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Abstract 

Introduction: Cardiac repair after acute myocardial infarction (AMI) requires adaptations 

in intercellular communication, which are yet to be clarified. Heart cells can communicate 

through cell-released vesicles, namely exosomes, which have connexin 43 (Cx43). This protein 

is essential to the myocardium and mediates the passage of exosomal contents to acceptor cells.  

Several studies suggest that exosomes released by cardiomyocytes are altered in ischaemia, 

making them potential biomarkers for AMI. This study aims to evaluate the levels of Cx43 in 

exosomes derived from cardiomyocyte cell cultures under control or ischaemic-mimetic 

conditions, and then compare them in circulating exosomes between control and AMI patients. 

Furthermore, we will preliminarily assess the use of exosomal Cx43 levels as an AMI 

biomarker and explore their associations with various clinical, analytical, echocardiographic 

and angiographic parameters. 

Methods: We collected exosomes from H9c2 cell cultures under control and ischaemia-

mimetic conditions, isolated and analysed them by Western Blot, followed by densitometric 

quantification of Cx43. We recruited patients newly diagnosed with AMI and patients in whom 

epicardial coronary artery disease was excluded as controls. The Cx43 levels in serum 

exosomes were quantified by enzyme-linked immunosorbent assay. 

Results: The amount of Cx43 in exosomes secreted by cells subjected to ischaemia-mimetic 

conditions was markedly decreased, while Cx43 remained present in extracts from these cells. 

The serum exosomal Cx43 levels were not significantly different between the control and AMI 

groups, despite an apparent tendency towards lower values in the latter. There were no 

statistically significant associations between exosomal Cx43 levels and other parameters. 

Conclusions: This study shows that Cx43 secretion in exosomes is specifically decreased in 

H9c2 cell cultures under ischaemia-mimetic conditions. We did not find significantly different 

exosomal Cx43 levels between the AMI and control groups, however there was an apparent 
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tendency towards decreased levels in AMI patients, which has potential to reveal a biomarker 

with further research. 

 

Keywords: Myocardial infarction; biomarkers; cell communication; extracellular vesicles; 

connexin 43. 
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Resumo 

Introdução: O processo de reparação cardíaca após um enfarte agudo do miocárdio (EAM) 

requer adaptações na comunicação intercelular que continuam por esclarecer. As células 

cardíacas podem comunicar através da libertação de vesículas, nomeadamente exossomas, que 

possuem conexina 43 (Cx43). Esta proteína é essencial ao miocárdio e medeia a passagem de 

conteúdos dos exossomas para células recetoras. Vários estudos sugerem que os exossomas 

libertados por cardiomiócitos estão alterados na isquémia, tornando-os em potenciais 

biomarcadores para EAM. Este estudo pretende avaliar os níveis de Cx43 em exossomas 

produzidos por culturas celulares de cardiomiócitos sob condições controlo e miméticas de 

isquémia, e seguidamente comparar os níveis de Cx43 entre exossomas circulantes de controlos 

e doentes de EAM. Pretende ainda avaliar preliminarmente a utilização dos níveis de Cx43 em 

exossomas como biomarcador de EAM, bem como explorar as suas associações com vários 

parâmetros clínicos, analíticos, ecocardiográficos e angiográficos. 

Métodos: Colhemos exossomas de culturas celulares de H9c2 sob condições controlo e 

miméticas de isquémia, que foram isolados e analisados por Western Blot seguido de 

quantificação densitométrica de Cx43. Recrutámos doentes recém-diagnosticados com EAM e 

doentes em quem foi excluída doença coronária epicárdica como controlos. Os níveis de Cx43 

em exossomas séricos foram quantificados por ensaio de imunoadsorção enzimática. 

Resultados: A quantidade de Cx43 em exossomas secretados por células sujeitas a 

condições miméticas de isquémia estava marcadamente diminuída, permanecendo a Cx43 

presente em extratos destas células. Os níveis de Cx43 de exossomas séricos não foram 

significativamente diferentes entre os grupos controlo e EAM, apesar de mostrarem uma 

aparente tendência para valores inferiores no EAM. Não foram encontradas associações 

estatisticamente significativas entre os níveis de Cx43 e outros parâmetros. 
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Conclusões: Este estudo revela que a secreção de Cx43 em exossomas está especificamente 

diminuída em culturas celulares de H9c2 sob condições miméticas de isquémia. Não 

encontrámos níveis de Cx43 significativamente diferentes entre exossomas de controlos e 

doentes de EAM, porém, havia uma aparente tendência para níveis inferiores no EAM, com 

potencial para revelar um biomarcador em estudos posteriores. 

