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Abstract
Background/Aim: Ischemic heart disease is a leading cause of death worldwide in comparison to malignant neoplasia.

Myocardial infarction (MI) is the result of severe ischemia due to a low consumption of oxygen in the myocardium.
The main pathophysiological reason is a progressive obstructive atherosclerotic endothelial lesion that causes
reduction in coronary blood flow and increases the corresponding arterial stenosis. Our research aim was to
investigate the role of altered expression connexin-43 (gene locus: 6q22.31) protein in MI tissue substrates with
different clinico-pathological characteristics.

Materials and Methods: A set of fifty (n=50) MI archival tissue sections derived from a forensic pathology file were
selected and micro-sectioned. Immunohistochemistry and digital image analysis assays were implemented for
detecting and measuring the levels of connexin-43, respectively.

Results: Low expression of Connexin-43 protein was detected in 16/50 (32%) cases, biphasic expression pattern
(low/medium) was identified in 10/50 (20%), whereas moderate and high levels of protein expression were
observed in the rest of them (24/50-48%). Connexin-43 overall expression was significantly correlated with the
timing of the MI onset (recent or past) (p=0.001).
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Conclusion: Connexin-43 is a critical gap junction intermediate protein in MI pathology diagnosis and research.

Different Connexin-43 expression levels, including single phase or biphasic patterns, should be a reliable biomarker

for determining the timing of the Ml lesions inside the corresponding tissue sections. Furthermore, implementation

of sophisticated, accurate computerized techniques, such as digital image analysis provide very detailed, objective

results regarding protein expression as modern precise (evidence-based) medicine requires.
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Introduction

Myocardial infarction (MI) is a severe clinical condition
emerging as a result of a dramatic blood flow decrease in
coronary arteries of the heart (1). In fact, the majority of
MIs occur on the basis of persistent coronary artery disease
(CAD), the main cause of severe heart failure (2). CAD is a
chronic clinical syndrome based on a progressively
increased atherosclerotic plaque development (3).
Atherosclerosis affects large and medium-sized arteries due
to the progressive accumulation of lipids and calcium in the
intima of the arteries. Endothelial damage and dysfunction
combined with irritation and inflammation of the arterial
wall triggers the formation of atherosclerotic plaque (4).
Chronic tobacco smoking combined or not with severe
metabolic diseases including diabetes mellitus, obesity,
dyslipidemia and arterial hypertension represent the
prominent causes of atherosclerosis, whereas a genetic
predisposition is detected in a limited subgroup of patients
(5-7). Concerning the mechanism and progression of CAD,
the atheromatous plaque does not modify negatively the
blood flow in the early stages of this procedure. But, as the
phenomenon evolves, the atheromatous plaque grows
inside the arterial lumen restricting the blood flow (8).
Destabilization and rupture of atherosclerotic plaque
disturbs critically the coronary blood flow causing ischemia
and acute thrombosis of the coronary arteries leads to the
Ml lesion (9, 10).

Among the molecules that are crucially involved in
myocardial homeostasis, connexin-43 (Cnx-43) is
significantly involved in normal myocardial formation and
function acting as a major mediator in the regulation of gap

junctions that mediate inter-cardiomyocyte communication
(11, 12). Cnx-43 or Gap junction alpha-1 protein (GJA1) of
43.0 kDa and 382 amino acids is a component of gap
junctions is encoded by the GJA1 gene (gene locus: 6q22.31)
(13, 14). In the current original research study, we analysed
the Cnx-43 expression patterns on a series of MI forensic
autopsy tissue sections exploring its potential impact on
their specific clinicopathological characteristics.

Materials and Methods

Study group. A set of fifty (n=50) archival, formalin-fixed
and paraffin-embedded MI tissue specimens obtained
during a forensic autopsy procedure and filed was
selected. The Department of Pathology and the
corresponding Ethics Committee of National and
Kapodistrian University of Athens consented to the use of
these tissues for research purposes (Reference ID research
protocol: 85678/06-03-21), according to the World
Medical Association Declaration of Helsinki guidelines
(2008, revised 2014). The extracted tissue sections were
fixed in 10% neutral-buffered formalin. Hematoxylin and
eosin (H&E)-stained slides were evaluated by two
independent pathologists for the final categorization of
the examined MI tissues according to the World Health
Organization (WHO) pathology guidelines (15).

