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Summary 
Our and other studies suggest that myocardial hypertrophy in 
response to hypertension and hyperthyroidism increases 
propensity of the heart to malignant arrhythmias, while these are 
rare in conditions of hypothyroidism or type-1 diabetes mellitus 
associated with myocardial atrophy. One of the crucial factors 
impacting the susceptibility of the heart to life-threatening 
arrhythmias is gap junction channel protein connexin-43 (Cx43), 
which ensure cell-to-cell coupling for electrical signal 
propagation. Therefore, we aimed to explore Cx43 protein 
abundance and its topology in hypertrophic and hypotrophic 
cardiac phenotype. Analysis were performed in left ventricular 
tissue of adult male spontaneously hypertensive rat (SHR), 
Wistar Kyoto rats treated for 8-weeks with L-thyroxine, 
methimazol or strepotozotocin to induce hyperthyroid, 
hypothyroid and type-1 diabetic status as well as non-treated 
animals. Results showed that comparing to healthy rats there 
was a decrease of total myocardial Cx43 and its variant 
phosphorylated at serine368 in SHR and hyperthyroid rats. 
Besides, enhanced localization of Cx43 was demonstrated on 
lateral sides of hypertrophied cardiomyocytes. In contrast, total 
Cx43 protein and its serine368 variant were increased in 
atrophied left ventricle of hypothyroid and type-1 diabetic rats. It 
was associated with less pronounced alterations in Cx43 
topology. In parallel, the abundance of PKCɛ, which 
phosphorylates Cx43 at serine368 that stabilize Cx43 function 
and distribution was reduced in hypertrophied heart while 
enhanced in atrophied once. Findings suggest that differences in 
the abundance of cardiac Cx43, its variant phosphorylated at 
serine368 and Cx43 topology may explain, in part, distinct 

propensity of hypertrophied and atrophied heart to malignant 
arrhythmias. 
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Introduction 
 

The heart is electro-mechanical pump and 
contractile work of cardiomyocytes largely determine 
cardiomyocyte size. Thus, changes in hemodynamic load 
cause alterations in cardiomyocyte size, with regional 
variations in distribution [1]. Structural remodelling of 
cardiomyocytes is a major component in both cardiac 
hypertrophy and atrophy in response to increased or 
decreased workloads [2,3]. Volume overload is generally 
associated with eccentric hypertrophy and increased 
cardiomyocyte length being the predominant feature. 
Pressure overload generally results in concentric 
hypertrophy characterized by increased cardiomyocyte 
cross-sectional area. A combined volume and pressure 
overload can be produced by administration of thyroid 
hormone, with increased the length and cross-sectional 
area of cardiomyocytes [1]. Conversely, structural 
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remodelling of cardiomyocytes leading to decreased 
cardiomyocyte size and atrophy can be elicited by 
a reduction in afterload or in mechanically unloaded heart 
[4]. This is the case of thyroid hormone deficiency [5] 
and type-1 diabetes mellitus (T1DM) due to an increase 
deiodinase-3 that converts both thyroxine and active 
triiodothyronine into inactive metabolites [6]. 

In the context of cardiomyocyte size it is 
interesting the fact implying from experimental and 
clinical studies that myocardial hypertrophy due to 
hypertension or hyperthyroidism increases susceptibility 
of the heart to malignant arrhythmias [7-9], while 
myocardial atrophy due to T1DM or hypothyroidism 
renders the heart less prone to develop life-threatening 
ventricular arrhythmias [9-12]. Thus, to identify the 
abnormal substrate as a major culprit for sustained 
ventricular arrhythmias jeopardizing cardiac hemody-
namic is relevant. 

