. In a subgroup of patients, Di Tano
et al. showed that in patients with previous myocardial infarction and primary angioplasty, Gal-3 was
associated with a higher rate of ventricular remodeling at 1 and 6 months [145], while Gal-3 dosing
at 30 days in patients with a first myocardial infarction, treated by angioplasty, showed an increased
predictive value in terms of systolic and diastolic ventricular dysfunction [146].

3.4.5. ST2

ST2 is a cardiac biomarker associated with parietal stress and the fibrosis process, with important
dynamics in patients with myocardial infarction or acute heart failure [147]. Because of its lack of
cardiac specificity, it has been ruled out as a diagnostic tool for myocardial infarction, but other
studies have shown promising results on its prognostic value related to mortality and heart failure
development for these patients [148,149].

3.5. New Generation Biomarkers

MicroRNA

MicroRNAs are small RNA molecules without coding function, expressed endogenously,
very stable and detectable in plasma, their serum concentration being variable depending on the
different pathologies in which these are associated, which makes them suitable as diagnostic or
prognostic biomarkers. Studies in recent years have identified multiple cardio-specific microRNAs that
appear to play an important role in the development of cardiovascular disease [150] and they have
been shown to be linked to almost all the processes that lead to ventricular remodeling [10] (Figure 2).
Of these, four appear to be more common in patients with myocardial infarction (miRNA-208a,
miRNA-499, miRNA-1, and miRNA-133) [151,152]. Regarding the diagnosis of myocardial infarction,
some studies [153,154] indicate as biomarkers miRNA-92 and miRNA-181, while others recommend
the combined use of miRNA-1, miRNA-21, and miRNA-499, as having an even higher diagnostic value
as hsTnI [155]. Regarding the prognostic value of these biomarkers, miRNA-197a and miRNA-223a
were identified as correlated with an increased risk of cardiovascular death [156], while miRNA-134,
miRNA-328, miRNA-34a, and miRNA-208b seem to be predictive factors for heart failure development
and for an increased risk of post infarction mortality [157,158].

The study conducted by Pin et al. concluded that elevated plasma values of miRNA-208b
and miRNA-34a can be considered predictors of left ventricular remodeling after myocardial
infarction, associated with higher mortality at 6 months and a 23.1% higher rate of heart failure
development. miRNA-208b thus appears to be a cardiac-specific microRNA, with high values in
the acute phase of infarction and with a predictive role regarding the development of ventricular
dysfunction. Although the miRNA-34 family is considered to have a protective role against pathological
remodeling, by overexpression, these prove their ability to induce endothelial cell aging and, implicitly,
atherosclerosis [159].

A study led by Devaux et al. [160] found a correlation between miRNA-150 and left ventricular
remodeling after a first myocardial infarction. They also showed that miRNA-150, miRNA-101,
miRNA-16, and miRNA-27a are linked to a decrease in ventricular contractility.

Some studies have tested the prognostic value of microRNA in patients with primary
angioplasty [161]. These identified molecules that are present in plasma even before angioplasty,
with rapid dynamics (miRNA-29a, miRNA-29b, miRNA-324, miRNA-208, miRNA-423, miRNA-522,
and miRNA-545) and others (miRNA-320a) that are correlated with ventricular remodeling,
despite procedural success.
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Figure 2. The role of different types of miRNA in the ventricular remodeling. miRNA: microRNA.

Studies targeting microRNAs have evaluated their prognostic value in terms of two important
aspects of post infarction evolution: the ability to predict cardiovascular mortality and left
ventricular remodeling.

In terms of mortality, the first molecules identified as having prognostic value were miRNA-133a
and miRNA-208b, which were correlated with a significant increase in all-cause mortality at 6 months
post infarction [162]. miRNA-208b was studied in other research works too and they identified the
same link [151,163]. Subsequently, other microRNA molecules, such as miRNA-499, have been shown
to be effective in predicting mortality at 30 days, 4 months, and 1, 2, and 6 years [151,163,164]. Increased
levels of miRNA-155 and miRNA-380 have also been shown to be correlated with cardiovascular
mortality [165], and miRNA-192, miRNA-194, and miRNA-34 were significantly high in the serum of
patients who later developed heart failure [166]. The ability to predict cumulatively both cardiovascular
mortality and heart failure development has been attributed to miRNA-145 [167]. A ratio of serum
level of miRNA-122-5p/133b measured at the time of cardiac catheterization has also been proposed as
a predictor of mortality [168].

In terms of predictive capacity regarding post infarction ventricular remodeling, miRNA-133a has
also proven to be a useful tool, being associated with large infarcts with large areas of residual ischemia
even after reperfusion [169]. In patients treated with primary angioplasty, increased levels of miRNA-1,
miRNA-208b, and miRNA-499 had a negative impact on left ventricular ejection fraction [151].
The same aspect was identified in the case of long chains of RNA lncRNA MALAT1 associated with
the decrease in the ejection fraction at 4 months after the infarction [170]. Extensive studies have, in
fact, shown the role of long RNA chains in the development of myocardial fibrosis [171,172]. On the
other hand, low levels of miRNA-150, miRNA-16, miRNA-27a, and miRNA-101 seem to predict
ventricular remodeling [160,173], while increased values of miRNA-208b, miRNA-34a, miRNA-21,
and miRNA-155 correlate inversely with the same complication of myocardial infarction [158,174].
Circular microRNA was also not omitted from the studies, as it was associated with left ventricular
dysfunction after infarction [175].

Therefore, circulating microRNAs have shown promising results as post-infarction prognostic
biomarkers, so other studies should be conducted in order to find a risk stratification formula based on
their serum values.

Concluding the results of the previously presented studies, Table 2 presents the prognostic
characteristics of each biomarker analyzed in the review, while Table S1 presents detailed data
regarding every study protocol.
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Table 2. Summarized data about each biomarker’s prognostic value.

Category Biomarker Prognostic Value

Cardiac injury and
myocardial necrosis

CK-MB [25,27–38] Predictive of mortality and cardiovascular events

Troponin [42–45] Independent predictor of ventricular remodeling
and cardiovascular events

Myoglobin [49] Predictive only in association with troponin

Ischemia modified albumin [52,53] Raises the predictive value of troponin when
measured together

hFABP [58,59] Predictive of mortality and major cardiovascular
events after 1 year

GDF-15 [61–63] Independent predictor of mortality

Neurohormonal activity BNP, NT-proBNP [65,66,69–73] Highly predictive of heart failure, cardiovascular
events, and mortality

Adrenomedullin [76] Predictive of cardiovascular events and severity
of heart failure

RAAS-related biomarkers [77,78] The use of its inhibitors is associated with a
mortality and morbidity decrease

Inflammatory biomarkers C-reactive protein [83–88]
Predictive of ventricular remodeling and only

when associated with other biomarkers, it
becomes predictive of mortality

IL-6 [89,96] Predictive of mortality and cardiovascular events

TNF-α [98] Might be predictive for survival in association
with C-reactive protein

IL-13, IL-23, IL-38, fibrinogen,
homocysteine [99–104] Might be predictive of ventricular remodeling

Procalcitonin [106,107] Predictive of mortality, cardiovascular events,
and ventricular remodeling

Fibrosis biomarkers MMP, MPO [116,133] Might be predictive of ventricular remodeling
Collagen peptides [134,135] Predictive of cardiovascular events and mortality

Galectin-3 [143,144,146] Predictive of major cardiovascular events. Might
be predictive of ventricular remodeling

ST-2 [149] Predictive of survival

Novel biomarkers
microRNA

[156–158,160,162,168–170,173,174]

Predictive of mortality, heart failure,
cardiovascular events,

and ventricular remodeling

CK-MB: creatine kinase–myocardial band; hFABP: heart-type fatty acids binding protein; GDF-15: growth differentiation;
RAAS: renin–angiotensin–aldosterone system; IL: interleukin; BNP: brain-type natriuretic peptide; NT-proBNP:
N-terminal-prohormone brain-type natriuretic peptide; MPO: myeloperoxidase; MMP: metalloproteinase;
TNF-α: tumor necrosis factor α, ST-2: suppression of tumourigenicity-2.

4. Multi Testing

The desire for early ventricular remodeling detection led to the idea of multi-testing, by combining
biomarkers generated by different pathophysiological mechanisms. Thus, starting from the premise
that TnI, CRP, and BNP are independent markers for post infarction cardiovascular events, a series of
studies with promising results were made. Kim et al. [176] tested hsCRP and NT-proBNP, thus showing
that the cumulative predictive value is superior to any of them taken separately. At the same time,
the use of biomarkers of myocardial stress, inflammation, and myocyte necrosis has increased the
predictive capacity for heart failure development [177].

Some studies have even managed to stratify the risk of mortality based on the cumulative dosage of
cTnI/CK-MB/myoglobin [178]. Similar data were obtained in patients with STEMI in whom NT-proBNP,
hs-TnT, aspartate transaminase (AST), alanine transaminase (ALT), hs-CRP, and lactate-dehydrogenase
(LDH) were dosed, showing an increase in their predictive capacity [179]. ST2/GDF-15/hFABP/hs-TnT
multi-testing has also shown promising results as a prognostic value [180].

There were also opinions that contradicted the value of multi-testing. Feistritzer et al. [181]
showed that the predictive value of hs-cTnT is not improved by adding CK, hs-CRP, LDH, ALT,
and AST. Other research has shown that once a biomarker with a high predictive value such as troponin
is included in multi-testing, it is difficult to quantify the contribution of other biomarkers added to it.
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5. Conclusions

The multiple characteristics related to the specificity, sensitivity, early growth, and accessibility
that the ideal biomarker should meet have made it difficult to identify a single parameter that meets
them all.

Considering the results of our study, we think that the biomarkers that are closest to the
characteristics of an ideal biomarker are hsTnI, hsCRP, and NT-proBNP, which have a high level
of sensitivity, a high prognostic power, and in addition, the advantage of a low cost and of great
accessibility. Out of the desire to refine the prediction, multi-testing was used, which, in most cases,
proved to have the specificity and sensitivity of the stronger biomarker, without increasing the power
of prediction in this way.

In terms of specificity, fibrosis markers stand out in particular, most having a direct role in the
process of ventricular remodeling. The main disadvantage of their use is given by the difficulty of
dosing in terms of accessibility and costs, which makes them difficult to use in practice, being reserved
especially for clinical trials.

Particular attention must be paid to the new biomarkers; microRNAs that participate in several
stages of the ventricular remodeling process are noted as important early markers of remodeling,
but also of mortality. We believe that they should be studied in the coming years.
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Popielarz-Grygalewicz, A.; Konwicka, A.; Dąbrowski, M. Prognostic Significance of NT-proBNP Levels in
Patients over 65 Presenting Acute Myocardial Infarction Treated Invasively or Conservatively. BioMed Res. Int.
2015, 2015, 782026. [CrossRef]

72. Islam, M.N.; Alam, M.F.; Debnath, R.C.; Aditya, G.P.; Ali, M.H.; Hossain, M.A.; Siddique, S.R. Correlation
between Troponin-I and B-Type Natriuretic Peptide Level in Acute Myocardial Infarction Patients with Heart
Failure. Mymensingh Med. J. 2016, 25, 226–231.

73. Reesukumal, K.; Pratumvinit, B. B-type natriuretic peptide not TIMI risk score predicts death after acute
coronary syndrome. Clin. Lab. 2012, 58, 1017–1022.

74. Khan, S.Q.; Quinn, P.; Davies, J.E.; Ng, L.L. N-terminal pro-B-type natriuretic peptide is better than TIMI risk
score at predicting death after acute myocardial infarction. Heart 2008, 94, 40–43. [CrossRef] [PubMed]

75. Hamid, S.A.; Baxter, G.F. Adrenomedullin: Regulator of systemic and cardiac homeostasis in acute myocardial
infarction. Pharmacol. Ther. 2005, 105, 95–112. [CrossRef] [PubMed]

76. Yuyun, M.F.; Narayan, H.K.; Ng, L.L. Prognostic Significance of Adrenomedullin in Patients with Heart
Failure and with Myocardial Infarction. Am. J. Cardiol. 2015, 115, 986–991. [CrossRef] [PubMed]

77. Liu, J.; Masoudi, F.A.; Spertus, J.A.; Wang, Q.; Murugiah, K.; Spatz, E.S.; Li, J.; Li, X.; Ross, J.S.;
Krumholz, H.M.; et al. Patterns of Use of Angiotensin-Converting Enzyme Inhibitors/Angiotensin
Receptor Blockers Among Patients with Acute Myocardial Infarction in China From 2001 to 2011: China
PEACE-Retrospective AMI Study. J. Am. Heart Assoc. 2015, 4, e001343. [CrossRef] [PubMed]

78. Pitt, B.; Bakris, G.; Ruilope, L.M.; Dicarlo, L.; Mukherjee, R. On behalf of the EPHESUS Investigators Serum
Potassium and Clinical Outcomes in the Eplerenone Post–Acute Myocardial Infarction Heart Failure Efficacy
and Survival Study (EPHESUS). Circulation 2008, 118, 1643–1650. [CrossRef] [PubMed]

79. Velagaleti, R.S.; Gona, P.; Levy, D.; Aragam, J.; Larson, M.G.; Tofler, G.H.; Lieb, W.; Wang, T.J.; Benjamin, E.J.;
Vasan, R.S. Relations of Biomarkers Representing Distinct Biological Pathways to Left Ventricular Geometry.
Circulation 2008, 118, 2252–2258. [CrossRef]

80. Nagai, T.; Anzai, T.; Kaneko, H.; Mano, Y.; Anzai, A.; Maekawa, Y.; Takahashi, T.; Meguro, T.; Yoshikawa, T.;
Fukuda, K. C-Reactive Protein Overexpression Exacerbates Pressure Overload–Induced Cardiac Remodeling
Through Enhanced Inflammatory Response. Hypertension 2011, 57, 208–215. [CrossRef]