 

Palavras-chave: Enfarte do miocárdio; biomarcadores; comunicação celular; vesículas 

extracelulares; conexina 43. 
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Introduction 

Coronary Artery Disease (CAD) is the leading cause of mortality in Europe, being 

responsible for approximately one-fifth of all deaths. It is also a substantial contributor to 

morbidity in the European Union, with an increasing number of new cases and an estimated 

burden of €59 billion and  13.2 million disability-adjusted life years annually.1 

Stable CAD consists of stable dysfunction of epicardial vessels or microcirculation and/or 

stable atherosclerotic plaques, which can cause myocardial ischaemia. It can be classified as 

epicardial when atherosclerosis or vasospasm is detected in visible vessels in coronary 

angiography, or microvascular when they are not.2 CAD can lead to an acute myocardial 

infarction (AMI). An AMI is described as evidence of myocardial necrosis in a clinical context 

of acute myocardial ischaemia. It can be diagnosed by the presence of cardiac ischaemia 

symptoms accompanied by increase and/or decrease of elevated cardiac biomarker values, 

preferably high-sensitivity cardiac troponin (hs-cTn), with or without ST-segment elevation on 

the electrocardiogram (ECG).3–5 An AMI can thus be categorized as non-ST-elevation 

myocardial infarction (NSTEMI), usually when the ischaemia is transient or affects a small 

myocardial territory, or ST-segment elevation myocardial infarction (STEMI), usually when 

the ischaemia is prolonged or caused by an acute total coronary occlusion.3–6 STEMI frequently, 

but not always, has a more severe clinical presentation and requires immediate treatment.4,6 In 

either, an early diagnosis is important to prevent an AMI’s potential progression to further 

cardiac damage, irreversible cardiac insufficiency or cardiac arrest.4,5 

Several biomarkers of AMI with different sensitivity and kinetics have been described. hs-

cTn is more sensitive and specific for cardiomyocyte injury while CK-MB may aid in timing 

the AMI or detecting an early reinfarction. Copeptin may be useful in ruling-out NSTEMI early 

and should be measured when only less sensitive cardiac troponin assays are available.5 An 

AMI’s prognosis can be evaluated by various clinical markers, namely GRACE risk score 
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(which includes the variables age, systolic blood pressure, heart rate, serum creatinine, Killip 

class at presentation, hs-cTn),7 low-density lipoprotein cholesterol (LDL-C), left ventricle 

ejection fraction, number of diseased vessels, comorbidities or occurrence of complications 

during hospital stay.4,5 

Following an AMI, cardiac remodelling and repair take place, which include inflammation 

induction, fibrosis and angiogenesis.8–10 Such requires an intricate, orchestrated network of 

biological processes, namely adaptations in intercellular communication, the clear elucidation 

of which constitutes an important gap in current knowledge that could lead to new treatments 

of AMI.10–13 In fact, basic research studies regarding cardiac repair have been identified as one 

of the main needs in AMI research by the European Society of Cardiology.4 

Heart cells can communicate directly, via gap junctions, or indirectly, through e.g. 

extracellular vesicles, namely exosomes.14 Exosomes are vesicles released by most cell types 

into the extracellular space, including biologic fluids such as blood, urine and saliva.10,15,16 They 

have been studied as potential biomarkers for diagnosis and prognosis of a crescent number of 

conditions, such as various tumours, renal function or primary hyperaldosteronism.15,17,18 

Although initially described as a strategy for cells to dispose of waste material, it is now well 

documented that exosomes can convey biological information in the form of proteins, mRNA, 

miRNA or other biomolecules.10,15 A recent study established that exosomes are enriched in a 

membrane protein called connexin 43 (Cx43) which mediates the passage of small 

biomolecules between the vesicle and the acceptor cell, through either channels, fusion or 

exosomal internalization.19 In the myocardium, Cx43 is the most abundant connexin isoform.20 

It is involved in the formation of intercellular gap junctions21 but it is also associated with 

proteins implicated in cellular metabolism, signalling, trafficking, gene transcription, cellular 

proliferation and apoptosis,22 being thus essential for cardiac physiology. It has been reported 

that myocardial ischaemia induces changes in Cx43 channel activity, distribution, 
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phosphorylation, ubiquitination and turnover.20,23–25 It has also been described that Cx43 levels 

are increased in mitochondrial membranes after ischaemia, which is associated with  ischaemic 

preconditioning and could reduce ischaemia/reperfusion injury and infarct size.22,26,27 

Various studies suggest that exosomes released by ischaemic cardiomyocytes differ from 

those released under physiologic conditions,10,13,15 making them potential biomarkers for AMI. 

Given the effects of myocardial ischaemia on cellular Cx43, it is conceivable that the levels of 

Cx43 secreted in exosomes will be altered, allowing exosomal Cx43 to have a role in future 

AMI therapies. 

Thus, the aim of this study is to evaluate the amount of Cx43 in exosomes derived from 

cardiomyocyte cell cultures under control or ischaemic-mimetic conditions, and then compare 

it in circulating exosomes between patients with no epicardial CAD and AMI patients (STEMI 

and NSTEMI). Furthermore, we will preliminarily assess the use of exosomal Cx43 levels as 

an AMI biomarker and explore their associations with various parameters, namely 

comorbidities, analytical values, drugs and prognostic markers. 
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Material and Methods 

Cell cultures and Western Blot densitometry analysis 

The cardiomyoblast cell line H9c2 was maintained in Dulbecco's modified Eagle medium 

(DMEM) with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 100 units/ml penicillin, 

100 units/ml streptomycin, at an atmosphere of 5% CO2 at 37 °C  as previously described.22,28 

 Exosome-depleted medium was prepared by ultracentrifugation of 50% FBS, at 120,000 g 

for 16 h. Supernatants were diluted to a final concentration of 10% FBS in DMEM. 