One of the crucial factors determining 
susceptibility of the heart to malignant arrhythmias is 
connexin-43 (Cx43), the dominant cardiac protein of gap 
junction channels, which ensure electrical coupling for 
action potential propagation among cardiomyocytes 
[13,14]. Variations in cardiomyocyte coupling due to 
amount and alterations of Cx43 channels as well as their 
topology can account for variations in conduction 
velocity and non-uniform anisotropy, while  
Cx43 channels uncoupling slows or even blocks 
conduction of electrical impulse [15,16]. Thus, loss of 
Cx43 and changes in its conventional cardiomyocyte 
topology perturb myocardial anisotropic electrical 
conduction and predispose to life-threatening arrhythmias 
[14,17]. Those, like ventricular fibrillation and high 
frequency tachycardia occur due to conduction block 
followed by re-entry of excitation [18]. Function of Cx43 
channels is controlled by complex and multifactorial 
processes, including their phosphorylation [13,14]. It is 
noteworthy that the increased level of Cx43 variant 
phosphorylated at serine368 by PKCε, stabilizes 
channels, prevents lateralization and attenuates Cx43 
channel conductivity [19]. These effects can contribute to 
maintenance of anisoptropic cardiac conduction. 

The present study was undertaken to explore 
whether the abundance of Cx43, its localization in 
cardiomyocytes as well as serine368 Cx43 variant along 
with PKCε differ in hypertrophied and atrophied heart 
that may contribute to distinct propensity to malignant 
arrhythmias. We used two established models of cardiac 
hypertrophy and two models of cardiac atrophy,  

i.e. spontaneously hypertensive rats, hyperthyroid rats, 
hypothyroid and type-1 diabetic rats. 
 
Material and Methods 
 
Animal models 

Male, adult Wistar Kyoto rats (WKY) and 
spontaneously hypertensive rats (SHR) were used 
throughout experiments that were approved by our 
Institution’s Animal Care and Use Committee and in 
accordance with the “Guide for the Care and Use of 
Laboratory Animals” published by USA National 
Institutes of Health (NIH publication No 85-23, revised 
1996). Hyperthyroid status was elicited in WKY rats by 
daily treatment with intraperitoneal injection of  
3,3’,5-triiodo-L-thyronine (Sigma Aldrich, Missouri, 
USA; 0.15 µg/kg b.w. for eight-weeks). Hypothyroid 
status was elicited by daily treatment of WKY rats with 
0.05 % solution of methimazole (Sigma Aldrich, 
Missouri, USA) in the drinking water for eight-weeks. 
Type-1 diabetes mellitus was elicited in WKY rats by 
single intravenous injection of streptozotocin (STZ, 
Sigma Aldrich, Missouri, USA; 50mg/kg b.w.) and 
examined eight-weeks later. Animals were divided into 
following groups: SHR, (n=6); Hyperthyroid rats (HT, 
n=6); Hypothyroid rats (HY, n=6); Type-1 diabetes 
mellitus rats (T1DM, n=6). Besides, WKY (n=12) served 
as a healthy control. At the end of the experiment rats 
were euthanized by overdose ketamine (100 mg/kg b.w. 
of Narketan; Vetoquinol UK Ltd., Towcester, UK). After 
blood collection, the heart was quickly excised into  
ice-cold saline to stop contraction followed by dissection 
and registration of heart and left ventricular weights.  
Myocardial tissue was snap frozen in liquid nitrogen and 
tissue as well as fasting blood serum samples were stored 
in a freezer at -80 °C until use for analysis. 
 
Blood serum and myocardial tissue analysis 

Blood glucose level was registered using the 
EasyGluco system. Serum levels of total L-thyroxine 
(T4) and 3,3’,5-triiodo-L-thyronine (T3) were determined 
using commercial RIA kits (Immunotech/Beckman 
Coulter Co., Prague, Czech Republic). 

Cardiomyocyte hypertrophy and atrophy was 
determined by measurement of cross-sectional area 
(CSA) in transverse cardiomyocytes, in tissue sections 
stained with haematoxylin-eosin and examined in 
Apotome 2 microscope (Carl Zeiss Microscopy GmbH, 
Jena, Germany) at 40× magnification. CSA was 
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evaluated in digitalized microscopic images using ZEN 
2.5 software (Carl Zeiss Microscopy GmbH, Jena, 
Germany). About 15-20 cardiomyocytes were scored in 
each tissue section per heart (n=6 rats in each group). 