81. Zhang, R.; Zhang, Y.Y.; Huang, X.R.; Wu, Y.; Chung, A.C.; Wu, E.X.; Szalai, A.J.; Wong, B.C.; Lau, C.-P.;
Lan, H.Y. C-Reactive Protein Promotes Cardiac Fibrosis and Inflammation in Angiotensin II–Induced
Hypertensive Cardiac Disease. Hypertension 2010, 55, 953–960. [CrossRef]

82. Wang, J.; Tang, B.; Liu, X.; Wu, X.; Wang, H.; Xu, D.; Guo, Y. Increased monomeric CRP levels in acute
myocardial infarction: A possible new and specific biomarker for diagnosis and severity assessment of
disease. Atherosclerosis 2015, 239, 343–349. [CrossRef]

83. Ørn, S.; Manhenke, C.; Ueland, T.; Damås, J.K.; Mollnes, T.E.; Edvardsen, T.; Aukrust, P.; Dickstein, K.
C-reactive protein, infarct size, microvascular obstruction, and left-ventricular remodelling following acute
myocardial infarction. Eur. Heart J. 2009, 30, 1180–1186. [CrossRef]

84. Schoos, M.M.; Munthe-Fog, L.; Skjoedt, M.-O.; Ripa, R.S.; Lønborg, J.; Kastrup, J.; Kelbæk, H.; Laursen, P.N.;
Garred, P. Association between lectin complement pathway initiators, C-reactive protein and left ventricular
remodeling in myocardial infarction—A magnetic resonance study. Mol. Immunol. 2013, 54, 408–414.
[CrossRef] [PubMed]
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104. Bozkurt, E.; Erol, M.K.; Keleş, S.; Acikel, M.; Yilmaz, M.; Gurlertop, Y.; Yilmaz, M. Relation of plasma
homocysteine levels to intracoronary thrombus in unstable angina pectoris and in non–Q-wave acute
myocardial infarction. Am. J. Cardiol. 2002, 90, 413–415. [CrossRef] [PubMed]

105. Kafkas, N.; Venetsanou, K.; Patsilinakos, S.; Voudris, V.; Antonatos, D.; Kelesidis, K.; Baltopoulos, G.;
Maniatis, P.; Cokkinos, D.V. Procalcitonin in acute myocardial infarction. Acute Card. Care 2008, 10, 30–36.
[CrossRef] [PubMed]
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Abstract: Extracorporeal life support provides perfusion for patients with heart failure to allow time
for recovery, function as a bridge for patients to heart transplantation, or serve as destination therapy
for long term mechanical device support. Several biomarkers have been employed in attempt to
predict these outcomes, but it remains to be determined which are suitable to guide clinical practice
relevant to extracorporeal life support. Galectin-3 and soluble suppression of tumorigenicity-2 (sST2)
are two of the more promising candidates with the greatest supporting evidence. In this review,
we address the similarities and differences between galectin-3 and sST2 for prognostic prediction
in adults and children with heart failure requiring extracorporeal life support and highlight the
significant lack of progress in pediatric biomarker discovery and utilization.

Keywords: extracorporeal life support; mechanical circulatory support; ECMO; VAD; galectin-3;
sST2; heart failure

1. Introduction

Heart failure is a life-threatening condition in both adults and children and is asso-
ciated with high mortality, morbidity and cost of care. The incidence of heart failure in
the general population is 2000/100,000 in adults [1,2] and 0.87–7.4/100,000 in children [3].
Extracorporeal life support (ECLS) including ventricular assist device (VAD) implantation
and extracorporeal membrane oxygenation (ECMO) is required for patients with advanced
or end-staged heart failure either as destination therapy or as a bridge-to-transplantation
therapy. Over 25,000 adult and 21,000 children (including neonatal and pediatric patients)
cases of ECLS were required globally, for cardiac indications, in the past 30 years. The
overall survival rate was 59% in adults and 68% in children [4]. Limited literature is avail-
able to document prognostic markers for myocardial recovery in patients with refractory
heart failure requiring circulatory support after decades of research. Early attempts to
identify a biomarker to predict outcomes of ECLS have followed the evolution of car-
diac biomarker testing utilizing brain natriuretic peptide (BNP) [5] and its N-terminal
fragment, NT-proBNP [6] in the early 2000s through the recognition of cardiac troponin
10 years later [7]. The early decrease in BNP level is indicative of ventricular unloading
during ECLS but the rebound in BNP level after decannulation suggests BNP is not an
ideal biomarker to predict complete normalization of cardiac function [5]. Other heart
failure related biomarkers which have been explored in patients who underwent ECLS
include dynamic BNP [8], galectin-3 [9], ST2 [10], matrix metalloproteinase-9 (MMP-9) [11],
tissue inhibitors of metalloproteinase-1 (TIMP-1) [11], MMP-2 [11,12], osteopontin [13],
MR-proANP [14], proADM [14], and copeptin [14]. The above-depicted biomarkers may
assist to predict outcomes of heart failure requiring ECLS under limited circumstances and
their identifications are summarized in Table 1. Nevertheless, no single blood biomarker
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has demonstrated superiority to predict outcomes of heart failure requiring ECLS, but
galectin-3 and ST2 have been promising and may be worthwhile to study further [15].
Unfortunately, a decade has passed with no significant progress in our ability to predict
outcomes in patients with heart failure requiring ECLS. The failure of a single biomarker
and/or single time-point measurement suggest that one may need to employ a combina-
tion of biomarkers with associated dynamic changes to predict outcomes in this context.
Recently, there is growing interest in the use of galectin-3 and soluble suppression of
tumorigenicity-2 (sST2) as potentially reliable prognostic markers [16]. These recent studies
have demonstrated that sST2 provides independent predictive value beyond NT-proBNP
and cardiac troponin for all-cause cardiovascular mortality in adult patients with chronic
heart failure, which may be one explanation for this evolution [17]. Additionally, high
levels of galectin-3 and BNP are often found before implantation of a ventricular assist
device in patients with terminal heart failure, but elevated BNP failed to identify patients
who would not survive VAD support. This prompted interest in galectin-3 levels which
could better predict outcomes [18]. If proved in additional studies, the early prognostic
value of gelactin-3 and sST2 to accurately identify patients destined for unfavorable recov-
ery after ECLS implementation could provide a critical opportunity to modify treatment
algorithms to a more personalized therapeutic approach to improve outcomes. Galectin-3
and sST2 are linked to the development of fibrosis which prevents recovery of myocardial
function and may indicate severity of the disease state. In this review, we provide an
overview of the recent clinical interpretation of galectin-3 and sST2 and emphasize their
similarities and differences for the prognostic prediction of heart failure requiring ECLS.
We also address the significant lack of data on galectin-3 and sST2 in pediatric patients
undergoing ECLS and attempt to raise awareness about the novel utilization of galection-3
and sST2 as prognosticators in the pediatric population.

Table 1. Identification of heart failure-related biomarkers for patients undergoing ECLS.

Biomarkers Identification

Brain natriuretic peptide (BNP) cyclic peptide hormone containing disulfide bridge
NT-proBNP N-terminal fragment of BNP

Troponin calcium-regulatory protein

Galectin-3
carbohydrate-binding protein with a single

carbohydrate recognition domain and a
unique N-terminus

MMP-2 and 9 one of member of Matrix metalloproteinases (zinc-
and calcium-dependent endopeptidases)

sST2 soluble suppression of tumorigenicity 2

Tissue inhibitors of metalloproteinases-1 (TIMP-1)
protein containing an N- and C-terminal domain of

125 and 65 amino acids, respectively, with each
containing three conserved disulfide bonds

Osteopontin extracellular structural protein
MR-proANP mid-regional fragment of proANP (ANP precursor)

proADM long-acting vasodilatory peptide

Copeptin 39-amino-acid glycopeptide and the C-terminal
portion of provasopressin

2. Galectin-3

Galectin-3 is a member of the galectins family of carbohydrate-binding proteins with
specificity for N-acetyllactosamine (LacNAc)-containing glycoproteins, and the only known
one with a single carbohydrate recognition domain and a unique N-terminus [19,20]. It is a
30 kDa molecule encoded by the LGALS3 gene that is located on chromosome 14, locus
q21–q22 [21]. It is mainly secreted by macrophages and regulates basic cellular functions
including growth, proliferation, differentiation and inflammation [22–25] and importantly
has been found to play a role in cardiac fibrosis [26,27]. Evidence that links Galectin-3 to
pathogenesis of heart failure has not been fully elucidated. However, recent studies have
suggested that galectin-3 can help to predict prognosis of heart failure and adverse events
in various clinical settings such as ST elevation myocardial infraction [28], congenital heart
disease patients with a Fontan circulation [29] and survivors of out-of-hospital cardiac
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arrest [30]. In addition, its levels have correlated with morbidity and mortality in patients
with heart failure [31–34]. Higher values (>15.3 ng/mL) of galectin-3 have been reported
to show a correlation with the severity of heart failure [35].

VAD implantation is a standard ECLS modality for adult patients with end-staged
heart failure. A retrospective study [36] including 57 adult patients with severe heart failure
(NYHA Class IIIB–IV) who underwent VAD implantation found that a lower galectin-
3 concentration (<30 ng) at the time of VAD implantation was associated with better
prognosis when compared to an elevated concentration (>30 ng/mL) 2 years after VAD
implantation. Similarly, the plasma galectin-3 concentration immediately before VAD
implantation in patients who did not survive ECLS was significantly higher than that in
those who were weaned from VAD support or received heart transplantation (18.8 ng/mL
vs. 15.3 ng/mL). An additional study in adults noted that a higher galectin-3 concentration
(>17 ng/mL) was associated with poor survival in low- or medium-risk VAD patients.
However, the galectin-3 concentration was not a predictor in high-risk VAD patients [36].
These controversial results suggest that a single biomarker is limited in its ability to predict
a clinically significant outcome, which is likely the result of multiple factors. A combination
of the biomarkers may be required to eliminate this limitation. It is important to note that
there is discrepancy in defining the clinically important cut-off values for galectin-3 in the
above-mentioned studies, where the at-risk population was reported to be greater than 17
or 30 ng/mL [36,37]. The underlying reasons for this are unknown but may be related to
differences in patient populations or techniques. Importantly, the galectin-3 concentrations
were determined by different commercial kits in the studies above.

There is significantly less literature regarding galectin-3 in pediatric patients as com-
pared to adults. Similar to adults, the galectin-3 concentration has been reported to be
higher in children (median age: 9 years) with chronic heart failure than those (median age:
8.5 years) with normal heart function (9.46 ± 5.43 vs. 1.5 ± 0.66 ng/mL, p < 0.001). The
increased galectin-3 concentration is associated with the severity of heart failure and can
be reduced by spironolactone treatment [38]. The reduction of galectin-3 after spirono-
lactone administration may be related to improvement of heart function. This suggests
that galactin-3 may be used as a marker of disease severity in children with chronic heart
failure and could potentially guide response to treatment in pediatric patients. In terms of
the clinical value of galectin-3 for prognosis prediction in pediatric patients, a prospective
study including 76 children with chronic heart disease has demonstrated that galectin-3
is positively associated with the Ross classification score for pediatric heart failure and
plays an important role in early diagnosis and prognosis prediction [39]. The studies
regarding application of galectin-3 in pediatric patients with heart failure requiring ECLS
are quite scarce compared to adult patient populations and all the studies only evaluate
VAD patients (Table 2).

Table 2. Application of galectin-3 in adult and pediatric patients with heart failure requiring ECLS.

Reference Year Adult/Peds N = Population Major Finding

[17] 2008 Adult 40 VAD
Higher Gal-3 pre implant associated with mortality (n = 15)

compared to bridged to transplant (n = 25) (13.4 + 3.6 ng/mL vs.
9.6 + 5.2 ng/mL, p < 0.02)

[36] 2013 Adult 175 VAD Higher Galectin-3 levels (>17 ng/mL) increased mortality for
low/medium risk VAD patients

[40] 2015 Adult 25 VAD Gal-3 remains elevated after continuous flow VAD placed
[41] 2015 Adult 37 VAD Gal-3 decreases during LVAD support

[35] 2016 Adult 57 VAD Galectin-3 levels >30 ng/mL are associated with lower survival
post-LVAD placement (76.5% versus 95.0% at 2 years, p = 0.009)

[15] 2018 Both 7 adult
12 pediatric VAD Children similar Galectin-3 levels as adults post VAD
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3. sST2

sST2 is a circulating form of suppression of tumorigenicity-2 (ST2) glycoprotein that
is a member of the interleukin 1 receptor family. The ST2 glycoprotein is encoded by
the IL1RL1 gene located in the chromosome 2q12. It serves as the receptor for IL-33, an
IL-1–like cytokine that can be secreted by living cells in response to cell damage [42]. IL-33
exerts its cardioprotective function by reducing cardiac fibrosis and inflammation [43].
sST2 can eliminate this cardioprotective function by acting as a decoy to IL-33 [43] and thus
is considered an indicator of adverse outcome [44] and a prognostic predictor for heart
disease without ECLS [45–47]. Moreover, a pooled study including 1800 elderly patients
who underwent cardiac surgery has demonstrated that a higher sST2 level is a soothsayer
for an increased incidence of cardiovascular events or mortality [48]. The prognostic value
of sST2 in heart failure may benefit physicians by allowing them a way to identify patients
with a high risk of adverse events early in their course of care.

sST2 has been much less studied in ECLS than galactin-3. One study by Tseng et al. [49]
showed that the sST2 level was significantly increased in 95% of adult patients, aged 17 to
68 years before VAD implantation (the median sST2 level was 74.2 ng/mL with the normal
value defined as <35 ng/mL). sST2 then significantly decreased during VAD support and
normalized after 6 months (29.5 ng/mL), with the maximum drop occurring by 3 months
(no significant decrease thereafter). They concluded that the high sST2 levels predicted
poorer outcomes in patients on conventional treatments and was a consequence of end-
stage heart failure. Their data suggest that the sST2 level was a useful parameter to monitor
therapy. However, they failed to show whether high sST2 levels at any timepoint can
predict outcomes post implantation. Similar to galectin 3, there are limited studies (Table 3)
in children and will be discussed in a later section.

Table 3. Application of sST2 in adult and pediatric patients with heart failure requiring ECLS.