H9c2 cells were plated until the confluency was reached. Ischaemia was induced for 2 h, 

using hypoxic pouches (GasPakTM EZ, BD Biosciences) equilibrated with 95% N2 and 5% 

CO2, at 37 ºC, with an  ischaemia-mimetic solution (118 mM NaCl, 4.7 mM KCl, 1.2 mM 

CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, 20 mM 2-deoxy-D-glucose, 5 mM lactate, and pH 6.6).23,29 

Controls were performed by incubation of cells in exosome-depleted medium, for 2 h. On 

average, exosomes produced by 12 x 106 H9c2 cells were used for Western Blot (WB) analysis. 

Cell lysates were prepared as previously described23. 

Conditioned medium was collected and exosomes were isolated by differential 

centrifugation at 4 ºC, 10 min at 300 g followed by 20 min at 16,500 g, filtration  (0.22 mm 

filter units, cellulose acetate) and ultracentrifugation (120,000 g, 70 min) of the 

supernatants.30,31 The resultant pellet was washed with phosphate-buffered saline (PBS), and 

after ultracentrifugation (120,000 g, 70 min) exosomes were resuspended in PBS and lysed in 

a non-reducing loading buffer.19 

Exosomes and cell lysates were separated by sodium dodecyl sulphate–polyacrylamide gel 

electrophoresis, followed by WB analysis. Primary antibodies against Cx43 (1:2500, AB0016, 

Sicgen), glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:5000, AB0049-200, Sicgen) 

and Flotillin 1 (1:500, H-104, Santa Cruz Biotechnology) were added and incubated with 
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horseradish peroxidase (HRP) conjugated secondary antibodies (1:10,000, Bio-Rad). Images 

were visualized in a VersaDoc system (Bio-Rad). Densitometric quantification was performed 

in unsaturated images using ImageJ.31 

 

Patients 

We conducted a case-control study from February 2016 to March 2018, at the Department 

of Cardiology of the Coimbra Hospital and Universitary Centre – General Hospital. 

We recruited patients newly diagnosed with STEMI or NSTEMI3–5 who were admitted to 

the Coronary Intensive Care Unit (CICU). Patients who underwent coronary angiography 

where epicardial CAD was excluded were recruited as controls. We excluded patients who had 

age below 18 or above 85 years, were pregnant, developed shock or acute pulmonary oedema 

prior to CICU admission, had myocardiopathies, active oncological disease, end-stage chronic 

renal failure, severe cerebrovascular disease, severe anaemia or coagulopathy. 

All participants signed a written consent in line with the Declaration of Helsinki. The study 

was approved by the Ethics Committee of the Coimbra Hospital and Universitary Centre. 

 

Clinical Procedures 

We registered the age, sex and body mass index (BMI) of all patients and the indication for 

coronary angiography of controls. 

For the AMI patients, we registered the type of AMI, the existence of previous history of 

diabetes mellitus, arterial hypertension, CAD, chronic renal failure, dyslipidaemia, smoking 

habits, coronary artery bypass surgery, the acute coronary syndrome (ACS) duration until 

coronary angiography, the values of heart rate, systolic blood pressure, Killip class, Global 

Registry of Acute Coronary Events (GRACE) risk score 1.0, serum creatinine and troponin I 

upon admission to any health service, the values of hs-cTn I, haemoglobin, C-reactive protein 
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(CRP) and N-terminal prohormone of brain natriuretic peptide (NT-proBNP) upon CICU 

admission, the values of LDL-C, estimated glomerular filtration rate (eGFR) according to the 

Modification of Diet in Renal Disease (MDRD) equation, maximum hs-cTn I and NT-proBNP 

and occurrence of cardiovascular complications or death during CICU stay, and medication 

with acetylsalicylic acid, P2Y12 inhibitors, oral anticoagulants, angiotensin-converting-enzyme 

inhibitors (ACEI), β-blockers, spironolactone and statins before the AMI and after hospital 

discharge. 

We also registered the interventricular septal thickness, left ventricle diastolic and systolic 

diameter, fractional shortening, posterior wall thickness, diastolic dysfunction type and ejection 

fraction (by biplane Simpson method), left auricle volume index, and mitral insufficiency 

severity determined by the transthoracic echocardiography within 3 days after reperfusion or 

before patient discharge, as well as the number of diseased vessels evidenced in the coronary 

angiography.  

 

Blood collection and isolation of human-derived serum exosomes  

Within 12 h after admission to the CICU, or within 20 min after coronary angiography in 

the controls, a venous blood sample was collected into a non-heparinized tube (BD Vacutainer 

SST II Plus plastic serum tube, BD Biosciences). When indicated, revascularization was 

performed within those 12 h. Blood was allowed to clot at room temperature (RT) for 

approximately 30 min. Serum was retrieved in the supernatant after centrifugation at 1000 g for 

15 min at RT. Samples were kept at 4 ºC before exosome isolation. Serum samples were 

centrifuged at 2000 g for 30 min, followed by the addition of Total Exosome Isolation Reagent 

(from serum, Thermo Fisher Scientific) for 30 min at 4 ºC. Samples were centrifuged (10,000 

g, 10 min, RT), after which exosome pellets were resuspended in 25 μL 2x 
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Radioimmunoprecipitation (RIPA) assay buffer and 25 μL PBS. Samples were kept at −80 ºC 

until further analysis. 