In situ immunolabeling of Cx43 was performed 
on 10 µm-thick cryosections as previously described [20]. 
After fixation in ice-cold methanol and blocking with 1 % 
BSA section were incubated overnight with primary anti-
Cx43 antibody (diluted 1:500, MAB3068, CHEMICON 
International, Inc., Temecula, CA, USA), washed in PBS 
and incubated with secondary antibodies conjugated with 
FITC-fluorescein isothiocyanate (diluted 1:500, Jackson 
Immuno Research Labs, West Grove, PA, USA). 
Immunostaining was examined in Zeiss Apotome 2 
microscope (Carl Zeiss Microscopy GmbH, Jena, 
Germany) and acquired microscopic images were used 
for quantitative analysis of Cx43 distribution on lateral 
sides of the cardiomyocytes. Quantification of  
Cx43 lateralization, was performed in the 7 test field per 
slice and analysed using Image-Pro Plus software as 
previously described in details [21]. The lateral  
Cx43 topology was expressed as a percentage calculated 
from the ratio of integral optical density (IOD) of lateral 
topology divided by the total IOD. 

SDS-PAGE and Western blot analysis of 
Cx43 and PKC proteins in left heart ventricles were 
determined as previously described [22]. Transferring the 
proteins to a nitrocellulose membrane was followed by 
incubation overnight with primary antibodies: anti-total-
Cx43 (diluted 1:5000, C6219, Sigma-Aldrich, Missouri, 
USA) and anti-phospho-serine 368-Cx43 (diluted 1:1000,  
sc-101660, Santa Cruz Biotechnology, Texas, USA) as 
well as anti-PKCε (diluted 1:1000, sc-214, Santa Cruz 
Biotechnology, Texas, USA). Besides, anti-GAPDH 
(diluted 1:1000, sc-25778, Santa Cruz Biotechnology, 

Texas, USA) detection was performed for using as 
a housekeeping protein. The membranes were 
subsequently washed in TBST and incubated for 1 h with 
a horseradish peroxidase-linked secondary antibodies 
(diluted 1:2000, #7074/#7076, Cell Signalling 
Technology, Colorado, USA). The proteins were 
visualized via electrochemiluminescence followed by 
densitometry using Carestream Molecular Imaging 
Software (version 5.0, Carestream Health, New Haven, 
Connecticut, USA). 

Differences between groups were statistically 
evaluated using one-way analysis of variance (ANOVA) 
and Bonferroni’s multiple comparison test. The 
Kolmogorov-Smirnov normality test reveal the normal 
distribution of variables. Data were expressed as 
means ± standard deviation (SD); p<0.05 was considered 
to be significant. 
 
Results 
 

Registered characteristics of experimental rats 
shown in Table 1 demonstrate that comparing to healthy 
WKY rats the body weight was significantly reduced in 
SHR and T1DM rats. Heart weight and left ventricular 
weight were significantly increased in SHR and 
hyperthyroid rats, whereas decreased in hypothyroid and 
T1DM rats. Hypertrophic and atrophic cardiac phenotype 
was confirmed by significant increase of cross sectional 
cardiomyocyte diameter in SHR and hyperthyroid rats 
and decrease in hypothyroid and T1DM rats when 
compared to healthy WKY rats. Moreover, the changes in 
serum levels of T4, T3 and blood glucose pointed out 
hyperthyroid, hypothyroid and diabetic status in 
corresponding rats group. 

 
 
Table 1. Biometric parameters, blood serum glucose and thyroid hormones in experimental rats. 
 