Reference Year Adult/Peds N = Population Major Finding

[41] 2015 Adult 37 VAD sST2 decreases during LVAD support

[48] 2018 Adult 38 VAD sST2 elevated in VAD patients and normalized after 6 months; not
predictive of outcomes

[15] 2018 Both 7 adult
12 pediatric VAD sST2 level in children is different than adults following VAD implant

4. Dynamic Changes of Galectin-3 and sST2 in Adult and Children Undergoing ECLS:
Similarities and Differences

As described above, galectin-3 and sST2 have been used alone or concomitantly as
biomarkers in several studies regarding heart failure with or without ECLS [28,31,46].
Galectin-3 and sST2 are similar in that both can reflect severity of myocardial damage
(presumably related to fibrosis) to thereby predict prognosis. However, they act differently
in the development of heart failure. As shown in Figure 1, in response to cardiac injury,
activated macrophages produce galectin-3 which is then thought to regulate phenotypic
change of cardiac fibroblasts from the resting to the activated status [50], whereas sST2
binds to IL33 to block the binding of IL33 to ST2 on cardiomyocytes. Binding of IL33 to
cardiomyocyte membrane ST2 results in the initiation of IL33/ST2 pathway which then
evokes an antihypertrophic and antifibrotic function [51].

Data regarding the similarities and differences of galectin-3 and sST2 between adults
and children at baseline and while undergoing ECLS are extremely limited. To date, only
one study [16] is available to compare the dynamic changes of galectin-3 and sST2 in adults
and children with heart failure requiring VAD. The investigators demonstrated that the
galectin-3 and sST2 from adults and children show a similar trend, climbing up one day
after VAD implant, and plunging down two days after VAD implant and to baseline levels
in 30 days (Figure 2, redrawn based on the data in the study). The circulating level of
sST2 is significantly higher in children than in adults at every time points (Figure 2A). In
contrast, the circulating level of galectin-3 is not different (Figure 2B). These data indicate
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differing responses of galectin-3 and sST2 with VAD implant in children compared to
adults. The changes of galectin-3 and sST2 in day 1 and 2 may be a result of macrophage
activation related to inflammatory processes surrounding surgical implantation of a VAD.
Their differences may indicate varying degree of macrophage activation between children
and adults.

Figure 1. Schematic of possible mechanism of galectin 3 and sST2 in heart failure.

Figure 2. Comparison of sST2 and galectin-3 between adults and children undergoing VAD. Redrawn based upon data
reported in [15]. (A) Significantly higher circulating level of sST2 in children than in adults at every time points; (B) No
difference in the circulating level of galectin-3.

To the best of our knowledge, no data are available to describe the trend and prognostic
value of plasma or serum galectin-3 and sST2 in children or adults undergoing VA-ECMO
for cardiac failure. VA-ECMO use is much more common in pediatric patients than VAD
implantation compared to adults, and this deficit requires further studies to fill this gap of
our knowledge.

5. Feasibility of Using Galectin-3 and sST2 as Prognosticators

The general principles to evaluate feasibility of a biomarker include the following:
(a) it is easily obtained, (b) highly reproducible, (c) it is biologically plausible and (d)
impacts care. Obtaining a blood sample is part of the postoperative routine and does
not involve technically complicated procedures. The measurement of plasma or serum
galectin-3 and sST2 would not be a significant burden to a current clinical protocol. Second,
a biomarker should be scientifically reproducible and financially affordable. The assays for
human plasma/serum galectin-3 and sST2 have been commercially available for clinical
and research purposes [52]. The stability in vitro, biological variation, and reference values
for galectin-3 and sST2 have been previously summarized in a comprehensive review [52]
that demonstrates these 2 biomarkers should be clinically reproducible across laboratories.
Lastly, studies have highlighted the potential role of galectin-3 and sST2 in the prediction
of prognosis in many clinical settings to impact care as discussed above.
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Unlike the traditional biomarkers including natriuretic peptides and troponins, sST2
is relatively independent from age, prior diagnosis of HF, body mass index, ischemic type
of HF, or atrial fibrillation [53]; galectin-3 is thought to reflect myocardial remodeling
and appears to be dynamical biomarker in long-term ECLS. However, galectin-3 is also
associated with various fibrotic conditions (liver and lung) [54,55] and this could be a
potential confounder in developing treatment strategies.

6. Possibility to Use Galectin-3 and sST2 as Indicators to Adjust Medical Regimens or
as Therapeutic Targets

Natriuretic peptide-guided therapy in chronic heart failure has been reported in some
studies with promising outcomes [56–58], whereas other studies have reported uncer-
tain results [59,60]. The controversies suggest inadequate power to draw a conclusion
in biomarker-guided treatment for heart failure. Galectin-3 and sST2 have not yet been
sufficiently studied in guiding treatment in patients with heart failure who receive pharma-
cotherapy, not to mention in patients with heart failure who require ECLS.

As described in Figure 1, galectin-3 is an initiator of the inflammation process in
heart failure. Targeting galectin-3 may be a potential therapy to improve the outcomes
of heart failure. Extracellular and intracellular small-molecule galectin-3 inhibitors (3,3′-
Bis-(4-aryltriazol-1-yl) thiodigalactosides [61] and galectin-3 inhibitor compound 2H [62])
have been investigated [63]. The availability of these inhibitors has laid a foundation for
further study of a targeted treatment of galectin-3. Interestingly, modified citrus pectin (a
dietary supplement) has been used as an inhibiter of galectin-3 to block cardiac injury that
is induced by acute kidney injury via the galectin-3 pathway [64] and may provide an easy
initial molecule for clinical trials.

sST2 concentrations have been used to identify patients with chronic heart failure who
may particularly benefit from β-adrenergic blocker therapy [47]. At cutoff values of sST2
level of 35 ng/mL and with a metoprolol dose of 50 mg daily (defined as a high dose in
the study), patients with low sST2/high-dose BB had the lowest cardiovascular event rate
(0.53 events); those with low sST2/low-dose β-adrenergic blocker, or high sST2/high-dose
β-adrenergic blocker had intermediate outcomes (0.92 and 1.19 events); patients with high
sST2 treated with low-dose β-adrenergic blocker had the highest cardiovascular event rate
(2.08 events).

In terms of a targeted therapy on sST2 itself, no chemical compound serving as a
sST2 antagonist has been reported. Instead, an anti-ST2 mAb has been used to block the
interaction between sST2 and IL33 to release free IL33 [65]. The concern is that the anti-ST2
mAb can block the cell membrane ST2 [66] to thereby suppress the IL33/ST2 pathway that
is considered cardioprotective.

Neither galectin-3 and/or sST2 has been examined as guides for adjusting medical
management for heart failure in pediatric patients, and thus the role of galectin-3 and /or
sST2 as a guide to therapeutic decision-making remains to be established. Additionally,
within the pediatric patient population, the use of galectin-3 and/or sST2 as a biomarker
for risk stratification in children undergoing ECLS with VAD has not been reported, and
the impact of VA-ECMO on galectin-3 and sST2 remains unknown.

7. Conclusions

Undergoing ECLS creates a complex clinical situation with challenges related to early
and accurate prediction of prognosis, particularly in pediatric patients. To distinguish
patients who will improve and those who will not early during ECLS is imperative as would
not only assist the medical team to formulate an optimal care plan but may also provide
a scientific justification to initiate ethical discussions with the patient’s family. Galectin-3
and sST2 have come to prominence as early prognosticators in adult ECLS patients since
other biomarkers (BNP [67], NT-proBNP, TnIc, MR-proANP, proADM, and copeptin [14])
have failed to show significance. To discern the complex differences of biomarkers, further
studies are needed to investigate the use of a single biomarker (galectin-3 or sST2) versus
combined biomarkers (galectin-3, sST2 and/or other markers) which has been done for
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adult with heart failure but not yet for ECLS patient [40,41,68], and sampling at single time
point versus multiple time points in ECLS patients.

Beyond protein biomarkers, circulating microRNAs are emerging as intriguing, pre-
dictive biomarkers for heart failure. These microRNAs are attractive candidates due to
their known biologic roles in reverse remodeling [69,70] and their ability to discriminate
heart failure of different etiologies due to their cell-type specific expression [71]. Akat et al.
demonstrated a significant increase in heart-specific circulating microRNAs in patients
with advanced heart failure that completely reversed 3 months after initiation of VAD sup-
port [72]. This suggests that the decreased levels of circulating microRNAs are associated
with favorable outcomes following VAD support. While no data are available to show a
link between circulating microRNAs and prognosis of heart failure requiring ECLS, the
potential value of circulating microRNAs in predicting ECLS outcomes in the near future
should not be overlooked and requires further investigation in pediatric patients as well.

Based on the currently available published data, we expect that the combined galectin-
3 and sST2 biomarkers, followed serially, will be beneficial in guiding management of
children undergoing ECLS in the future but additional work is needed to identify other
novel biomarkers (e.g., microRNAs), and biomarker response to other forms of ECLS (such
as VA-ECMO) that may serve to improve the care of the pediatric patient population.
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Abstract: Cardiac allograft rejection following heart transplantation is challenging to diagnose. Tissue
biopsies are the gold standard in monitoring the different types of rejection. The last decade has
seen an increased emphasis on identifying non-invasive methods to improve rejection diagnosis
and overcome tissue biopsy invasiveness. Liquid biopsy, as an efficient non-invasive diagnostic
and prognostic oncological monitoring tool, seems to be applicable in heart transplant follow-ups.
Moreover, molecular techniques applied on blood can be translated to tissue samples to provide
novel perspectives on tissue and reveal new diagnostic and prognostic biomarkers. This review
aims to provide a comprehensive overview of the state-of-the-art of the new methodologies in
cardiac allograft rejection monitoring and investigate the future perspectives on invasive and non-
invasive rejection biomarkers identification. We reviewed literature from the most used scientific
databases, such as PubMed, Google Scholar, and Scopus. We extracted 192 papers and, after a
selection and exclusion process, we included in the review 81 papers. The described limitations
notwithstanding, this review show how molecular biology techniques and omics science could
be deployed complementarily to the histopathological rejection diagnosis on tissue biopsies, thus
representing an integrated approach for heart transplant patients monitoring.

Keywords: liquid biopsy; tissue biopsy; EMBs; cardiac rejection monitoring; biomarkers; heart
transplant; microRNA; mRNA; gene expression profiling; exosomes

1. Introduction

The diagnosis of acute and chronic cardiac allograft rejection remains challenging since
rejection often occurs in asymptomatic patients, affecting transplanted patients’ short- and
long-term outcomes [1]. Endomyocardial biopsies (EMBs) continue to be the gold standard
procedure for monitoring and assessing rejection. EMBs were introduced in the cardiac
transplant field about 40 years ago in many centers, first in the US and then worldwide.
Monitoring EMBs for heart transplants is particularly important for post-transplanted
patients, who are subjected to about 14 EMBs during the first year post-transplant [2].
This procedure provides an open window on the myocardium physiopathologic state
but, like many other procedures, is prone to some limitations. First, EMBs are invasive

Biomolecules 2021, 11, 201. https://doi.org/10.3390/biom11020201 https://www.mdpi.com/journal/biomolecules

231



Biomolecules 2021, 11, 201

procedures associated with some minor unavoidable clinical complications [3]; secondly,
the close correlation between the clinical and histological resolution of rejection is debarred
by interobserver variability and sampling errors [4]. Finally, EMBs, systemically used
for surveillance during the first year after heart transplantation, represent an expensive
medical procedure.

Due to these drawbacks, numerous attempts have recently been made to explore
the possibility of identifying a sensitive and non-invasive approach that might be used in
combination with tissue histology to reduce the frequency of biopsies [5]. Omics approaches
have expanded the number of relevant biomarkers for the diagnosis of allograft rejection [6]
and surveillance mainly in asymptomatic patients [7].

Liquid biopsy plays an essential role in this context with regard to the genomics
and proteomics performed on blood samples, aiming to identify circulating biomarkers
to achieve diagnosis and grading of rejection, bypassing the invasiveness of EMBs [8,9].
Although some of these approaches have already been introduced in several medical
centers as EMB-supporting tools to monitor stable patients and reduce the number of
required biopsies, the clinical implementation of these markers on a large cohort of patients
is still needed. Nevertheless, EMB remains a vital source of graft status information and
its potential has only partially been exploited. A specific research line has focused on
identifying new molecular approaches, such as miRNomics and gene profiling, which
could also be applied to EMBs as supporting technologies to improve and finely dissect
histological and immunohistochemical evaluation, as well as to target pharmacological
therapy [10,11].

This review covers literature from the last decade from the most used scientific
databases, such as PubMed, Google Scholar, and Scopus. Starting from 192 papers, we
excluded from the reviewing process all the studies that involved animal models, reviews,
meta-analysis, and case studies, as well as conference abstracts/reports. We made a few
exceptions however, including for some papers that represent important proofs-of-concept
for novel allograft monitoring. We therefore finally included 81 papers related to clini-
cal studies on cohorts of transplanted patients and molecular approaches performed on
transplanted patients. This review presents the state-of-the-art (Figure 1) of invasive and
non-invasive allograft rejection monitoring in heart transplantation.

 

Figure 1. Overview of invasive and non-invasive approaches in cardiac allograft rejection monitoring.
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2. Liquid Biopsy: Clinical Application

Initially, liquid biopsy was applied in the oncological field for diagnosis, monitoring of
therapy efficacy, and assessment of progression-free survival [12–14]. Researchers defined
it as the analysis of blood and its product to detect cellular and nuclear material derived
from a tumor [15]. Thanks to its capacity to take a genetic picture of the cancer state
“from a few blood drops”, it was proposed both as a companion diagnostic strategy—
but also at the preclinical stage, as a population screening tool—and as a prognostic
factor for outcome [15].Besides this, it showed great potential in other clinical fields,
like post-transplant rejection monitoring in solid organs transplants. Good results have
been achieved with these non-invasive procedures. Some methodologies, such as gene
expression profiling (GEP) [8], which can detect variations in the cell transcript, have
already been applied in the clinical field to monitor stable patients and reduce the number
of EMBs.