Enzyme-linked immunosorbent assay (ELISA) 

ELISA microplates were coated with the Capture Antibody (mouse monoclonal anti-Cx43, 

1:25, catalogue number 610062, BD Biosciences, Franklin Lakes, NJ, USA). Plates were sealed 

and incubations proceed overnight, at RT.  

Each well was aspirated and washed with Wash Buffer (0.05% Tween-20 in PBS, pH 7.4, 

Waltham, MA, USA) three times. Blocking was further performed with 1% bovine serum 

albumin (BSA) in PBS, for 1 h at RT. Washing steps were repeated before sample application. 

Exosome samples on ice were thawed, after which sodium dodecyl sulphate (SDS) was 

added to a final concentration of 1%. Samples were denatured at 95 ºC for 5 min, before 

sonication and centrifugation for 5 min at 1200 g. Supernatants were collected and diluted to a 

final concentration of 0.1% SDS. Total protein content was quantified in each sample using the 

DC Protein Assay (Bio-Rad, Hercules, CA, USA), followed by normalization to a final 

concentration of 5 μg/μl total protein in each sample. 

As a standard for optical density, we used the Cx43 soluble carboxyl-terminus with a 

glutathione S-transferase tag (produced in E. coli, previously produced and purified in our lab 

according to a previously described protocol32). To prepare the standard curve, the Cx43- 

carboxyl-terminus sample was diluted in concentrations ranging from 20 to 540 ng/ml. 

Exosome samples or standards, where applicable, were added to the ELISA plates, covered 

with an adhesive strip and incubated for 2 h at RT. We repeated the aspiration/wash procedure, 

added 100 μL of Detection Antibody (rabbit polyclonal anti-Cx43, 1:25, catalogue number 

710700, Thermo Fisher Scientific) diluted in PBS, covered with a new adhesive strip and 

incubated for 2 h at RT. Following an aspiration/wash step, we added 100 μL of the working 
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dilution of the anti-rabbit secondary antibody conjugated to HRP (1:5000, Bio-Rad), covered 

the plate and incubated for 20 min at room temperature, avoiding direct light. 

The aspiration/wash procedure was repeated. 100 μL of Substrate Solution (3,3', 5,5-

tetramethylbenzidine solution, Thermo Fisher Scientific) was added and incubated for 20 min 

at RT, avoiding direct light. 

50 μL of Stop Solution (1N HCl) was added, followed by determination of the optical density 

using a microplate reader (Synergy HT microplate reader, Biotek, Winooski, VT, USA) set to 

450 nm. To correct for optical imperfections in the plate, we subtracted readings at 570 nm 

from the readings at 450 nm. 

Exosomal Cx43 was quantified through a quadratic regression of the calibration curve 

defined by the standards’ optical densities, using GraphPad Prism 7, version 7.0a (GraphPad 

Software, San Diego, CA, USA). 

 

Statistical Analysis 

GraphPad Prism 7.04 was used for calculating the confidence intervals for the median of 

serum exosomal Cx43 levels. IBM SPSS Statistics Version 20 was used for the remaining 

statistical analysis. The variables were tested for normality in the Control, STEMI, NSTEMI 

and AMI (STEMI and NSTEMI) groups with the Kolmogorov–Smirnov test (when the group 

elements were at least 25) or the Shapiro-Wilk test. Data is reported as median and 25th and 75th 

percentiles, median and 25th and 75th classes, or absolute and relative frequency, respectively 

for quantitative, ordinal and categorical data. 

The WB densitometric quantifications of exosomal Cx43 levels were compared between the 

cells under control and ischaemic-mimetic conditions using the Mann-Whitney U test. 

The exosomal Cx43 levels were compared between the Control and AMI groups using the 

Mann-Whitney U test, and between the control, STEMI and NSTEMI groups through the 

Kruskal–Wallis H test.  
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Additionally, using the Spearman rank correlation coefficient, the possible correlations 

between exosomal Cx43 levels and the clinical, analytical, echocardiographic and angiographic 

parameters were explored in the AMI group, and between exosomal Cx43 levels and BMI in 

the control group. Using the Pearson correlation coefficient we evaluated the possible 

correlation between exosomal Cx43 levels and age in the control group. The exosomal Cx43 in 

AMI was also compared between patients who had the aforementioned previous medications, 

medications after hospital discharge and comorbidities and those who had not, using the Mann-

Whitney U test. The significance level was considered as α=0.05. 
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Results 

Cell cultures WB densitometry analysis 

To evaluate whether the amount of Cx43 in exosomes released by cardiomyocytes is altered 

in ischaemia, we evaluated the levels of Cx43, GAPDH (a marker for basal gene expression) 

and Flotillin-1 in cellular extracts and exosomes secreted by the cardiomyocyte-like cell line 