 
C TH SHR HY T1DM 

BW (g) 411.1 ± 37.2 412.0 ± 42.4 317.2 ± 23.4* 403.6 ± 14.3 342.5 ± 34.1* 
HW (g) 1.04 ± 0.13 1.69 ± 0.12* 1.35 ± 0.13* 0.76 ± 0.08* 0.78 ± 0.16* 
LVW (g) 0.79 ± 0.12 0.98 ± 0.05* 0.98 ± 0.12* 0.57 ± 0.02* 0.62 ± 0.09* 
CSA (µm2) 311.9 ± 48.7 710.9 ± 56.2* 759.2 ± 97.5* 227.2 ± 24.9* 214.8 ± 38.3* 
BG (nmol/l) 4.83 ± 0.80 5.02 ± 0.05 5.95 ± 0.07 4.09 ± 0.95 25.85 ± 4.25* 
T3 (nmol/l) 0.86 ± 0.21 2.30 ± 0.72* 0.92 ± 0.22 0.58 ± 0.09* 0.62 ± 0.05* 
T4 (nmol/l) 53.91 ± 12.30 105.56 ± 26.05* 40.17 ± 11.25 16.87 ± 1.05* 27.50 ± 1.75* 

 
BW – body weight, HW – heart weight, LVW – left ventricular weight, CSA – cross sectional area, BG – blood glucose, T3 – 3,3’,5-
triiodo-L-thyronine, T4 – L-thyroxine. * p<0.05 vs. control. 
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Western blot analysis revealed that total 
Cx43 protein levels as well as its variant phosphorylated 
at serine368 are significantly reduced in hypertrophied 
left ventricle of SHR and hyperthyroid rat hearts 
compared to healthy rats (Fig. 1A, B). In parallel, 
myocardial protein levels of PKCε were decreased in 
these rats when compared to healthy (Fig. 1C). 

In situ immunolabeling of Cx43 in left 
ventricular tissue followed by quantitative image analysis 
pointed out lower immunopositivity in SHR and 
hyperthyroid rat hearts (Fig. 2). However, besides 
conventional localization Cx43 at the intercalated discs 
(end-to-end type), there was apparently enhanced 
immunopositivity on lateral plasma membrane of the 
cardiomyocytes. This “lateralization” (side-to-side type) 

was significant comparing to healthy rat hearts. 
On the other hand, abundance of Cx43, 

including its serine368 variant were significantly 
increased in left ventricle of hypothyroid and T1DM rats 
(Fig. 3A, B). Likewise, there was an increase of PKCε 
protein levels (Fig. 3C). 

Moreover, significant increase of Cx43 immuno-
positivity at the intercalated discs was found in 
ventricular tissue sections, while “lateralization”, i.e. 
amount of Cx43 on lateral sides of the cardiomyocytes 
was not significant (Fig. 4) when comparing to healthy 
rats. 

According to Kolmogorov-Smirnov normality 
test there was normal distribution of the data. 

 

 
 
Fig. 1. Representative images of Western blots and quantitative assessment of: (A) total protein levels of Cx43; (B) Cx43 variant 
phosphorylated at serine368; (C) PKCε protein levels in the left ventricle of hyperthyroid (TH) and spontaneously hypertensive (SHR) 
rats compared to healthy control rats (C). Values are mean ± SD, (n=6 in each group), * p<0.05 vs. control. 
 

 
 
Fig. 2. The representative microscopic images of Cx43 imunolabeling (green color) in longitudinally apposed left ventricular 
cardiomyocytes of experimental rats. Note the prevalent end-to-end type (broken arrows) of Cx43 distribution at the intercalated discs 
and sporadically at the lateral sides (arrowheads) of the cardiomyocytes in healthy rats (C). In contrast to the reduced total 
Cx43 imunolabeling (A) its lateral distribution is enhanced in hyperthyroid rats (TH) and SHR left heart ventricles as assessed by 
quantitative image analysis (B). Scale bar represents 100 µm. Values are mean ± SD, (n=6 in each group), * p<0.05 vs. control. 
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Fig. 3. Representative images of Western blots and quantitative assessment of: (A) total protein levels of Cx43; (B) Cx43 variant 
phosphorylated at serine368; (C) PKCε protein levels in the left ventricle of hypothyroid (HY) and type-1 diabetic (T1DM) rats compared 
to healthy control rats (C). Values are mean ± SD, (n=6 in each group), * p<0.05 vs. control. 
 