Immunohistochemistry assay (IHC). Ready-to-use anti-Cnx-43
antibody (rabbit monoclonal, clone GJA1[EPR21153]-Abcam
Limited, Cambridge, UK) at the dilution of 1:500 was applied
in the corresponding tissue sections. The IHC assay was
performed as described in our previous study (16).
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Figure 1. Connexin-43 biphasic (high/moderate) expression pattern in a
case of MI. Note areas with dense brown membranous staining (right part
of the image) and areas with a slighter staining (centre and left part of
the image), respectively (original magnification 100x, Diaminobenzidine-
DAB- chromogen).

Membranous and sub-membranous staining was considered
acceptable for Cnx-43 mono- or biphasic protein expression
patterns (Figure 1, Figure 2).

Digital Image Analysis assay (DIA). Cnx-43 protein
expression levels were evaluated quantitatively by
measuring the corresponding staining intensity levels
(densitometry evaluation) in the immunostained tissue
sections. We performed a DIA assay (ImageProPlus v.6,
Media Cybernetics, Rockville, MD, USA) as we have
previously described (17) (Figure 3). All results and DIA
values are demonstrated in Table 1.

Statistical analysis. Descriptive statistics were carried out
using the statistical package SPSS vr 21.00 (IBM
Corporation, Armonk, NY, USA). Data are expressed as
meanzSD for quantitative variables and as percentages for
qualitative variables. The Kolmogorov — Smirnov test was
utilized for normality analysis of the quantitative
variables. Unifactorial analyses were made using the
Student t-test. All tests are two-sided, and statistical
significance was set at p<0.05.
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Figure 2. Connexin-43 biphasic (moderate/low) expression pattern in a
case of MI. Note mixed areas with medium brown membranous and areas
with a slighter staining, respectively (original magnification 100x,
Diaminobenzidine-DAB-chromogen).

Results

The study included fifty (n=50) specimens, of which 10
(20%) were derived from female and 40 (80%) from
male subjects, respectively. The mean age was 54.9 years
($D=14.0), with an age range of 36 to 92 years. Chronic
hypertrophic cardiomyopathy was present in 24
participants (48%), while 26 participants (52%) did not
present this abnormal condition. In terms of infarct
timing, six (12%) had a past MI, whereas 44 (88%) had
arecent MIL. Concerning the MI tissue extent damage, 34
(68%) cases demonstrated limited damage, whereas the
rest 16 (32%) had extensive damage. Regarding the
severity of hypertrophic cardiomyopathy, early-stage
hypertrophic cardiomyopathy was observed in one (2%)
case, chronic hypertrophic cardiomyopathy in five
(10%), secondary hypertrophic cardiomyopathy in one
(2%), ischemic hypertrophic cardiomyopathy in 17
(34%), and lack of hypertrophic cardiomyopathy lesions
in 26 (52%). In terms of localization, hypertrophic
cardiomyopathy was observed in the interventricular
septum and posterior wall of the left ventricle in two

1372



IN VIVO 39: 1370-1377 (2025)

Figure 3. Digitized evaluation of connexin-43 protein expression. Red
areas correspond to the different levels of protein expression that lead to
specific staining intensity levels in a spectrum of 0-255 continuous grey
scale RGB values.

(4%) cases, the posterior wall of the left ventricle in nine
(18%), the posterior wall of the left ventricle in seven
(14%), the anterior wall of the left ventricle in 20 (40%),
the anterolateral wall of the left abdomen in one (2%),
the anterolateral wall of the left ventricle in seven (14%),
the anterior wall of the left ventricle and apex in one
(2%), and finally the anterior wall of the left ventricle in
three (6%).

Based on the digitized IHC analysis, Cnx-43 protein low
expression was detected in 16/50 (32%) cases, biphasic
expression pattern (low/medium) in 10/50 (20%) a,
whereas moderate and high levels of protein expression in
the rest of them (24/50-48%). Cnx-43 overall expression
was statistically significantly correlated with the timing of
the MI, recent or past, (p=0.001). In fact, past MI tissues were
characterized predominantly by low or biphasic moderate-
low expression levels, whereas recent ones by moderate or
high-moderate values. More specifically, the mean Cnx-43
DIA value was 142.7 (SD=13.7), with a range of 113.6 to
163.4. The Kolmogorov-Smirnov test indicated that Cnx-43
DIA did not follow a normal distribution (KS=0.015,
p<0.005). Consequently, a logarithmic transformation was

applied to Cnx-43 DIA for statistical analysis. The logarithmic
scores of Cnx-43 DIA had a mean of 1.2 (SD=0.5), with a
range of 0.0 to 1.7.