H9c2, maintained either in control or ischaemia-mimetic conditions. The vesicles released into 

the extracellular milieu were isolated by ultracentrifugation after which the Cx43 levels were 

determined by WB and plotted in a graph. The results obtained and presented in Figure 1 show 

a decreased amount of Cx43 in exosomes secreted by H9c2 cells subjected to ischaemia, when 

compared to other exosomal proteins (Flotillin-1) and controls. Of note, Cx43 remains present 

in extracts from cells under ischaemia-mimetic conditions. 
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Figure 1. Representative Western Blot of Cx43, GAPDH and Flotillin-1 in exosomes and cellular 

extracts from cellular cultures under control and ischaemia-mimetic conditions, with densitometric 

quantification of exosomal Cx43 levels. 

The median and its 95% confidence interval for exosomal Cx43 levels (a.u.) are represented: 1.00 (1.00−1.00) in 

the control and 0.20 (0.14−0.30) in ischaemia-mimetic conditions. p-value=0.002.a.u., arbitrary units; CT, control 

conditions; Cx43, connexin 43; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ISCH, ischaemia-mimetic 

conditions. 
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Patients 

Once we have established that the Cx43 levels in exosomes secreted by a cardiomyocyte-

like cell line are decreased in ischaemia, we proceeded to assess whether the serum exosomal 

Cx43 levels differ between AMI patients and patients with no epicardial CAD, used as controls. 

This study enrolled 47 AMI patients (23 STEMI and 24 NSTEMI) and 26 controls (Tables 

1 and 2). There were no cases of cardiovascular complications nor deaths during hospital stay. 

 

Table 1. Indications for coronary angiography in the control group. 

Indication Frequency 

Abnormality in ECG exercise testing 9 (34.6%) 

Chest pain 7 (26.9%) 

Heart failure 5 (19.2%) 

Abnormality in stress imaging 2 (7.6%) 

Aortic stenosis 1 (3.8%) 

Aortic insufficiency 1 (3.8%) 

Mitral insufficiency 1 (3.8%) 

Data is presented as number (percentage). ECG, electrocardiogram. 
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Table 2. Demographic and clinical characteristics of the study participants. 

Group Control (n=26) STEMI (n=23) NSTEMI (n=24) 

STEMI and 

NSTEMI (n=47) 

Sex: 

Male 

Female 

 

18 (69.2%) 

8 (30.8%) 

 

20 (87.0%) 

3 (13.0%) 

 

22 (91.7%) 

2 (8.3%) 

 

42 (89.4%) 

5 (10.6%) 

Age (years) 64 (57−67) 62 (54−72) 61 (55−71) 61 (55−71) 

Body Mass Index (Kg/m2) 28.40 (25.73−30.82) 28.57 (25.89−31.11) 25.80 (23.79−29.58) 27.65 (24.55−30.80) 

Previous history of: 

Diabetes mellitus 

Arterial hypertension 

Dyslipidaemia 

Smoking habits 

CAD 

Chronic kidney disease 

Coronary artery bypass surgery 

 

 

 

5 (21.7%) 

14 (60.9%) 

14 (60.9%) 

13 (56.5%) 

5 (21.7%) 

2 (8.7%) 

0 (0.0%) 

 

9 (37.5%) 

17 (70.8%) 

17 (70.8%) 

12 (50.0%) 

6 (25.0%) 

1 (4.2%) 

3 (12.5%) 

 

14 (29.8%) 

31 (66.0%) 

31 (66.0%) 

25 (53.2%) 

11 (23.4%) 

3 (6.4%) 

3 (6.4%) 

Hospital presentation: 

Heart rate (beats/min) 

Systolic blood pressure (mmHg) 

Killip class 

GRACE risk score 1.0 

Serum creatinine (mg/dl) 

Troponin I (ng/ml) 

 

 

 

68 (62−82) 

120 (111−144) 

1 (1−1) 

125 (99−140) 

0.89 (0.78−1.06) 

15.45 (2.80−30.88) 

 

70 (58−78) 

137 (124−159) 

1 (1−1) 

118 (104−146) 

0.80 (0.73−0.93) 

1.47 (0.38−4.61) 

 

69 (59−79) 

130 (115−150) 

1 (1−1) 

123 (103−140) 

0.87 (0.76−0.99) 

3.18 (1.13−28.10) 

Acute coronary syndrome 

duration until coronary 

angiography 

 6 to 12 h (less than   

6 h−12 to  24 h) 

1 to 7 days (12 to    

24 h−1 to 7 days) 

12 to 24 h (6 to       

12 h−1 to 7 days) 

CICU admission: 

hs-cTn I (ng/ml) 

Haemoglobin (g/dl) 

C-reactive protein (mg/dl) 

NT-proBNP (pg/ml) 

 

 

 

 

31.70 (12.80−119.00) 

14.80 (14.00−15.10) 

0.90 (0.20−3.10) 

284 (190−922) 

 

0.79 (0.23−5.46) 

14.05 (12.08−14.50) 

1.05 (0.18−4.33) 