 
 
Fig. 4. The representative microscopic images of Cx43 imunolabeling (green color) in longitudinally apposed left ventricular 
cardiomyocytes of experimental rats. Note the prevalent end-to-end type (broken arrows) Cx43 distribution at the intercalated discs and 
sporadically at lateral sides (arrowheads) of the cardiomyocytes in healthy rats (C) as well as in hypothyroid (HY) and type-1 diabetic 
rats (T1DM). Total Cx43 imunolabeling (A) was increase while not its lateral distribution in HY and T1DM rat heart left ventricles as 
assessed by quantitative image analysis (B). Scale bar represents 100 µm. Values are mean ± SD, (n=6 in each group), * p<0.05 vs. 
control. 
 
 
Discussion 
 

The current study strongly points out that 
adaptive responses to cardiac load induces either 
myocardial hypertrophy due to increase workload in SHR 
and hyperthyroid rats or myocardial atrophy due to 
decrease workload in hypothyroid and type-1 diabetic 
rats. We have demonstrated that myocardial structural 
remodelling in regard to the cardiomyocyte size affects 
both abundance and topology of principal gap junction 
channel protein, Cx43. Accordingly, the left ventricular 
hypertrophy in SHR and hyperthyroid rats was 
accompanied by down/regulation and miss-localization of 

Cx43, while myocardial atrophy in hypothyroid and  
type-1 diabetic rats was associated with upregulation of 
Cx43 and minor alterations in its topology. 

Data in literature point out that myocardial 
structural remodelling and impairment of Cx43 mediated 
cardiomyocyte communication impact both heart function 
[1,23] and susceptibility of the heart to arrhythmias 
[18,24]. In line with current findings, down-regulation 
and altered topology (lateralization) of Cx43 in left heart 
ventricle of hypertensive or hyperthyroid rats have been 
previously demonstrated [22,25]. Besides, Cx43 expres-
sion was reduced by 40 % per unit volume of myocyte in 
hypertrophied myocardium from pressure-loaded human 
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left ventricles [17]. In addition, current study indicates 
that Cx43 variant phosphorylated at serine368 are 
significantly reduced in hypertrophied left ventricle of 
SHR and hyperthyroid rat hearts compared to healthy 
rats. It appears that reduced phosphorylation might be due 
to reduced availability of PKCε as shown in this study. 
Consequently, it may facilitate alterations in 
Cx43 distribution, i.e. enhanced localization on lateral 
plasma membrane of hypertrophied cardiomyocytes of 
hypertensive and hyperthyroid rat heart. Although 
mechanisms for these prominent changes are not 
comprehensively elucidated, it is hypothesized that 
lateralization of Cx43 and high lateral conduction 
contribute to decrease of anisotropic ratio and slowing of 
conduction [26,27]. 

In this context, it should be emphasized that 
proper Cx43 channels mediated electrical coupling and 
communication is essential for normal electrical 
activation of the myocardium, anisotropic conduction and 
synchronized contraction of the heart [13,14]. Thus, no 
doubts that significant decrease of Cx43, its 368 variant 
and PKCε may deteriorate electrical coupling and along 
with increased “side to side” conduction in hypertrophied 
heart [26] can cause abnormal conduction promoting 
generation of malignant arrhythmias [24]. It may underlie 
increased susceptibility to ventricular fibrillation 
demonstrated in SHR and hyperthyroid rat hearts [7,11]. 