2.1. Gene Expression Profiling of the Peripheral Blood Leucocytes

Various international multicenter studies (Cargo, Image, E-Image, and Cargo II) have
investigated the role of the gene expression profiles of the peripheral blood leucocytes as
genomic markers of acute rejection [7–9,16,17]. The first development of such an approach
was an algorithm used to process a panel of 20 genes (selected starting from 252 candidates,
identified through the literature and studies carried out on other transplanted organs).
Eleven out of twenty genes were classifiers that could discriminate between “quiescent”
vs. “moderate/severe rejection” in the validation set. Nine genes were chosen as controls.
The algorithm reached an agreement of 84% in EMBs in patients with the highest grade
of rejection (≥3A), measured according to the International Society for Heart and Lung
Transplantation (ISHLT) classification [18]. Gene analysis converted into a score (0–40) had
a negative predictive value (NPV) of 99.6% in patients demonstrating scores lower than
30 within the first year post-transplantation [8]. The Cargo II study, which included 462
patients, confirmed a GEP score < 34 to identify patients at low risk of rejection, even early
after transplantation [17].

The GEP technology is commercialized as AllopMap and used in many centers in the
US and Europe. Patients at >2 months, >6 months, and >1 year with a score inferior to 20, 30,
and 34, respectively, were defined as low-risk patients not requiring EMBs monitoring [8,9].
This approach has been systematically compared in a clinical setting with standard routine
biopsies in the IMAGE study, comprising 602 patients enrolled between six months and
five years post-transplantation [7] and randomly assigned to the gene-profiling or biopsy
group monitoring. Compared with the routine biopsy group, patients monitored by GEP
did not experience an increased risk of severe adverse outcomes [7]. Notably, the study
resulted in significantly fewer EMBs. The EImage (Early Image) study [16] evaluated
the sensitivity of GEP technology during the early stage of monitoring (<6 months post-
transplantation). Sixty patients were randomly assigned in a 1:1 ratio again to either the
GEP or the EMB groups. The threshold for a positive GEP result was set at ≥30 for patients
two to six months and ≥34 for patients six months post-transplantation. Although EImage
included a small cohort of relatively low-risk patients on lower doses of corticosteroids
(<20 mg), the study showed the safety and efficacy of GEP blood testing as an alternative to
routine biopsies within 55 days following cardiac transplantation. There were no significant
differences for primary endpoints (death, renewed transplant, hemodynamic compromise,
left ventricular ejection fraction, and graft dysfunction) between patients followed-up with
Allomap or EMBs [16].

Additionally, novel biomarkers can be assessed by implementing high-throughput
transcriptomics profiling assays without a bias of the target selection on whole-blood sam-
ples collected during the EMB monitoring procedure. In this framework, the HEARTBiT
initiative, a Canadian multicenter prospective study aimed at improving the non-invasive
diagnostic performance of acute cellular rejection (ACR) events at an early stage post-
transplant (during the first two months) through transcriptome profiling of nine mRNA
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transcripts, quantified using NanoString nCounter technology. HEARTBiT achieved a
comparable diagnostic performance of non-invasive diagnostic tests currently available in
clinical practice with area under the curve (AUC) values of 0.70 (95% CI, 0.57–0.83) and
0.69 (95% CI, 0.56–0.81) and with the expectation of overcoming AlloMap’s limitation to
application within 55 days post-transplant [19]. A pilot clinical validation study, estimating
the robustness and limitation of the previous work, assessed the potential clinical efficacy
of HEARTBiT profiling. A promising linear relationship of HEARTBiT’s molecular profile
with ACR diagnosis was highlighted, as well as the necessity of future longitudinal and
large-scale trials [20].

The Canada-wide trial applied the GEP approach, using whole blood as starting
material from patients before transplantation and from three years post-transplantation.
From 1295 differentially expressed genes between subjects with acute rejection (ISHLT
Grade > or = 2R) and no rejection (Grade 0R), a 12-gene biomarker panel, classifying
validation samples with 83% sensitivity and 100% specificity, was identified [21]. Hollander
et al. expanded and refined the 12-gene biomarker panel with a more heterogeneous cohort
of cardiac transplant patients, collecting samples between one week and six months post-
heart transplant [22].

Moayedi and colleagues undertook a risk evaluation of the use of GEP in monitoring
acute cellular rejection and taking into account the outcomes of the AlloMap® Registry
in a prospective observational multicenter study [23]. They assessed short and long-term
clinical outcomes in patients that received GEP for routine rejection surveillance after heart
transplantation in a cohort of 1504 patients with 7969 clinic visits and records. Despite
the limitation of possible selection bias in the study’s inclusion criteria, survival outcomes
in contemporary heart transplant patients managed with GEP as an ACR surveillance
strategy are promising [23].

Using gene-based transcriptional signaling in peripheral blood mononuclear cells
in 44 patients, Mehra and Benitez reported that patients could be segregated into low,
intermediate, and high risk for future rejection subsets [24]. The informative identified
genes represented several biologic pathways, including T-cell activation (PDCD1), T-cell
migration (ITGA4), mobilization of hematopoietic precursors (WDR40A and microRNA
gene family cMIR), and steroid-responsive genes such as IL1R2, the decoy receptor for
IL-2 [24].

2.2. Cell-Free DNA

Donor-derived cell-free DNA (dd-cf-DNA) is the DNA of donor origin in heart trans-
plant recipients’ blood. During cellular and antibody mediated rejection, in the setting
of myocyte necrosis and apoptosis, a more significant amount of dd-cf-DNA from the
damaged graft is released into the blood. The detection of dd-cf-DNA is straightforward
in female recipients receiving a male donor graft, undertaken by targeting the Y chro-
mosome [25]. A molecular technique that facilitates the identification of graft-derived
DNA regardless of the sex of the transplant donor or recipient is shotgun sequencing.
This approach is based on sequencing cell-free circulating DNA fragments and exploiting
single nucleotide polymorphisms (SNPs) genotyping information to differentiate between
donor- and recipient-derived sequences. Hence, this method can identify and quantify
circulating dd-cf-DNA and, during computational alignment performance, discriminate
human dd-cf-DNA from microbial DNA and other erroneous material [26–28]. Based
on this method, Snyder and colleagues introduced a new way to discriminate between
donor and recipient DNA molecules, according to which increased dd-cf-DNA levels in
recipients after transplantation may suggest the onset of rejection [28]. In patients expe-
riencing acute rejection, augmented dd-cf-DNA assessed by SNPs can occur up to five
months before detection on biopsy [26], indicating the potential for early diagnosis. One
potential limitation using this approach is the difficulty in distinguishing graft damage
due to antibody-mediated rejection (AMR) versus acute cellular rejection, implying the
need for supporting follow-up tests to tune therapeutic approaches accordingly. Moreover,
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the complexity and cost of analyses limit its application as a clinically relevant surveillance
tool. Finally, dd-cf-DNA’s targeted quantification requires genotyping of both recipient
and donors, which is suitable for bone marrow and kidney transplantation but not always
possible for heart transplantation. Sharon and colleagues recently addressed this issue
by elaborating an algorithm that estimates dd-cf-DNA levels in the absence of a donor
genotype [29]. This analysis was applied in a large, prospective, multicenter clinical trial,
including patients with both ACR and AMR who received a heart transplant (HT) at least
55 days before enrolment [30]. Dd-cf-DNA testing detected acute rejection with an area
under the curve of 0.64 and provided an estimated NPV of 97.1% and positive predictive
value of 8.9%. The limitation of genotyping donors was also addressed by North et al.,
who proposed a highly sensitive and quantitative multiplexed PCR test for 94 highly
informative bi-allelic SNPs [6].

North et al. developed a multiplexed allele-specific quantitative PCR method capable
of the early detection of mild ACR (ISHLT 1R) in addition to higher grade ACR (ISHLT
2R and 3R), AMR, and graft vasculopathy. Using a specifically defined cut-off, the assay’s
clinical performance characteristics included an NPV of 100% for grade 2R or higher
ACR, with 100% sensitivity and 75.48% specificity. This test’s analytical validity facilitates
conservative stratification of the probability of moderate to severe ACR as a potential
companion tool for EMB in reducing the incidence of invasive biopsies, following the
patients’ response to therapy [6].

A recent multicenter prospective blinded study investigated the value the ratio of cf-
DNA specific to the transplanted organ, referring to the total amount of cf-DNA present in
a blood sample to estimate cardiac allograft rejection. With a statistically optimized cut-off,
the authors improved the dd-cf-DNA performance, reaching an NPV > 90.9% for ACR and
> 99.7% for a higher grade of rejection, showing its potentiality as a novel surveillance tool
thanks to its association with acute allograft rejection and a clinically applicable threshold
both in adults and pediatric transplanted patients [31]. They demonstrate the feasibility
of their model in detecting injury to the donor organ and as a potential clinical biomarker
for AMR, elucidating new frontiers of investigation to reach statistical significance in this
rejection spectrum.

Despite the recent improvement of the dd-cf-DNA technique and its advantages
in non-invasive monitoring, there are still some limitations with regard to dd-cf-DNA.
Concomitant kidney and liver disease, not a rare situation in heart-transplanted patients,
may affect cell-free DNA clearance and may lead to an underestimation of allograft injury.
Moreover, the dd-cf-DNA assay could be further limited by the long labor processing time
and especially by the need for genotyping [32].

2.3. High-Sensitive Troponins

Cardiac troponins are well-known non-invasive tests used as reliable biological mark-
ers for several cardiovascular diseases. They have been investigated and implemented
in clinical practice during the last decade. Cardiac troponins are sarcomeric structural
proteins released in the bloodstream due to cardiomyocyte disruption, typically during
moderate and severe ACR [33].

Myocyte damage is a mandatory pathological index of ACR for both moderate and
severe events. Therefore, it has been evaluated as a potential biomarker of allograft
rejection, with the aim of identifying a cutoff value for diagnosis and/or exclusion of ACR
to rationalize EMB [33–35].

Recently, Erbel and coworkers established a high-sensitive troponin serum cutoff level
of 33.55 ng/l capable of predicting death at 12 months after transplant with a sensitivity
of 90.91% and a specificity of 70.97%. Besides this, survival at five years was significantly
improved in patients with values below the cutoff [36]. However, contradictory results
exist that show no association between allograft rejection and cardiac troponin levels [37],
suggesting that high-sensitive cardiac troponin cannot be currently recommended as a tool
to monitor rejection.
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2.4. T-Cell Function

A key event in graft rejection is the activation and proliferation of the recipient’s lym-
phocytes, particularly T cells, which are detrimental to the long-term transplant outcome.
Pharmacodynamic monitoring by direct measurement of T-cell activation and proliferation
can therefore personalize immunosuppression.

The CD4 cell stimulation assay is a technology used to measure cell-mediated im-
munity and early response to stimulation by detecting intracellular adenosine triphos-
phate(iATP) synthesis in CD4+ cells selected from the blood by monoclonal antibody-coated
magnetic beads. ATP can be measured by the firefly luciferase system and an assay to
monitor iATP in CD4+ cells [38]. The CD4 cell stimulation assay has been approved by
the US Food and Drug Administration to be applied on solid organ transplantation [38].
The assay has been used to detect iATP level released by activated CD4+ cells and their cor-
relation with the risk of rejection or infection [38]. The significance of iATP measurement in
CD4+ cells predicting acute rejection and infection is currently under investigation because
different studies have found contradictory results. A published meta-analysis incorporat-
ing multiple organ transplants concluded that iATP monitoring is not suitable to identify
individuals at risk of rejection or infection [39]. A drawback from the analytical standpoint
is that the assay is a time-consuming, indirect cell function test requiring stimulation and a
cell isolation step. Furthermore, all the studies analyzed by Ling and colleagues presented
an important bias in sample selection: the numbers of rejection and infection episodes were
too small to perform a robust correlation [39]. Clinical trials must generate new evidence
to support the appropriate interpretation of the results.

2.5. Donor-Specific Antibodies

Following the consensus guidelines on the testing and clinical management issue
with regard to human leukocyte antigen (HLA) and non-HLA antibodies in 2013 [40], an
international consensus conference was organized in 2016 by the ISHLT to discuss current
practices for detecting and quantifying circulating antibodies and validating the efficacy of
therapeutic approaches [41]. Scientists agreed that equivocal results still exist with regard
to the best practices for identifying antibodies of clinical relevance and their treatment.
Solid-phase assays, such as the Luminex SAB assay, have been recommended to detect
circulating antibodies [41]. Patients with a panel reactive antibody (PRA) <10% or donor-
directed antibodies at the time of transplantation are at risk for suboptimal outcomes post-
transplantation. The above-mentioned consensus conference recommended performing
post-transplant monitoring for donor-specific antibodies (DSAs) at 1, 3, 6, and 12 months
post-surgery [42]. For monitoring after 12 months post-surgery, the consensus supports a
yearly follow-up, except for high-risk patients, who require stricter surveillance.

2.6. Emerging Biomarkers: Micro RNA, mRNA, Exosomes, and Microvesicles
2.6.1. RNA

Various RNA molecule classes, such as protein-coding messenger RNAs (mRNA),
small non-coding RNAs, long non-coding RNAs (lnc-RNAs), and other non-coding RNA
molecules, have been associated with disease phenotypes, raising their potential as mini-
mally invasive biomarkers [43,44].

lnc-RNAs are autonomously transcribed RNAs, usually longer more than 200 nu-
cleotides, affecting significantly gene expression, e.g., with regard to chromatin regulation
and T and B cells functions and differentiation. Recently, Gu and colleagues demonstrated,
in a mouse model of heart transplantation, that lnc-RNAs regulate Th1 cell response during
graft rejection. In this study, they compared the mRNA and lnc-RNA profiles of heart grafts
and graft infiltration lymphocytes in both syngeneic and allogenic murine transplanted
groups. They not only showed that A930015D03Rik and mouselincRNA1055 are highly
upregulated during transplant rejection but also that they are associated with Th1 cell
response through the regulation of IL12Rb1 expression. Moreover, they tested, in kidney
transplanted human samples, two human lnc-RNAs expression, matching A930015D03Rik
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and mouselincRNA1055 separately, proving their increased expression in kidney transplant
rejection samples rather than controls. This study provides a valuable proof-of-concept:
lnc-RNAs can be used as innovative ACR biomarkers and potentially implemented in
clinical monitoring of acute rejection episodes [44].