326 (63−1543) 

 

9.13 (0.72−55.48) 

14.40 (13.35−14.95) 

1.00 (0.20−3.60) 

303 (181−1110) 

Stay at CICU: 

LDL-C (mg/dl) 

eGFR (ml/min/1.73m2) 

Maximum hs-cTn I (ng/ml) 

Maximum NT-proBNP (pg/ml) 

 

 

 

 

127 (88−138) 

93.2 (79.0−106.8) 

46.95 (24.15−125.00) 

1465 (423−2685) 

 

120 (105−145) 

106.0 (84.3−123.0) 

3.51 (0.64−67.93) 

735 (231−1673) 

 

123 (104−138) 

98.25 (79.7−110.8) 

28.80 (1.74−100.03) 

853 (350−2595) 

Previous regular medication: 

Acetylsalicylic acid 

P2Y12 inhibitor 

Oral anticoagulant 

ACEI 

β-Blocker 

Statin 

Spironolactone 

 

 

 

 

 

6 (26.1%) 

3 (13.0%) 

2 (8.7%) 

5 (21.7%) 

4 (17.4%) 

5 (21.7%) 

0 (0.0%) 

 

5 (20.8%) 

3 (12.5%) 

0 (0.0%) 

4 (16.7%) 

8 (33.3%) 

6 (25.0%) 

1 (4.2%) 

 

11 (23.4%) 

6 (12.8%) 

2 (4.3%) 

9 (19.1%) 

12 (25.5%) 

11 (23.4%) 

1 (2.1%) 

(continued) 
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Table 2 (continued). 

Group Control (n=26) STEMI (n=23) NSTEMI (n=24) 

STEMI and 

NSTEMI (n=47) 

Medication after CICU discharge: 

Acetylsalicylic acid 

P2Y12 inhibitor 

Oral anticoagulant 

ACEI 

β-Blocker 

Statin 

Spironolactone 

 

 

 

 

 

20 (87.0%) 

20 (87.0%) 

3 (13.0%) 

18 (78.3%) 

18 (78.3%) 

20 (87.0%) 

0 (0.0%) 

 

21 (87.5%) 

19 (79.2%) 

0 (0.0%) 

16 (66.7%) 

16 (66.7%) 

19 (79.2%) 

1 (4.2%) 

 

41 (87.2%) 

39 (83.0%) 

3 (6.4%) 

34 (72.3%) 

34 (72.3%) 

39 (92.9%) 

1 (2.1%) 

Data is presented as median (25th percentile−75th percentile) or respective classes, or number (percentage). ACEI, 

angiotensin-converting-enzyme inhibitors; CAD, coronary artery disease; CICU, coronary intensive care unit; eGFR, 

estimated glomerular filtration rate; GRACE, Global Registry of Acute Coronary Events; LDL-C, low-density 

lipoprotein cholesterol; NT-proBNP, N-terminal prohormone of brain natriuretic peptide. 

 

Comparison of exosomal Cx43 levels in the control and AMI (STEMI and NSTEMI) 

groups 

After isolating the serum exosomes, the levels of Cx43 were quantified by ELISA and 

revealed to be normally distributed in the control group, but not in the AMI group nor its 

subgroups STEMI and NSTEMI (Figures 2 and 3). The serum exosomal Cx43 levels in the 

control and AMI groups, despite having a lower median in the latter, were not significantly 

different and had overlapping confidence intervals (Figure 2). 

The exosomal Cx43 levels were further explored by comparison between three groups: 

control, NSTEMI and STEMI (Figure 3), revealing no statistically significant difference. The 

control group had the highest median (125.29 ng/ml) while the STEMI group had the lowest 

(79.54), although the three confidence intervals overlapped. 
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Figure 2. Serum exosomal Cx43 levels in the control and AMI groups. 

The median and its 95% confidence interval for serum exosomal Cx43 levels (ng/ml) are represented: 

125.29 (37.65−163.30) in the control group and 81.39 (24.05−123.70) in the AMI group. p-

value=0.098. AMI, acute myocardial infarction; Cx43, connexin 43. 

 

 
 

Figure 3. Serum exosomal Cx43 levels in the Control, NSTEMI and STEMI groups. 

The median and its 95% confidence interval for serum exosomal Cx43 levels (ng/ml) are represented: 

125.29 (37.65−163.30) in the control, 107.00 (13.48−160.20) in the NSTEMI and 79.54 (17.04−123.70) 

in the STEMI groups. p-value=0.233. Cx43, connexin 43; NSTEMI, non-ST-elevation myocardial 

infarction; STEMI, ST-segment elevation myocardial infarction. 
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Associations between exosomal Cx43 levels and clinical, analytical, echocardiographic 

and angiographic parameters 

In the control group, age was normally distributed, unlike BMI. 

There were no statistically significant correlations in either of the control or AMI groups. 

There were no statistically significant differences in median between AMI patients with or 

without the aforementioned comorbidities, previous medications or medications after hospital 

discharge. 
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Discussion 

Cell cultures 

The adaptations of intercellular communication in cardiac repair following an AMI are yet 

to be fully understood. We compared the exosomal Cx43 levels in cell cultures under control 

and ischaemia-mimetic conditions, then in serum of AMI patients and controls. This study can 

constitute an important contribution to redirect research of serum exosomal Cx43 as a potential 

AMI biomarker. 