An independent samples t-test revealed no significant
difference between males (M=1.1, SD=0.5) and females
(M=1.3, $D=0.3) in Cnx-43 DIA, t(20.99)=1.0, p=0.344,
d=0.30. The correlation between age and Cnx-43 DIA was
not statistically significant, r(50)=-0.03, p=0.834. There
were no significant differences in Cnx-43 DIA between
participants with hypertrophic cardiomyopathy (M=1.1,
SD=0.5) and those without hypertrophic cardiomyopathy
(M=1.2,5D=0.4),t(42.46)=1.1, p=0.266, d=0.22. Significant
differences were observed in Cnx-43 DIA based on infarct
timing. Cases characterized by past MI (M=1.4, SD=0.1)
had significantly higher Cnx-43 DIA values compared to
the cases with a recent MI (M=1.1, SD=0.5), t(37.14)=3.83,
p<0.001, d=1.00. Regarding the extent of infarct damage,
no significant differences were observed between
participants with limited damage (M=1.2, $D=0.4) and
those with extended damage or the anatomic localization
of the lesions (M=1.1, $D=0.5), t(48)=1.1, p=0.273,
p=0.436, d=0.22), respectively. Table I presents clinic-
pathological features of the examined tissues, Cnx-43
results and also statistical associations.

Discussion

Cnx-43 enhances the optimal embryonic, histological
development and functionality of the myocardium by
regulating the intra-cardio myocyte gap junction adhesion
and signal transduction (18). In contrast, Cnx-43
inactivation is detected by a progressive loss of its
expression in the majority of MI affected tissues. Concerning
the genetic mechanisms that trigger Cnx-43 down
regulation, a variety of mutated genes are implicated. Casein
kinase-1 mutations reduce the normal Cnx-43 expression
and activity. In fact, a molecular study reported phospha-
tase-mediated mutations in three phosphorylated sites of
the casein kinase-1 molecule that negatively affect Cnx-43
functionality in cardiomyocyte-to-cardiomyocyte adhesion
junctions (18). Additionally, another study group explored
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Table I. Clinicopathological parameters and total Cnx-43 expression results.

Clinicopathological parameters Cnx-43 p-Value
MI cases (n=50) LE LME MHE
n (%) 16/50 (32%) 10/50 (20%) 24/50 (48%)
Sex 0.344
Male 40/50 (80%) 13/50 (26%) 8/50 (16%) 19/50 (38)
Female 10/50 (20%) 3/50 (6%) 2/50 (4%) 5/50 (10%)
MI timing
Recent 44/50 (88%) 12/50 (24%) 9/50 (18%) 23/50 (46%) 0.001
Past 6/50 (12%) 4/50 (8%) 1/50 (2%) 1/50 (2%)
MI extent 0.273
Extensive 16/50 (32%) 6/50 (12%) 2/50 (4%) 8/50 (16%)
Limited 34/50 (68%) 10/50 (20%) 8/50 (16%) 16/50 (32%)
Localization 0.436
Posterolateral wall 17/50 (34%) 6/50 (12%) 4/50 (8%) 7/50 (14%)
Anterior wall 24/50 (48%) 7/50 (14%) 3/50 (6%) 14/50 (28%)
Anterolateral wall 9/50 (18%) 3/50 (6%) 3/50 (6%) 3/50 (6%)
Cardiomyopathy 0.266

Early stage 1/50 (2%)
Chronic hypertrophic 5/50 (10%)
Ischemic 17/50 (34%)
Secondary 1/50 (2%)
No 26/50 (52%)

1/50 (2%)
2/50 (4%)
6/50 (12%)
0/50 (0%)
7/50 (14%)

0/50 (0%)
2/50 (4%)
5/50 (12%)
0/50 (0%)
3/50 (6%)

0/50 (0%)
1/50 (1%)
6/50 (12%)
1/50 (1%)

16/50 (18%)

MI: Myocardial infarction; Cnx-43: Connexin 43; Cnx-43.DIA mean value was 142.7 (§D=13.7), with a range of 113.6 to 163.4; LE: Low expression
staining intensity mean value at stained cells 151.2; MLE: moderate-low expression staining intensity mean value at stained cells 146.2; MHE:
moderate-high expression staining intensity mean values at stained cells 129.7; MLE & MHE represent biphasic Cnx-43 expression patterns. Bold

values indicate statistical significance.

the role of a B-Raf proto-oncogene (BRAF) specific mutation
(BRAF-V600E) in the expression of Cnx-43. They observed
that activating BRAF kinase mutations reduces also the Cnx-
43 normal expression in cardiac tissues (19).