MicroRNA (miRNA) are small non-coding RNAs that play a role in gene expression
regulation by targeting mRNA. Some miRNA are tissue- and cell-type specific and their
expression level is linked directly to the pathophysiological state of organs. Extracellular
circulating miRNA might be able to give us a “snapshot” of the patient’s current health state,
thanks to their stability and the possibility of repeating and reproducing the measurement
of their levels, which can also be undertaken using multiple frozen/thawed serum/plasma
samples. For these reasons, miRNAs are suitable as non-invasive biomarkers, with several
groups evaluating their diagnostic and predictor potential for allograft rejection monitoring.

In transplantation and allograft rejection monitoring, two main approaches were
followed: in some studies, the authors focused on the analysis of single miRNA, while in
others, they chose to analyze a group of different miRNAs that enabled them to define a
characteristic pattern and pathway.

In 2013, Dewi and colleagues conducted a small pilot study to assess the potential of
using serum miRNAs as acute rejection biomarkers. They investigated ten heart transplant
patients, comparing serum miRNA expression levels before, during, and after rejection
episodes. The analysis revealed that the levels of seven miRNAs increased during rejection.
Among these, only miR-326 and miR-142-3p showed acceptable AUC values (0.86 and
0.80, respectively) (Table 1), demonstrating significant discrimination between normal
and pathologic features [45]. A second study by the same authors validated the selected
miRNAs in a different and more extensive cohort of patients with histologically verified
acute cellular rejection (n = 26) and a control group of heart transplant recipients without
allograft rejection (n = 37). The diagnostic performance in discriminating rejection vs.
absence of rejection in patients using miR-142-3p and miR-101-3p revealed an AUC– ROC
(Receiver Operator Characteristic) of 0.78 and 0.75, respectively [46]. Despite the more
extensive and independent cohort, the numerosity was still limited, and the authors could
only discriminate ACR from no-rejection status but not identify the AMR cases. However,
despite this limitation, this study demonstrated that the use of circulating miRNAs in acute
cardiac rejection monitoring could be beneficial [46].

Duong Van Huyen and colleagues adopted a different approach, demonstrating that
miRNAs expression is regulated both on tissue and on serum. They assessed the level of 14
different miRNAs on EMBs, of which seven were differentially expressed between normal
and rejecting EMB specimens. After that, the seven miRNAs were analyzed in patients’
sera, collected at identical EMB time points [47]. The analysis showed that miR-10a, miR-
31, miR-92a, and miR-155 discriminated accurately between patients with and without
rejection, with good yield in the external validation cohort (miR-10a AUC = 0.981, miR-31
AUC = 0.867, miR-92a AUC = 0.959, and miR-155 AUC = 0.974) [47].

Moreover, these four miRNAs facilitated the potential discriminating issue both for
ACR and AMR vs. non-rejection status. However, the study was limited by the lack of an
unselected prospective cohort to test miRNAs and the literature-based preselection of the
miRNAs tested [47].

As showed by Van Aelst et al., miRNAs have potential as therapeutic targets for ACR.
In their study, through a comparison between miRNA and mRNA expression profiles in
human and mouse hearts, they identified a common signature that enabled the discrim-
ination of rejecting and non-rejecting grafts. Hence, they demonstrated that miR-155 is
overexpressed in ACR and can be a candidate target for novel therapeutics. Furthermore,
they showed in a mouse model that both the knockout and the pharmacological inhibition
of miR-155 delay the graft failure by reducing inflammatory infiltrate. Despite some limita-
tions, this study highlighted the potential dual role of miRNAs not only as biomarkers but
also as novel therapeutic targets [48].
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2.6.2. Extracellular Vesicles

Extracellular vesicles (EVs) are nanospherical membranes formed by a lipid bilayer
embedded with transmembrane components, such as proteins, cholesterol, and saccharides.
They envelop cytosolic proteins and nucleic acids. Based on biogenesis and size, EV
classification includes exosomes, microvesicles, and apoptotic bodies. Exosomes ranging
in size between 40 and 150 nm are formed and stored within subcellular compartments
termed multivesicular bodies (MVBs). They are released from cells into the extracellular
space upon fusion between MVBs and the cell membrane. MVBs or microparticles in the
range of 100 to 1000 nm are derived from plasma membrane budding [49–51].

EVs act as vectors of biological information by transferring their content to target
cells under basal conditions and in pathological settings. They are emerging as promising
biomarker candidates for several reasons. Primarily, this is because EVs can be isolated from
peripheral blood through minimally invasive sampling. Furthermore, cells that form tissues
finely modulate the sorting of proteins, lipids, and nucleic acids into secretory vesicles
in response to specific pathophysiological conditions [52]. Consequently, enrichment in
vesicle fractions appears to provide additional diagnostic value in terms of sensitivity
and specificity compared to analyses performed on unfractionated body fluids [53]. This
enrichment may overcome the limitation of detecting biomarkers circulating in very low
concentrations, usually below the test sensitivity routinely used in clinical practice. Our
recent study analyzed the phospholipid content of vesicles, demonstrating a specific
signature enabling differentiation between patients who underwent myocardial infarction
and controls. However, analysis in whole unfractionated plasma resulted in the loss of the
specific signature [53].

Vesicles from platelets, endothelial cells, monocytes, and leukocytes form the major
component within the circulating exosomal fraction [54]. Furthermore, they are involved
in immune responses, inflammation, and coagulation processes [55–57]. Hence, acute and
chronic conditions affecting an altered inflammatory response are often associated with a
systemic release of EVs containing specific proteins, nucleic acids, and/or lipids, conveying
a distinct signature that is potentially relevant as a biomarker [56,57].

In this context, circulating EVs might represent a non-invasive tool for monitoring
early post-transplant inflammatory responses in heart transplant recipients, supporting
EMBs. We recently proposed and validated a protocol to characterize the surface antigens
of circulating vesicles and assess their diagnostic performance in evaluating acute cardiac
allograft rejection [58]. The application of a rapid standardized fluorescence bead-based
multiplex assay combined with a supervised machine learning approach facilitated the
accurate discrimination of patients with allograft rejection compared to patients without
rejection. Moreover, we retrospectively confirmed the EMB-based diagnosis of the different
cardiac rejection types, with a sensitivity and specificity of 100% and 85.7%, respectively.
Given the high diagnostic performance, low cost, and relative usability, this method is
highly promising for the characterization, monitoring, and prediction of allograft rejection,
potentially reducing the number of EMBs required [58].

Kennel and colleagues performed proteomic analysis by liquid chromatography with
tandem mass spectrometry on serum-derived EVs collected from cardiac transplant re-
cipients without rejection, with ACR, and with AMR [59]. Based on relatively complex
methods and instruments that analyze the entire protein content, the study demonstrated
the predictive and prognostic value of EVs as biomarkers.

The significance of EVs as predictive and diagnostic biomarkers of rejection is even
more promising because, besides their role as measurable indicators of distinct biological
conditions [60], EVs hold functional biological characteristics in immune response mod-
ulation, thus providing consistency as tools to monitor the allograft status and improve
post-transplant outcomes [60]. EVs display Major Histocompatibility Complex (MHC) class
I and II, as well as adhesion and costimulatory molecules, resembling the role of antigen-
presenting vesicles for allospecific T-cell activation [61]. In a murine heart transplant
model, exosomes from mature dendritic cells (DCs) mediated their endocrine signaling by

238



Biomolecules 2021, 11, 201

migrating to the regional lymph nodes. This process facilitated acute rejection by activating
T cells, thus amplifying the effect of the limited number of donor DCs present in the trans-
planted organ [62]. In a mechanism implying contact-dependent signaling, MHC peptides
carried on the EV surface derived from mature DCs efficiently primed T cells [63], playing
a role in inducing tolerance in a fully MHC-mismatched rat cardiac allograft model [64].
A further indirect mechanism has been described for follicular DCs unable to synthesize
MHC class II proteins. These cells passively acquire the complex by capturing circulating
MHC class II-expressing EVs, presenting them to T cells as a vesicle-composed wreath [65].
In this case, DCs enhanced the stimulatory capacity of EV and the presence of cell-to-EV
binding is critical to stimulate specific T cells efficiently [61–66]. Following these findings,
which suggest that donor vesicles may play a role as exclusive sources of donor MHC
for T-cell activation, Habertheuer et al. recently showed that transplanted hearts release
donor-specific EV. In a murine model of a heterotopic heart transplant, the cardiac allograft
released a distinct pool of donor MHC-specific EVs into the recipient circulation. The signal
peaked during early acute rejection with high accuracy [67], enabling the developing of a
highly specific and sensitive biomarker platform for allograft monitoring [67,68].

Finally, Sharma et al. recognized cardiac myosin and vimentin as tissue-restricted
self-antigens that are detectable on the surface of circulating EVs and are associated with
primary graft dysfunction [69]. Hence, the above-cited mechanisms are consistent because
the transplanted heart is a vascularized organ at the time of placement and donor vesicles
released may leak through the vascular endothelium and be trafficked into the hosts’
bloodstream.

3. Tissue Biopsy for Molecular Tests

The liquid biopsy is a very attractive non-invasive source of information for monitor-
ing post-heart transplanted patients. However, the opportunity offered by the utilization
of tissue biopsy for molecular tests remains pivotal. Different groups have tried to identify
new biomarkers in EMBs to improve the diagnosis of rejection. EMB is the gold standard
in monitoring cardiac rejection. Generally, the pathologists assess the inflammatory infil-
trate and the myocardial injury through histological and immunohistochemical evaluation.
This approach makes it possible to define and grade the rejection but also to modify the
pharmacological therapy. Thus, EMB is an important source of information about a graft’s
status, but its potential has only partially been exploited. The opportunity to investigate the
rejection mechanisms directly on the tissue offers new insights into the cellular interactions
and graft injury evolution over time. Different groups have tried to apply new technologies
to understand the molecular pathways involved in rejection, assess the cardiac allograft
status, and define new biomarkers to ameliorate the rejection diagnosis on biopsy tissue.

3.1. MicroRNA on Tissue

As discussed above, miRNAs are non-coding regulative molecules in numerous
signaling pathways also involved in pathophysiological disorders. The investigation
of miRNA expression on cardiac tissue could help in the characterization of rejection
events [70].

Recently, we defined an miRNA signature to discriminate ACR, AMR, and mixed
rejection (MR) on formalin-fixed and paraffin-embedded (FFPE) EMB specimens through
next-generation sequencing (NGS) and reverse transcription quantitative polymerase
chain reaction (RT-qPCR). Using logistic regression analysis, we created unique miRNA
signatures as predictive models of each type of rejection. More than 2257 mature miRNAs
were obtained from all EMBs. Each of the three rejection types showed a different miRNA
profile. The logistic regression model formed by miRNAs 208a, 126-5p, and 135a-5p
identified MR, whereas ACR was identified by the miRNAs 27b-3p, 29b-3p, and 199a-3p.
In contrast, AMR was identified by the miRNAs 208a, 29b-3p, 135a-5p, and 144-3p [10].

Another interesting work by Nováková and colleagues aimed to identify miRNAs
dysregulated on FFPE EMB specimens during ACR [11]. The authors used a stepwise
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backward regression method and three principal component analyses (PCA) to create an
ACR SCORE model. This model uses the levels of 11 miRNAs (miR-144, -589, -146, -182,
-3135b, -3605, -10, -31, -17, -1273, -4506), detected in EMBs through RT-qPCR, to assign an
ACR SCORE to the specimens. If the score is above the defined cut-off value, the authors
defined ACR as present with a specificity of 91% and a sensitivity of 68% [11].

Furthermore, the RT-qPCR validation of the 11 miRNAs, previously identified in EMBs
through NGS, confirmed that miR-144, miR-589, and miR-182 are statistically significantly
altered during rejection [11].

As stressed by Nováková et al., a remarkable limitation of studies focused on the use
of microRNA as biomarkers is the lack of uniformity (Table 1). Many studies demonstrated
that miRNAs are eligible biomarkers of disease; however, they were not unanimous in
identifying a unique miRNA or miRNA signature applicable in clinical practice. Various
methodological factors could be the source of this heterogeneity, e.g., the different protocols
for RNA isolation and analysis or the nature of the EMB specimens, which incorporate many
different cell types (cardiomyocytes, lymphocytes, fibroblast and endothelial cells) with
different cell-specific levels of miRNA expression. Furthermore, patients’ comorbidities
and personalized immunosuppressive therapy impact the cohort variability included in
multiple studies, leading to a lack of consistency [11].

3.2. Molecular Microscope

The molecular microscope, first developed for kidney transplantation (KT), uses
rejection-associated transcriptome (RAT) profiling of known kidney biopsies as a reference
to generate an automated, objective, and quantitative report to offset intercenter varia-
tion [71]. Halloran and colleagues proposed this as a new method to also assess rejection in
EMBs. A direct comparison of this system with EMBs guided the development of a molec-
ular microscope heart diagnostic system called the Heart Molecular Microscope Diagnostic
System (MMDx-Heart), a microarray-based technology used to evaluate the molecular
status of tissue [72]. This approach relies on the hypothesis that the inflammatory lesions
and molecular alterations of heart allograft rejection act similarly to KT, closely correlating
histologic features of EMBs and KT biopsies [72].