The in vitro results showed markedly low exosomal Cx43 levels in ischaemia-mimetic 

conditions, unlike the canonical exosomal protein Flotillin-1. Such suggests that this decrease 

is not solely due to a possibly diminished number of released exosomes and that it is not verified 

evenly in all exosomal proteins, being instead specific for certain ones such as Cx43. Also, 

Cx43 is not as decreased in extracts from ischaemic cells, which suggests a reduction of its 

secretion in exosomes, regardless of an increased intracellular Cx43 degradation.22,23 GAPDH, 

a marker for basal gene expression and used as a WB loading control, was not markedly reduced 

in the extracts from cells under ischaemia-mimetic conditions, suggesting that a marked 

reduction in basal gene expression or unequal sample loading did not interfere with the results. 

A possible mechanism for the reduction of Cx43 secretion in exosomes can be impairment of 

Cx43 trafficking in the ischaemic cells, which could contribute for the previously described 

lateralization of Cx43 in ischaemic cardiomyocites.20,23–25 Since Cx43 mediates the passage of 

small biomolecules between exosomes and cells,19,31 diminished exosomal Cx43 levels could 

lead to a reduced uptake of exosomal contents, thus affecting intercellular communication. 

 

Patients 

Regarding the demographic and clinical characteristics of the study participants, there were 

some differences in gender between the control and AMI groups, as well as between the STEMI 
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and NSTEMI groups in troponin I values, ACS duration until coronary angiography, 

haemoglobin at CICU admission and presenting systolic blood pressure. 

Few female patients were included in this study, particularly in the AMI group. ACS 

becomes more common in women only after the age of 75,2,4,33 close to our exclusion criteria, 

which could explain the reduced absolute number of female patients enrolled. Also, 

microvascular CAD is more common in women,2,33 which could justify the increased relative 

number of female patients in the control group with excluded epicardial CAD. Troponins are 

quantitative biomarkers associated with decreased myocardial perfusion,5,34 so finding higher 

levels in the STEMI group is not surprising and was previously described.35 STEMI indicates 

emergent revascularization within 2 h, while NSTEMI guidelines allow for a more delayed 

invasive strategy.4–6 This could justify a longer duration of ACS until coronary angiography in 

the latter. However, the correlation between duration of ACS and exosomal Cx43 levels was 

not statistically significant in the AMI group. Anaemia is a cause of type 2 AMI3 and it is more 

common in NSTEMI.36,37 Such is in line with our findings of lower values of haemoglobin at 

CICU admission in the NSTEMI subgroup. The systolic blood pressure upon hospital 

presentation was lower in the STEMI group, which is in accordance with previous studies.38 It 

can be conceived that a more severe AMI such as a STEMI could have greater impact upon the 

left ventricle systolic function resulting in a lower systolic blood pressure. 

 

Serum exosomal Cx43 levels are not significantly altered in AMI 

In contrast to our results in cell cultures suggesting that Cx43 is reduced in ischaemic 

cardiomyocytes’ exosomes, we found no significantly altered exosomal Cx43 levels in AMI 

patients nor in its subgroups STEMI and NSTEMI, despite an apparent tendency towards 

decreased levels in AMI and STEMI. These findings are not surprising, as in vivo exosomal 

Cx43 levels could be influenced by various factors not accounted for in the cell cultures. First, 



26 

 

Cx43 can be found in exosomes secreted by many cell types, including endothelial cells, 

lymphocytes, platelets, intestinal epithelial cells,16,19,20,30 so its levels in AMI patients could be 

influenced by exosomes secreted by noncardiac cells. Second, serum exosomal Cx43 levels 

could be greatly dependent on tissue conditions other than ischaemia, such as previously 

ongoing cardiac remodelling due to heart failure or endothelial dysfunction in microvascular 

CAD or peripheral artery disease (which has been reported to influence exosomal contents39). 

These conditions in particular were not excluded in the control nor in the AMI patients, and 

could have influenced the exosomal Cx43 levels. Third, the serum exosomal Cx43 levels could 

vary significantly throughout the hours or days following an AMI, and some patients’ first 

medical contact occurred several days after the symptoms’ onset. Fourth, some AMI samples 

were collected shortly after myocardial revascularization, which nevertheless could allow for 

some ischaemia/reperfusion injury to possibly have some influence on the exosomal Cx43 

levels. Fifth, H9c2 cells are undifferentiated rat left ventricle myoblasts, and thus their exosomal 

secretion under ischaemia could differ from human differentiated cardiac tissue. 

Additionally, there seems to be a floor effect in vivo, as many of the AMI patients and one 

control patient had exosomal Cx43 levels undetectable by ELISA. This could difficult the 

detection of a statistically significant difference if the sample size was not large enough, as 

might have been the case. 