In the current experimental study, we focused on the
importance of Cnx-43 in CAD/MI onset and progression by
investigating its expression patterns on a series of Ml tissue
sections and the potential correlation with the
corresponding clinicopathological features implementing a
combination of IHC and DIA analytical methods. We report
Cnx-43 low expression in a significant sub-group of the
examined specimens, whereas a diphasic expression
pattern (low/moderate - moderate/high levels) was also
detected. Interestingly, overall Cnx-43 expression was found
to be strongly associated with the timing of the MI (recent
or past). No other statistically significant differences were

assessed regarding the sex, age, hypertrophic cardio-

myopathy history, or MI-depended damage tissue area. In
conjunction with our IHC-DIA based Cnx-43 protein
expression analysis, some other studies performed modern,
micro-nano methods such as electron and super-resolution
light microscopy, in order to detect and analyze nano-
structures, and also, nanocellulose based electroactive
tissue engineering scaffolds (20, 21). Besides them, novel
multi-tissue microdissection techniques using a grooved
polydimethylsiloxane (PDMS) membrane as a substrate for
immunohistochemical and/or immunofluorescence analysis
of the corresponding Cnx-43 protein expression have also
been used (22-24). Independently of the implemented
method, an interesting point of view is the detection of
different Cnx-43 expression patterns depended on the
timing of the MI onset. Although the normal Cnx-43
expression is detected in the cell membrane and the gap
junction between cardio myocytes, its translocation inside
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the cytoplasmic environment is a remarkable event.
Interestingly, elevated nuclear concentration of the protein
in cardiomyocytes and cardiomyoblasts has been already
detected and this translocation to the nucleus, via intra-
nuclear envelope channels, boosts the continuous
biogenesis of myoblasts and cardiomyocyte differentiation
(25). Besides the differences of Cnx-43 expression that are
observed on the basis of the timing of MI establishment in
the myocardial epithelium, its correlation with the CAD
stability or instability is under investigation. In a
clinicomolecular study based on the joined Cnx-43 and
zonula occludens-1 (Z01) molecule mRNA analysis in a
series of forensic autopsy tissue sections, the researchers
reported a combined decrease of the two proteins,
especially in the cases characterized by acute ischemia in
the corresponding epithelia due to chronic coronary
atherosclerosis, but without features of myocardial necrosis
(26). Additionally, another study group explored the role of
Cnx-43 and ZO1 loss of expression, detected by
immunohistochemistry, in myocardial dysfunction (27).
They reported a strong correlation with the extent of the
examined lesions considering also them as potential
reliable markers for determining early ischemia
condition in the MI abnormal myocardial epithelia. In
fact, both mRNA and protein Cnx-43 expression levels
seem to be implicated in the MI onset and progression that
leads critically to the sudden cardiac death event.
Similarly, Cnx-43 interacts with other molecules inside the
cell microenvironment affecting the homeostasis of the
myocardium. Cnx-43 and NADPH oxidase (NOX)/ROS co-
expression analysis showed that their desynchronization
may explain the high risk for a sudden MI-depended
arrhythmic death that characterizes a sub-group of patients
suffered by atherosclerosis (28).

In conclusion, based on this systematic and precise
analysis, we showed that Cnx-43 abnormal protein
expression is an important marker for the relative
determination of the timing of MI development in the
corresponding affected myocardial epithelia. Interestingly,
a variety of expression patterns including mono-biphasic
(low/moderate, moderate/high) are present in the examined

forensic autopsy tissues revealing different aspects of its
deregulation regarding the impact of its progressive
deregulation in gap junctions between the cardiomyocytes.
For these reasons, Cnx-43 is a significant target for specific
therapeutic approaches including agents such as muscone,
saracatinib or specific conditions (hygrothermal stress, post-
translational modifications) that positively or negatively
modify its protein expression (29-32).
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