An unsupervised PCA was performed based on RAT expression scores in the 1208
indication kidney biopsies and the 331 EMBs and three archetype scores were assigned in
EMBs corresponding to histologic T cell-mediated rejection (TCMR), antibody-mediated re-
jection (ABMR), and no rejection (NR) groups. Combining the best performing probes, they
achieved AUC–ROC values of 0.78, 0.65, and 0.81 for NR, TCMR, and ABMR archetypes, re-
spectively [72]. These results showed that this system has a lower sensibility for EMBs than
for kidney biopsies and a higher disagreement level between molecular and histopathologic
assessments. According to the authors, this last point reflects the higher interpathological
disagreement for EMB assessment highlighted by the Cargo study, particularly for cellular-
mediated rejection [72]. Moreover, the authors suggested that the molecular discrepancy
observed in TCMR diagnosis could be due to the Quilty effect’s presence and that the
further investigation of its molecular similarities with TCMR could be very enlightening.
Overall, this study demonstrated that molecular tissue analysis reflects the complexity
of EMB assessment, with further investigations required to overcome the present limita-
tions [72].

3.3. MRI for Non-Invasive Monitoring in Tissue

At the tissue level, graft rejection presents infiltrative inflammatory cells with an
expansion of the extracellular space and necrosis. These morphostructural changes have
been investigated in several studies with a cardiovascular magnetic resonance (CMR)
methodology, enabling non-invasive imaging with qualitative and quantitative tissue char-
acterization. CMR can evaluate histopathologic changes due to rejection, associated with
distinct myocardial T1 and T2 relaxation times [73]. Using a multiparametric sequential
approach, by combining basal T2 mapping with the basal extracellular volume fraction,
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improved diagnostic accuracy for transplant rejection can be achieved [74]. Therefore,
a multisequential CMR examination could operate as a non-invasive tool for excluding
subclinical ACR in heart transplant patients [75].

3.4. Gene Expression Profile in the Tissue

The value of myocardial GEP for diagnosing and identifying the predictive biomarkers
of ACR was evaluated in the GET study by Bodez and Damy in 36 EMBs in 30 patients [72].
They demonstrated that the cardiac gene expression profiles of EMBs only partly matched
the histological grading system, suggesting that cardiac GEP may provide earlier and more
sensitive performances in diagnosing ACR and can be used as an early screening test for
ACR [76].

GEP for the identification and classification of antibody-mediated heart rejection was
evaluated by Loupy et al. In 110 patients [77]. The authors applied a combination of multi-
dimensional molecular assessments to extensive phenotyping allograft biopsies to charac-
terize anti-HLA antibodies and cellular models, demonstrating that antibody-mediated
rejection in heart transplantation is driven mainly by the natural killer burden [77].

Using the NanoString nCounter technology, the expression of a set of 34 literature-
derived genes reflecting the molecular correlates of antibody-mediated injury in 106 FFPE
EMBs for a training cohort and 57 EMBs for a validating cohort was evaluated in a re-
cent study by the Edmonton group [78]. The gene set selected by the authors for AMR
profiling revealed a good diagnostic accuracy (approximately 70%) in identifying AMR
positive cases vs. negative ones, with a sound correlation with other diagnostic methods
routinely applied, such as histopathology, anti-HLA DSA, and C4d immunohistochemistry.
However, the gene set was unable to differentiate pathological AMR1(I+) from ACR and
normal controls, raising the question of the real value of this histopathological grade,
which, according to their results, appears more similar to ACR than to AMR [79]. This
very promising study highlights the need for a larger cohort of patients but also more
importantly for the identification of a new set of genes capable of differentiating between
AMR and other non-immunologic endothelial injuries [78].

Intragraft gene expression studies can highlight the functional status of the trans-
planted organ. Arteriolar vasculitis in EMBs may be pivotal in identifying high-risk
episodes in transplant recipients. Gene expression analysis could help in understanding
alterations in genes profile associated with vasculitis, affecting the heart allograft’s survival
in long-term transplantation. From this perspective, Lin-Wang et al. conducted a retro-
spective study of 300 FFPE EMBs of 63 patients to determine the incidence of vasculitis
and its association with ACR, AMR, and cardiac allograft vasculopathy. This study per-
formed a gene expression analysis of the chosen transcript involved in inflammation and
vascular function as evaluated by q-PCR. Their results showed that vasculitis carried worse
prognostic outcomes [80].

4. Conclusions

Allograft rejection is a life-threatening complication of organ transplantation. Its
monitoring is a fundamental step in the post-transplant follow-up.

EMBs remain the gold standard for cardiac allograft monitoring; however, the per-
ceived need to complement the histological examination of the tissue with molecular
approaches has led to the development of several molecular approaches to implementing
diagnosis.

Indeed, the histological evaluation of cardiac tissue assesses the allograft’s inflam-
matory status; nevertheless, EMBs represent such valuable in vivo tissue that much more
information needs to be retrieved from them than just the information about the inflamma-
tory status.

Omics may improve comprehension of the allograft’s pathophysiological feature and
provide pathologists and clinicians with new insights related to the graft that help in devel-
oping a personalized therapeutic approach for better management of transplanted patients.
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The application of several molecular techniques on cardiac tissue represented a starting
point for a new era of allograft rejection diagnosis. As discussed above and described in
the evaluated research (Table 1), many studies demonstrated that comprehension of the
rejection process is still limited. Research must go on to dissect it. Like any invasive proce-
dure, EMBs can cause some complications and counterbalancing these negative aspects
has been researchers’ primary intent for years. Many non-invasive approaches have been
designed and tested in clinical trials in the hope of identifying an alternative diagnostic tool
for rejection monitoring. Several cutting-edge methods that rely on liquid biopsies have
implemented procedures and clinical applications that provide the most comprehensive
patient heart transplant snapshots. Recent efforts in the transplant research field have also
applied these novel methods to the tissue to combine different information from various
resources.

Table 1. Emerging biomarkers in the diagnosis of allograft rejection after heart transplantation.

Study Diagnostic Tool
n. of

Patients
Area Under the

Curve
Sensitivity

(%)
Specificity

(%)

Pham MX. 2010
[7]

GEP of peripheral specimen (randomized controlled
trial: Image study) 602 Not inferior to EMB

Deng MC. 2006
[8]

GEP of peripheral blood leucocytes (11-gene real
time PCR: Cargo study) 170 0.686–0.914 75.8 * 41.8 *

Di Francesco A.
2018 [10]

Tissue microRNAs (combination of miR-208a-5p,
-126-5p, -135-5p) 33 0.951–1.000 83.3 95.8

Nováková T.
2019 [11]

Tissue microRNAs (combination of miR-144, 589,
146, 182, 3135b, 10, 31, 17, 1273, 3605, 4506) 38 0.72–0.96 68 91

Kobashigawa J.
2015 [16]

GEP of peripheral specimen (randomized controlled
trial) 60 Not inferior to EMB

Crespo-Leiro
MG. 2016 [17]

GEP of peripheral specimen (observational study:
Cargo II study) 462 0.690–0.700 86.4 * 46.5 *

Shannon CP,
2020 [19]

Whole blood transcriptome profile (nine mRNA
transcript Nanostring nCounter) 177 0.69 | 0.70 89 47

Lin D. 2009 [21] Whole blood genomic profile (12-gene biomarker
panel) 28 N.A. 83.0 100.0

Hollander Z.
2010 [22]

Whole blood genomic profile (Affymetrix Human
Genome U133 Plus 2.0 chips) 31 0.600–0.830 N.A. N.A.

De Vlaminck I.
2014 [26]

Quantification of circulating cell-free donor-derived
DNA 65 0.830 58.0 93

Khush KK.
2019 [30]

Quantification of circulating cell-free donor-derived
DNA 676 0.64 44.0 80

Richmond ME.
2020 [31]

Quantification of donor fraction of cell-free DNA
(0R vs. ≥ 1R) 174 0.86 80 88

Sukma Dewi I.
2013 [45]

Identification of single serum microRNA (miR-326,
miR-142-3p) 10 0.800–0.860 N.A. N.A.

Sukma Dewi I.
2017 [46]

Identification of single serum microRNA
(miR-101-3p, miR-142-3p) 63 0.750–0.780 N.A. N.A.

Duong VH JP.
2014 [47]

Identification of single serum microRNA (miR-10a,
-31, -92a, -155) 113 0.867–981 * N.A. N.A.

Castellani C.
2020 [58]

Characterization of circulating extracellular vesicles
surface antigens 90 0.727−0.939 100.0 * 85.7 *

Kennel PJ. 2018
[59] Serum exosomal protein profiling 48 N.A. N.A. N.A.

Halloran PF.
2017 [72]

Microarray-based molecular microscope (MMDx
System) 221 0.650–0.810 N.A. N.A.
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Table 1. Cont.

Study Diagnostic Tool
n. of

Patients
Area Under the

Curve
Sensitivity

(%)
Specificity

(%)

Bodez D. 2016
[76]

GEP of myocardial tissue (combination of
15 genes—the GET study) 30 N.A. 100.0 100.0

Loupy A. 2017
[77] GEP of myocardial tissue (four different gene sets) 110 0.800–0.870 * N.A. N.A.

Afzali B. 2017
[78] GEP of myocardial tissue (three different gene sets) 163 0.778 * 46.5 * 80.0 *

* Performance at validation. N.A., not assessed; GEP, gene expression profiling.

Approaches for defining the specific signature of circulating EVs from liquid biop-
sies show promising results but require further studies to validate their robustness and
reliability through large-scale trials introduced in clinical practice.

Despite their contributions to highlighting novel and not-yet-investigated points of
view in heart allograft rejection monitoring, the studies cited in this review share several
common limitations: the relatively limited size of the patient cohorts and the lack of
convergence towards a standard molecular profile of cardiac rejection. The GEP, CARGO,
and IMAGE projects have overcome these issues. Their genetic approach can be proposed
as a companion tool in diagnosis to reduce the number of EMBs performed. These kinds of
processes often leverage sophisticated technologies not yet available for a large segment of
transplanted patients.

Hence, the potential of genomics and transcriptomics is well-recognized and the
identification of a transcriptome profile without a bias of selection could help in the
definition of a shared panel of biomarkers for both the recognition of rejection and the
discrimination between ACR, pathological AMR, MR, infections, and other injuries [18,79].

It is therefore crucial to recognize the need for wide-ranging studies, clinical exploiting
the potential of big data analysis and machine learning techniques. As seen in the prediction
system for kidney allograft loss in the iBox study [81], there is a raised awareness with
regard to the personalization of follow-up procedures and therapies for future heart
transplanted patients.

The improvement of novel molecular approaches in tissue and liquid biopsies shows
promising results that require further studies to validate their robustness and reliability
through large-scale trials introduced in clinical practice. Even though liquid biopsy cannot
wholly replace EMB, these two diagnostic approaches can be combined in clinical practice.

The synergic power of these two approaches can increase the accuracy of cardiac
allograft rejection diagnosis. Defining the most effective rejection monitoring strategy
could be the driving force for the settlement of a multimodal approach toward HT patient
management.

The dynamic landscape of rejection surveillance, described in this review, highlights
the evolution of the concept of EMB from a necessary procedure for histopathological
evaluation of the transplanted heart state towards a comprehensive molecular resource
accompanied by liquid biopsy. This holistic view of the follow-up patient’s pathway brings
to light a consistent multimodal personalized approach with the direct integration in
clinical practice of invasive and non-invasive procedures, leading to a progressive change
of paradigm in heart transplant monitoring.
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Abstract: We explored the significance of the L-Arginine/asymmetric dimethylarginine (L-Arg/ADMA)
ratio as a biomarker of endothelial dysfunction in stroke patients. To this aim, we evaluated the
correlation, in terms of severity, between the degree of endothelial dysfunction (by L-Arg/ADMA
ratio), the methylene tetrahydrofolate reductase (MTHFR) genotype, and the interatrial septum (IAS)
phenotype in subject with a history of stroke. Methods and Results: L-Arg, ADMA, and MTHFR
genotypes were evaluated; the IAS phenotype was assessed by transesophageal echocardiography.
Patients were grouped according to the severity of IAS defects and the residual enzymatic activity
of MTHFR-mutated variants, and values of L-Arg/ADMA ratio were measured in each subgroup.
Of 57 patients, 10 had a septum integrum (SI), 38 a patent foramen ovale (PFO), and 9 an ostium
secundum (OS). The L-Arg/ADMA ratio differed across septum phenotypes (p ≤ 0.01), and was higher
in SI than in PFO or OS patients (p ≤ 0.05, p ≤ 0.01, respectively). In the PFO subgroup a negative
correlation was found between the L-Arg/ADMA ratio and PFO tunnel length/height ratio (p ≤ 0.05;
r = − 0.37; R2 = 0.14). Interestingly, the L-Arg/ADMA ratio varied across MTHFR genotypes (p ≤ 0.0001)
and was lower in subgroups carrying the most impaired enzyme with respect to patients carrying the
conservative MTHFR (p ≤ 0.0001, p ≤ 0.05, respectively). Consistently, OS patients carried the most
dysfunctional MTHFR genotypes, whereas SI patients the least ones. Conclusions: A low L-Arg/ADMA
ratio correlates with impaired activity of MTHFR and with the jeopardized IAS phenotype along a
severity spectrum encompassing OS, PFO with long/tight tunnel, PFO with short/large tunnel, and SI.
This infers that genetic MTHFR defects may underlie endothelial dysfunction-related IAS abnormalities,
and predispose to a cryptogenic stroke. Our findings emphasize the role of the L-Arg/ADMA ratio as a
reliable marker of stroke susceptibility in carriers of IAS abnormalities, and suggest its potential use
both as a diagnostic tool and as a decision aid for therapy.

Keywords: endothelial dysfunction; L-Arg/ADMA; PFO; MTHFR; cryptogenic stroke
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1. Introduction

The search for causes and mechanisms underlying strokes is particularly important in young
patients, where the absence of significant small- and large-vessel disease, and/or dissection accounts
for the higher number of strokes diagnosed as cryptogenic [1]. The role of interatrial septum (IAS)
defect features [2,3] in the so-called paradoxical embolism is currently investigated. Patent foramen
ovale (PFO) is a frequent IAS abnormality, and the potential advantages in secondary prevention
of surgical closure over medical therapy are unclear [4–9]. Echocardiographic assessment of PFO
interatrial tunnel length has produced conflicting results as well, initially suggesting a greater risk to
cryptogenic stroke in patients with larger defects [10], and recently re-evaluating such a statement on
the basis of RoPE database analysis [11]. Similarly, the correlative risk of embolism and stroke based
on interatrial shunt extent has generated inconclusive, if not controversial, indications [12,13]. In this
scenario of diagnostic and therapeutic uncertainty, additional evidence for risk stratification is highly
pursued, and the search for potential biomarkers is strongly encouraged.