 

Associations between exosomal Cx43 and clinical, analytical, echocardiographic and 

angiographic parameters 

No parameter showed a statistically significant association with serum exosomal Cx43 

levels. Particularly, exosomal Cx43 levels do not seem to be influenced by a previous history 

of CAD, ACS duration until coronary angiography nor by regular therapy with the investigated 
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drugs. They also seem not to be correlated with hs-cTn, the currently preferred biomarker of 

myocardial injury, nor with any other clinical marker of AMI prognosis. 

However, it should be noted that type II error (in this case, accepting that there is no 

difference when in fact it does exist) is increased when group sizes are more unequal,40 and 

some of our comparisons were done in unbalanced group sizes. Therefore, these associations 

should be confirmed in future studies with larger sample sizes. 

 

Preliminary evaluation of serum exosomal Cx43 as a potential AMI biomarker 

An ideal cardiac biomarker should have high sensitivity and specificity, rapid release into a 

body fluid after myocardial injury, rapid clearance from the body fluid(s) and detection by 

rapid, cost effective and simple assays.41 

Considering that exosomes are released into saliva and urine,10,15 exosomal Cx43 levels 

could have interest as a more available cardiac biomarker. However, its use as such seems 

difficult for various reasons. It did not show capacity to confidently distinguish an AMI from 

its absence and the confidence intervals for exosomal Cx43 levels in the control and AMI 

patients overlapped greatly, meaning that it is hard for an assay to be able to distinguish between 

them with high sensitivity or specificity. The quantification of exosomal Cx43 levels through 

ELISA remains technically challenging and time-consuming, though technical and 

technological advances on ELISA methods may improve this aspect significantly so as to 

approach similar quantitative assays developed for urgent quantification of plasmatic proteins, 

as in e.g. urgent quantification of plasmatic D-dimer for excluding thromboembolic disease.42 

Additionally, as no association with ACS duration was detected, it seems particularly unlikely 

for serum exosomal Cx43 to have a role similar to CK-MB in the timing of a NSTEMI. 

However, serum exosomal Cx43 has not yet been evaluated at hospital admission nor at 

regular time intervals during the working diagnosis of AMI like hs-cTn.5 It is possible that, at 
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certain times after an AMI’s onset, exosomal Cx43 levels’ confidence intervals become 

significantly different from the control patients’, thus turning them into a relevant biomarker. 

Concluding, although we did not find significantly altered exosomal Cx43 levels in AMI nor 

significant correlations with prognostic markers, an apparent tendency towards decreased levels 

in AMI and STEMI could reveal them to be an important biomarker with further research, 

possibly surpassing hs-cTn, copeptin or CK-MB in the early AMI diagnosis, rule-out or 

reinfarction detection. 

 

Future studies 

This study opens new questions regarding post-ischaemia intercellular communication and 

exosomal Cx43, both in vitro and in vivo. 

Whether the decreased exosomal Cx43 in ischaemic H9c2 cell cultures results from impaired 

intracellular trafficking should be clarified, as well as its impact on exosome-mediated 

intercellular communication. For this, future studies should consider the signals that govern the 

release of Cx43 in exosomes and how they can be affected by ischaemia, and assess whether 

exosomal surface Cx43 interacts with intracellular proteins. 

Importantly, and similarly to the serial measurements performed for hs-cTn,5 the kinetics of 

exosomal Cx43 release after an AMI should be clarified, preferably in patients with a very 

recent symptom onset, in order to assess whether they are altered at some point and hence have 

potential as a biomarker. It should be assessed if the five types of AMI,3 peripheral artery 

disease, microvascular CAD, heart failure or other comorbidities are associated with altered 

serum exosomal Cx43 levels. Also, increasing the sample size could possibly clarify whether 

there is a statistically significant difference underlying the apparent trend towards reduced 

serum exosomal Cx43 in AMI, and if its levels are associated with any clinical parameter. 
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Conclusions 

Exosomal Cx43 levels were markedly low in H9c2 cell cultures under ischaemia-mimetic 

conditions, suggesting a reduction of its secretion in exosomes. Such could affect intercellular 

communication in vivo. 

Exosomal Cx43 levels were not significantly altered in AMI patients nor in its subgroups 

STEMI and NSTEMI, despite an apparent tendency towards decreased levels in AMI and 

STEMI. Increasing the sample size could possibly clarify whether there is a statistically 

significant difference underlying this apparent trend, revealing exosomal Cx43 levels to be a 

relevant biomarker. 

No clinical, analytical, echocardiographic or angiographic parameter showed a statistically 

significant association with serum exosomal Cx43 levels. Exosomal Cx43 levels do not seem 

to be influenced by a previous history of CAD, ACS duration until coronary angiography nor 

by regular therapy with acetylsalicylic acid, P2Y12 inhibitors, oral anticoagulants, ACEI, β-

blockers, spironolactone or statins. They also seem not to be correlated with hs-cTn nor with 

any clinical marker of AMI prognosis. These associations should however be confirmed in 

future studies with larger sample sizes. 

This study can constitute an important contribution to redirect research of serum exosomal 

Cx43 as a potential AMI biomarker. Serum exosomal Cx43 levels’ kinetics and confidence 

intervals at specified times following an AMI, including at hospital admission, should be 

clarified. 
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