However, unlike our expanded knowledge 
concern myocardial hypertrophy [7,8] much less is 
known about myocardial or cardiomyocyte atrophy [3]. 
In line with previous findings [10,11,22] the decrease of 
the left ventricular weight was registered in rat hearts in 
response to hypothyroid status and type-1 diabetes, most 
likely due to reduction of cardiac workload. Besides, 
there was a significant reduction of cross sectional area of 
cardiomyocytes pointing out the myocardial atrophy. The 
latter was accompanied by enhanced total Cx43 protein 
(shown also previously, [10,11,22]) as well as its variant 
phosphorylated at serine368 along with increase of 
PKCε abundance. While, atrophied cardiomyocytes did 
not exhibit apparent alterations in Cx43 topology, like 
pro-arrhythmic lateral distribution. Therefore, it can be 
expected that atrophied heart might be less prone to 
develop malignant arrhythmias, as it was demonstrated 
previously [10,11]. Of interest, atrophic myocytes that 
occur at sites of fibrosis and in the failing heart represent 
endogenous population, which could be rescued to 
recover ventricular function [3]. Moreover, atrophic 
signalling, concordant with hypertrophy, occurs in the 

presence of a reparative fibrosis [28]. Furthermore, 
lentivirus-mediated delivery of Cx43 into post-
myocardial infarction scar enhanced conduction velocity 
through cardiomyocyte-myofibroblast electrical coupling 
within the scar and provided arrhythmia protection [29]. 

In the context of the presented pathophy-
siological models it should be noted that these are 
accompanied by alterations in protein synthesis but also 
proteolysis and these processes may account for either 
cardiomyocyte hypertrophy or atrophy [30]. However, it 
is difficult to recognize as whether the changes in  
Cx43 protein levels are induced by systemic disease itself 
or due to structural remodelling. It is supposed that both 
factors may be involved in protein levels of Cx43 and its 
topology in adaptive myocardial hypotrophy or 
hypertrophy. 

Of interest, during postnatal development of 
human heart, the cardiomyocyte growth is accompanied 
by alterations in expression as well as topology of Cx43 
[31]. These changes likely to be associated with 
alterations in the functional anisotropy. According to 
Seidel et al. [26], high lateral gap junction conductance 
and enhanced cell diameter increased the susceptibility to 
conduction block at tissue expansion, providing  
a substrate for arrhythmia. 

In the context of the propensity of the heart to 
cardiac arrhythmias in our rat models it should be 
emphasized that both myocardial hypertrophy and 
atrophy are also accompanied by alterations/dysfunction 
of ion channels and Ca2+ handling disorders 
[7,9,18,32,33]. These disturbances underlie occurrence of 
transient arrhythmias, such as ventricular premature beats 
and ventricular tachycardia due to ectopic activity 
resulting from early or delayed after-depolarizations. 
While these can initiate the re-entry-mediated life-
threatening ventricular tachycardia or fibrillation in the 
heart exhibiting pro-arrhythmia substrate encompassing 
impairment of Cx43 channels. Sudden cardiac death is 
mostly attributed to ventricular fibrillation or high 
frequency ventricular tachycardia resulting in 
hemodynamic collapse. 
 
Conclusions 
 

Findings of this study imply that pro-arrhythmic 
cardiac phenotype elicited by an increase cardiac 
workload of SHR and hyperthyroid rats was associated 
with down-regulation of Cx43-PKCε pathway along with 
pronounced localization of Cx43 on lateral sides of 
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hypertrophied cardiomyocytes. In contrast, the anti-
arrhythmic phenotype elicited by reduced workload of 
hypothyroid and type-1 diabetic rats was associated with 
up-regulation of Cx43-PKCε pathway without apparent 
changes in Cx43 distribution in atrophied 
cardiomyocytes. It can be hypothesized that enhanced 
phosphorylation of Cx43 at serine368 by PKCε and 
perhaps alterations in excitability contribute to 
myocardial electrical stability and vice versa that should 
be proved in further studies. 
 
Limitations of the study 
We would like to emphasize that it is a pilot study 
encouraging to analyse the distinct abundance of Cx43 

per volume of individual hypertrophied versus atrophied 
cardiomyocytes in confocal microscope. It could provide 
further data supporting differences in myocardial 
structural remodelling impacting cardiac arrhythmia 
susceptibility. 
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