A position paper from the Italian SICI-GISE Society suggests that thrombophilia is an additional risk
factor for stroke predisposition, sufficient to replace pharmacological therapy with PFO percutaneous
surgery [14]. Indeed, PFO closure is more effective than medical therapy to mitigate stroke recurrence in
thrombophilic subjects [15]; similarly, PTG20210A and FVG1691A mutations are more frequently associated
in patients with PFO-related cerebral infarcts than in a control population [16,17]. In the potential
relationship linking thrombophilia to cryptogenic stroke, the predisposition conferred by genetic
defects in the methylene tetrahydrofolate reductase (MTHFR) is one under-investigated condition.

MTHFR is a key enzyme in the folate cycle, whose vitamin B12-dependent conversion of
homocysteine to methionine produces the main cellular carrier for methylation [18]. Polymorphisms
of the MTHFR include the 677 C > T and the 1298 A > C substitutions, associated to a progressive
loss of enzymatic activity from A1298C heterozygosity to C677T homozygosity [19,20]. Defective
MTHFR genes increase homocysteine levels, and hyperhomocysteinemia has been associated to
higher risk for atherosclerosis, cardiovascular events, venous thrombosis, and microangiopathy [21].
Similarly, MTHFR C677T and A1298C polymorphisms have been associated with multiple small-artery
occlusion [22], a subcortical pattern of potential embolic origin [23,24], and with stroke in patients with
large-vessel disease [25].

While sharing stroke aptitude and epidemiology, MTHFR polymorphisms and PFO are regarded as
unrelated conditions that can overlap rather than interact. However, it is noteworthy that PFO carriers
show higher plasma homocysteine levels than patients without PFO [26]. Thus, from the observations
described above, genetic MTHFR defects may lie beneath both inherited thrombophilia and the
IAS phenotype, and the missing link explaining both conditions might be endothelial dysfunction.
We hypothesize that, by impairing endothelial activity, MTHFR malfunctioning may influence the
physiological structure of IAS; in addition to disturbances in the coagulation process, this might
represent one mechanism underlying nonobvious sources of cardiovascular embolism, and therefore
help to explain the etiology of cryptogenic strokes.

To test this hypothesis, we evaluated the potential correlation between the severity of MTHFR
mutation (considering both MTHFR polymorphism and homocysteinemia levels), the degree of
endothelial dysfunction (indirectly measured as L-Arg/ADMA levels), and the IAS phenotype
(by echocardiographic assessment) in patients diagnosed with Embolic Stroke of Undetemined
Source (ESUS).If confirmed, this hypothesis might also help to legitimize L-Arg/ADMA as a marker of
endothelial dysfunction.

2. Materials and Methods

2.1. Study Population and Enrolment Criteria

This retrospective observational study was carried in accordance with the guiding principles of
the Declaration of Helsinki, with the approval of the local Ethical Committee on Human Research for
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non-interventional studies (Comitato Etico Indipendente, CE n. 4398, 03/12/2014). Fifty-seven subjects
were consecutively enrolled among patients admitted between January 2017 and March 2019 to our
Cardiology Unit with a diagnosis of ESUS [27]. Multiple and/or bilateral patterns were considered of
embolic origin provided that, irrespective of its cerebral location, at least one lesion would be ≥ 15 mm,
in the absence of a previous injury at the same site. All patients received standard, individually
adjusted, cardiovascular therapy. In each patient, a 12-lead ECG, precordial and transesophageal
echocardiography, Holter cardiac monitoring, MR and/or CT angiography of the brain ischemic area,
and epiaortic and transcranial Doppler ultrasonography were performed. Patients were not included in
the study if their age was ≥ 60 years, had a history of Congestive Heart Failure (CHF), atrial fibrillation
(AF) or similar supraventricular arrhythmias, or left ventricular dysfunction, cancer, acute and/or
chronic inflammatory disease, were on immunosuppressive therapy, or concomitantly taking vitamin
or protein supplements. Each participant gave written informed consent before entering the study.

2.2. Laboratory Test

MTHFR polymorphisms were evaluated by RT-PCR on genomic DNA from peripheral blood
samples according to standard protocols. Serum folate and vitamin B12 levels were measured by a
chemiluminescent immunoassay (Tosoh Bioscience, AIA-PACK, Tessenderlo, Belgium). Homocysteine
levels were measured by nephelometric analysis. Plasma asymmetric dimethylarginine (ADMA) and
L-Arginine (L-Arg) levels were measured by enzyme-linked immunoassay (DLD Diagnostika GMBH,
Hamburg, Germany) [28].

2.3. Echocardiographic Imaging

Echocardiographic analysis was performed (Philips EPIQ 7, Philips Healthcare, Andover, Philips
S.p.A. Milan, Italy) using transducer frequencies of 5 to 7.5 MHz. Color Doppler mapping was set
on Nyquist velocities from 28 to 55 cm/s during atrial septal examination. Transcranial and epiaortic
Doppler sonography was aimed at ruling out concomitant stenosis/occlusion in the cerebral and/or
precerebral vasculature, to ascertain the integrity of diastolic and systolic flow in the middle cerebral
artery, and to detect and quantify the existence of shunts. Transthoracic echocardiography was
aimed at ruling out valve calcification, myxomatous valvulopathies, aortic stenosis, mural and atrial
thrombi, cardiac masses, ventricular dysfunction, ventricular non-compaction, endomyocardial fibrosis,
endocarditic processes, and aortic arch atherosclerotic plaques, as well as to measure the size of the
hearts’ right chambers. Transesophageal echocardiography was performed to confirm the existence of
interatrial shunt, to detect and quantify shunt extent, and to provide morphologic features of PFO
tunnel or OS defects [10]. In order to assess interobserver reproducibility of echographic measures,
a second sonographer experienced in the field performed a second blind measurement of previously
acquired images.

2.4. Statistical Analysis

All data were expressed as the mean± error standard or the mean± standard deviation, as indicated
in the figures and tables. Kruskal–Wallis analysis of one-way ANOVA data was used to assess statistical
significance across groups; the very same analysis followed by Dunn’s multiple comparisons correction
was used for multiple testing. The correlation between the Arg/ADMA ratio and length/height of the
PFO tunnel was assessed by the Pearson correlation coefficient. The Bland–Altman plots with 95% CIs
for correlations were utilized to assess interobserver reproducibility of PFO tunnel morphology (Figure
4). Statistical significance (p ≤ 0.05) measured with GraphPad Prism 6.0 (GraphPad Inc., La Jolla, CA,
USA) software is indicated in figure legends.
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3. Results

3.1. Clinical and Laboratory Characteristics of Enrolled Patients

In 57 patients, a diagnosis of ESUS was made [27]. Baseline demographic, laboratory, and clinical
characteristics of subjects are shown according to their IAS phenotype (Table 1) or MTHFR genotype
(Table 2). The mean age of all participants was 41.2 years (range 27–57), with no significant difference
among subgroups. Likewise, no difference in glucose levels, lipid profile, or blood pressure values
were observed among patients (Tables 1 and 2).

Table 1. Clinical characteristics of patients according to septum phenotype.

SEPTUM INTEGRUM PATENT FORAMEN OVALE OSTIUM SECUNDUM

PATIENTS (N) 10 38 9

Age (year) 37 ± 10 42 ± 11 40 ± 17
Fibrinogen (mg/dL) 264 ± 36 249 ± 41 239 ± 43

D-dimers (ng/dL) 488 ± 421 463 ± 370 387 ± 122
P-Hcy (μmol(L) 7.2 ± 3.6 12.1 ± 7.6 * 12.7 ± 3.2 *
Folates (ng/mL) 5.0 ± 4.2 7.7 ± 4.5 17.7 ± 9.9 *
B12 Vit (pg/mL) 438.4 ± 82.3 417.9 ± 166.1 341 ± 104.3

Creatinine (mg/dL) 0.65 ± 0.13 0.75 ± 0.13 0.70 ± 0.19
eGFR (mL/min) 103 ± 15 102 ±13 108 ± 19

Glucose (mg/dL) 96 ± 13.5 88.6 ± 9.5 76 ± 11.2
Cholesterol (mg/dL) 209 ± 27 182 ± 26 201 ± 12

HDL (mg/dL) 53 ± 9 59 ± 14 55 ± 5
LDL (mg/dL) 125 ± 45 103 ± 21 116 ± 12

Triglicerides (mg/dL) 110 ± 34.5 75 ± 24.2 60 ± 18.2
Systolic BP (mmHg) 118 ± 5.2 121 ± 4.78 119 ± 12.2
Diastolic BP (mmHg) 74 ± 9.5 75 ± 3.3 70 ± 9.4

* p < 0.05 vs. respective values in the SI group.

Table 2. Clinical characteristics of patients according to MTHFR genotype.

677 T/T 677 C/T + 1298 A/C 677 C/T 1298 C/C 1298 A/C +WT

PATIENTS (N) 16 14 6 5 16

Age (year) 39 ± 12 40 ± 9 46 ± 18 40 ± 16 42 ± 9
Fibrinogen (mg/dL) 225 ± 24 268 ± 39 260 ± 37 264 ± 65 263 ± 44

D-dimers (ng/dL) 356 ± 153 466 ± 438 462 ± 298 653 ± 585 349 ± 322
P-Hcy (μmol/L) 16.3 ± 5.8 * 9.8 ± 2.9 8.0 ± 2.1 7.9 ± 1.1 9.1 ± 2.9
Folates (ng/mL) 10.6 ± 4.4 7.9 ± 2.7 7.9 ± 5.6 11.4 ± 4.1 6.6 ± 3.3
B12 Vit. (pg/mL) 383.8 ± 150.3 376.3 ± 88.9 385.5 ± 112.5 541 ± 202.5 440.9 ± 199.4

Creatinine (mg/dL) 0.60 ± 0.06 0.79 ± 0.18 0.73 ± 0.21 0.72 ± 0.09 0.77 ± 0.09
eGFR (mL/min) 110.5 ± 6.4 102 ± 2.8 92 ± 26.8 109.5 ± 10.6 101.75 ± 12.3

Glucose (mg/dL) 87 ± 8.04 107.5 ± 12.02 86 ± 4.24 93.5 ± 23.33 95 ± 10.61
Cholesterol (mg/dL) 181 ± 24.3 172 ± 45.9 195 ± 30.4 182 ± 17.7 188 ± 54.1

HDL (mg/dL) 56 ± 7.5 53 ± 2.8 83 ± 4.9 46 ± 5.6 51 ± 16.2
LDL (mg/dL) 110 ± 28.2 101 ± 38.9 101 ± 24.4 112 ± 7.8 113 ± 40.9

Triglicerides (mg/dL) 78 ± 27.5 91 ± 49.5 54 ± 8.5 83 ± 21.2 69 ± 16.3
Systolic BP (mmHg) 117 ± 6.2 120 ± 7.8 122 ± 2.2 118 ± 5.6 119 ± 8.1
Diastolic BP (mmHg) 76 ± 5.5 78 ± 4.3 79 +6.4 79 ± 2.5 76 ± 10.2

* p < 0.01 vs. respective value in all other MTHFR subgroups.

3.2. Morphologic Features of the IAS Defects and Folate-Related Metabolism

Out of 57 subjects, 10 had a septum integrum (SI, 17.5%), 38 carried a patency of foramen ovale
(PFO, 66.7%), and 9 an ostium secundum defect (OS, 15.8%). For PFO, the average length/height tunnel
was 10.6/3.47 mm, with a mean length/height ratio of 3.48± 0.22. For OS defect, the mean superior-inferior
diameter was 16.5 mm and anterior-posterior diameter of 13.5 mm. Baseline characteristics of patients
sub-grouped according to their IAS phenotype are shown in Table 1. Folic acid and homocysteine levels
tended to be higher, whereas vitamin B12 tended to be lower among patients with PFO or OS than in SI
patients (p = 0.049 and p = 0.039, respectively).
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3.3. Distribution of MTHFR Genetic Variants and Folate-Related Metabolism

Sixteen participants carried the 677 T/T homozygous genotype (28.1%), 14 carried the 677 C/T+1298 A/C
double heterozygous mutation (24.6%), 6 carried a 677 C/T heterozygous genotype (10.5%), 5 were carriers
of the homozygous 1298 C/C mutation (8.7%), and 16 were carriers of the 1298 A/C variant or wild-type
MTHFR (28.1%). As shown in Table 2, levels of vitamin B12 and folic acid did not significantly differ
among patients. Conversely, homocysteine levels were higher in the 677 T/T subgroup with respect to all
other genotype subgroups (* p < 0.01).

3.4. L-Arg/ADMA Ratio Related to IAS Phenotype and MTHFR Genotype

The L-Arg/ADMA ratio significantly differed across groups (p < 0.01) and was significantly higher
in SI patients (mean 119.3± 8.6) than in patients carrying a PFO (89± 5.3) and/or an OS defect (74.6± 4.6)
(p ≤ 0.05 and p ≤ 0.01, respectively) (Figure 1).

Figure 1. L-Arginine/asymmetric dimethylarginine (L-Arg/ADMA) ratios according to septum phenotype
subclassification. Box plots indicate the median, maximum, and minimum values. The p-value across
groups (double arrow line) was calculated by a Kruskall–Wallis non-parametric test of one-way ANOVA
data. The p-value between groups (curly brackets) was calculated by Dunn’s multiple correction. * p≤ 0.05;
** p ≤ 0.01.

The L-Arg/ADMA mean values were 67.5 ± 4.6 in patients of the MTHFR 677 T/T subgroup;
81 ± 9.4 in the 677 C/T + 1298 A/C subgroup; 102 ± 4.5 in the 677 C/T subgroup; 105.4 ± 9.5 in the
1298 C/C subgroup; and 116.4 ± 9.6 for patients of the 1298 A/C +WT subgroup. The L-Arg/ADMA
ratio was significantly lower in both the most detrimental 677 T/T subgroup and in the 677 C/T + 1298
A/C heterozygous subgroup with respect to the healthiest 1298 A/C and WT subgroup (p ≤ 0.0001 and
p ≤ 0.05, respectively) (Figure 2).

When combined (irrespective of MTHFR mutation or IAS phenotype), the mean L-Arg/ADMA ratio
was lower in the whole group of our cryptogenic stroke patients than in healthy subjects, although still higher
if compared to the L-Arg/ADMA ratio obtained in patients with acute myocardial infarction (Figure S1).
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Figure 2. L-Arg/ADMA ratios according to MTHFR genotype subclassification. Box plots indicate
the median, maximum, and minimum values. The p-value across groups (double arrow line) was
calculated by a Kruskall–Wallis non-parametric test of one-way ANOVA data. The p-value between
groups (curly brackets) was calculated by Dunn’s multiple correction. * p ≤ 0.05; **** p ≤ 0.0001.

Figure 3 shows a negative linear correlation between the L-Arg/ADMA ratio and the tunnel-like
valve length/height ratio in patients carrying a PFO defect (p < 0.05; r = −0.37; R2 = 0.14).

Figure 3. Pearson correlation and linear regression model between L-Arg/ADMA ratios and tunnel
length/height ratios in patients carrying a patent foramen ovale (PFO) defect.

Inter-observer variability of tunnel length/height ratio assessed by Bland–Altman analysis revealed
a mean bias of −0.023, with 95% limits of agreement of −0.52 to 0.47 (Figure 4).
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Figure 4. Bland–Altman analysis showing a mean bias of −0.023, with 95% limits of agreement between
−0.52 and 0.47.

3.5. Distribution of MTHFR Genetic Variants and IAS Phenotype

According to the IAS morphology and MTHFR genotype, the following distribution was observed
(Figure 5): Among patients with an OS defect (n = 9), 5 were carrying the 677 T/T mutation, 3 were
carrying the 677 C/T + 1298 A/C double heterozygous mutation, and 1 patient was carrying the 677
C/T heterozygous genotype.

Figure 5. Schematic diagram illustrating the distribution of interatrial septum (IAS) phenotypes
(concentric circles) with respect to the MTHFR genotypes among all patients. Subjects carrying either
the 677 C/T or the 1298 C/C MTHFR genotype as well as 1298 A/C or WT genotype (mutations with
similar residual enzymatic activity, respectively) were grouped together for clarity. SI = septum
integrum; PFO = patent foramen ovale with tunnel length/height value below or above 3.48 (± 1.43 SD);
OS = ostium secundum.

PFO carriers were sub-grouped according to tunnel length/height ratio above or below the average
value of 3.5. Of the PFO subjects with a tunnel length/height ratio above 3.5 (n = 18), 7 patients
carried the 677 T/T mutation, 7 patients carried the 677 C/T + 1298 A/C double heterozygous mutation,
3 patients carried the 677 C/T heterozygous genotype, and 1 patient carried the 1298 A/C genotype.
Among PFO subjects with tunnel length/height ratio below 3.5 (n = 20), 4 patients carried the 677 T/T
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mutation, 4 patients carried the 677 C/T + 1298 A/C double heterozygous mutation, 1 patient carried the
677 C/T heterozygous genotype, 4 patients carried the 1298 C/C homozygous genotype, and 7 patients
carried the 1298 A/C MTHFR genotype. All patients with SI (n = 10) carried either the 1298 A/C (n = 4)
variant or the wild-type (n = 4) MTHFR enzyme, except for 1 patient carrying the 677 C/T heterozygosis
and another one carrying the 1298 C/C homozygosis.

4. Discussion

Genetic defects in MTHFR have been reportedly coupled to hyperhomocysteinemia, a marker for
atherosclerosis, cardiovascular events, and microangiopathy risk [21]. Undeniably, methyl overload
and disorders in the folate cycle subsequent to MTHFR mutations disturb the synthesis/function of
multiple factors involved in cell regulation: In endothelium, the impaired availability of substrates (as
L-Arg) and co-factors (such as tetrahydrobiopterine, BH4) of the nitric oxide (NO) synthase (eNOS)
reduces production of NO, the most reliable indicator of endothelial function. We investigated whether
abnormal activity of MTHFR may impair the endothelium-driven development/repair of the interatrial
septum, with the hypothesis that the concomitant occurrence of these conditions may represent a
stroke predisposition. In this scenario, the significance of the L-Arg/ADMA ratio as an indirect marker
of endothelial function may acquire clinical importance for its potential use as both a diagnostic tool
and a decision aid for therapeutic strategies.

4.1. Correlation between the Severity of MTHFR Activity and the Degree of Endothelial Dysfunction

Not surprisingly, higher levels of homocysteine were found in patients with the most impaired
MTHFR variants; concomitantly, the L-Arg/ADMA ratio decreased proportionally to the severity of the
MTHFR mutation. Several interrelated mechanisms support the idea that MTHFR-mediated disruption
in the folate cycle may trigger endothelial dysfunction: Under methylic surcharge and methionine
deficiency, L-Arg may be directly converted to ADMA [29], a powerful endogenous inhibitor of eNOS;
moreover, homocysteine-dependent downregulation of dimethylarginine dimethyl-aminohydrolase
(DDAH) results in increased ADMA levels and endothelial dysfunction [30,31], as observed in patients
exposed to methionine loading tests [32]. In addition, low levels of both BH4 and NO, with subsequent
endothelial dysfunction, have been observed in patients with hyperhomocysteinemia [33]. Even if easy
to be suggested from a molecular perspective, the clinical demonstration of a pathogenic relationship
between MTHFR mutations and ADMA still remains an unexplored field [34,35]. On this basis,
the present findings represent the first attempt to demonstrate an existing relationship between MTHFR
activity and the L-Arg/ADMA ratio, therefore supporting the hypothesis that MTHFR mutations
influence endothelial function. Interestingly, in our study, the L-Arg/ADMA ratio behaves as a more
sensitive indicator of a folate cycle disruption with respect to homocysteine levels. This last observation
further reinforces the proposed idea that the L-Arg/ADMA ratio may serve as a handful marker of
endothelial function, whose values may contribute to better characterize specific patient subgroups.

4.2. Correlation between the Degree of Endothelial Dysfunction and the IAS Phenotype

Based on the aforementioned considerations—along with its role as an independent marker
of ischemic stroke [36], cardiovascular events [37], risk factor for microangiopathy-related cerebral
damage [38], and silent brain infarction [39]—the L-Arg/ADMA ratio (as a surrogate of endothelial
dysfunction) might be proposed as an indicator of IAS defects. In accordance with Ozdemir et al. [26],
we observed that, with respect to patients with SI, levels of homocysteine were proportionally higher
in patients with PFO or OS phenotypes. In parallel, the L-Arg/ADMA ratio progressively declined
among a spectrum encompassing SI, PFO with shorter and larger tunnel, PFO with longer and tighter
tunnel, and complete OS defects. The idea that MTHFR-mediated disorders in the folate cycle trigger
endothelial dysfunction, and that this condition may in turn influence the IAS phenotype, grounds on
several clinic, translational, and basic research studies: An appropriate L-Arg/ADMA ratio, indicative
of a physiological NO production, is required for the proper post-natal cardiomyocyte proliferation
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and differentiation [40], suggesting that a fully performing eNOS is mandatory for postnatal heart
development [41]. In line with this, congenital atrial septal defects have been observed in eNOS-deficient
mice [42]; interestingly, impaired NO production subsequent to reduced BH4 bioavailability has been
reported in mesenteric vessels from MTHFR deficient mice [43]. The importance of the C677T MTHFR
mutation to promote neural tube defects is also well recognized [44,45]; similarly, the preventative effect
of low-dose folate administration on stroke onset has been repeatedly confirmed [46]; these findings are
consistent with the higher plasma levels of homocysteine found in PFO carriers [26]. Taken together,
all these ideas contribute to the support of the possibility that MTHFR-related disorders might account
for IAS defects in humans [47,48].

The correlation between features of the PFO tunnel-like valve and the L-Arg/ADMA ratio might
help to reconcile current controversies concerning tunnel size and risk of cryptogenic stroke [10,11].
According to our findings, the hypothetical major contribution of larger tunnels to paradoxical
embolism might be counterbalanced by the more severe endothelial dysfunction in PFO with tighter
and longer tunnels. Consistent with this hypothesis, the L-Arg/ADMA ratio was similar in patients
carrying either an OS or PFO defect.

4.3. Relationship between the Severity of MTHFR Activity, the Characteristics of IAS Defects,
and Cryptogenic Strokes

Our findings strongly suggest that the most severe septum defects are found in patients carrying
high-dysfunctional MTHFR variants. The relationship found between the L-Arg/ADMA ratio and the
PFO tunnel morphology might partially explain why PFO prevalence decreases with age, whereas its
size increases [49]; this idea is consistent with the observation that reduced MTHFR activity contributes
to impair survival and function of circulating endothelial progenitor cells [50], whose inefficiency
is important on stroke onset [51]. Interestingly, ADMA levels are increased in subjects reporting
migraines with aura [52], and the L-Arg/ADMA ratio is accepted as an independent predictor of
mortality [37].

The lack of specificity in current classification confines cryptogenic strokes to an exclusion
diagnosis, wherein multiple pathogenic factors coexist. While paradoxical embolism cannot explain
strokes occurring in patients with no interatrial abnormality, or carrying a septal aneurysm not
associated with a right-to-left shunt, the presence of endothelial dysfunction may help to unravel a
potentially unrecognized contributor to cryptogenic stroke. Consistent with our hypothesis, lower
values of flow-mediated dilation (indicating endothelial dysfunction) have been proposed as an
independent risk factor for strokes, irrespective of PFO presence [53].

5. Limitations of the Study

The following limitations should be taken into account when evaluating the overall message of our
study: First of all, the narrow number of patients evaluated does not allow an authoritative indication
of a direct cause–effect relationship between MTHFR genotype, IAS defects, and cryptogenic strokes.
In this respect, the demographic characteristics of subjects enrolled might represent an important
drawback: For example, although PFO and MTHFR-inherited thrombophilia share roughly the same
prevalence worldwide [20,54,55], ischemic strokes have been related to PFO with larger tunnels and
a low frequency of MTHFR mutations in a black population; on the other hand, PFO with tighter
tunnels and a high frequency of MTHFR mutations have been documented in Hispanic patients
undergoing strokes [56,57]. More inclusive studies will hopefully help to ascertain the specific risk in a
sub-population of patients.

One second point is related to the use of the L-Arg/ADMA ratio to indicate endothelial dysfunction.
Although strongly suggestive of a relationship between impaired MTHFR activity and abnormal
endothelial function, the L-Arg/ADMA ratio does not give information on the intracellular content and
activity of key molecules or signaling cascades. One possibility to corroborate the link between the
L-Arg/ADMA ratio and the degree of endothelial performance in patients with cryptogenic stroke
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could come by the characterization of pro-angiogenic molecular signaling from circulating Endothelial
Progenitor Cells (EPCs). It has been proven that the level of circulating EPCs is an independent
predictor of the prognosis for patients with an acute ischemic stroke, and that circulating EPCs are
significantly impaired in patients with cerebro-cardiovascular diseases with respect to control subjects.
Since EPCs can differentiate into endothelial cells, replacing or directly integrating with the damaged
endothelial layer, it is likely that any alteration in their expression pattern of eNOS or caspases might
reflect the impaired activity of mature endothelial cells. Unfortunately, because of the retrospective
nature of our study, these experiments could not be carried out at present. Nevertheless, and consistent
with literature data, impaired eNOS protein expression and NO production with concomitant increased
ROS production and NF-kB activation were observed in human endothelial cells incubated in vitro
under high homocysteine concentrations. If confirmed, these observations—too preliminary to be
shown at present—might provide further support to our idea of a tight link between folate-related
endothelial function and unbalanced L-Arg/homocysteine levels.

Moreover, several other possibilities exist: For example, the consequences of MTHFR defects
might extend to abnormal function of other vascular cells types, such as smooth muscle cells. It is
overly accepted that vascular cell proliferation may play an important role in the pathogenesis of
cerebral vasospasm, and that both hyperhomocysteinemia and folate deficiency may influence key
processes such as methylation and global gene expression patterns in smooth muscle cells. Finally,
endothelial trans-differentiation process towards a more contractile phenotype, mostly referred as
endothelial to mesenchymal transition (EndMT) could be jeopardized. In EndMT, endothelial cells
adopt a mesenchymal phenotype displaying typical mesenchymal cell morphology and functions,
including the acquisition of fiber deposition (myofibroblast) and contractile properties (smooth muscle
cell).

In summary, considering the increasing recognition on the contribution that MTHFR plays
in a myriad of physiological processes involved in the differentiation from endothelial progenitor
cells->endothelial cells->vascular smooth cells or myofibroblasts, the lack of an established causative
effect might represent the most significant limitation of this paper. Notwithstanding, findings provided
here open a standpoint from which conceive novel perspectives. Altogether, the multifaceted and still
largely incomplete knowledge on mechanisms underlying cryptogenic stroke highlight the critical
importance of continued studies in this field.

6. Conclusions

From a clinical perspective, our results may contribute to clarify the current scenario of diagnostic
and therapeutic uncertainty in patients with cryptogenic strokes. If validated, the L-Arg/ADMA ratio
may represent a reliable marker of stroke susceptibility in carriers of IAS abnormalities implying that,
in the near future, therapeutic strategies targeting endothelial dysfunction—in addition to antiplatelet
and anticoagulant therapies—may reveal their importance in stroke primary prevention. Moreover,
our findings may help to identify subgroups of subjects that would take full advantage from PFO
surgical closure over medical therapy, as well as subjects that would instead obtain the maximal
beneficial effects from folate administration to reduce stroke incidence [46,58].
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Abbreviations

MTHFR methylene tetrahydrofolate reductase
PFO patent foramen ovale
IAS interatrial septum
OS ostium secundum
ADMA asymmetric dimethylarginine
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