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Summary

Thyroid hormones are powerful modulators of heart function and
susceptibility to arrhythmias via both genomic and non-genomic
actions. We aimed to explore expression of electrical coupling
protein connexin-43 (Cx43) in the heart of rats with altered
thyroid status and impact of omega-3 polyunsaturated fatty acids
(omega-3) supplementation. Adult male Lewis rats were divided
into following six groups: euthyroid controls, hyperthyroid
(treated with Ts) and hypothyroid (treated with methimazol) with
or without six-weeks lasting supplementation with omega-3
(20 mg/100 g/day). Left and right ventricles, septum and atria
were used for immunoblotting of Cx43 and protein kinase C
(PKC). Total expression of Cx43 and its phosphorylated forms
were significantly increased in all heart regions of hypothyroid
rats compared to euthyroid controls. In contrast, the total levels
of Cx43 and its functional phosphorylated forms were decreased
in atria and left ventricle of hyperthyroid rats. In parallel,
the expression of PKC epsilon that phosphorylates Cx43, at
serine 368, was increased in hypothyroid but decreased in
hyperthyroid rat hearts. Omega-3 intake did not significantly
affect either Cx43 or PKC epsilon alterations. In conclusion, there
is an inverse relationship between expression of cardiac Cx43 and
the levels of circulating thyroid hormones. It appears that
increased propensity of hyperthyroid while decreased of
hypothyroid individuals to malignant arrhythmias may be in part
attributed to the changes in myocardial Cx43.
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Introduction

Thyroid hormones (TH) are

modulators of heart function. The cellular action of TH is

powerful

largely derived from its long-term effects resulting
Overt
hyperthyroidism is a pathological syndrome in which

in  thyrotoxicosis and  hypothyroidism.
tissue is exposed to excessive amounts of circulating TH,

while its deficiency is associated with overt
hypothyroidism. There is prevalence of overt thyroid
disease with aging and subclinical thyroid dysfunction in
young adults. Both, hyperthyroidism and hypothyroidism
are associated with oxidative stress in animals as well as
in humans that is deleterious to the heart (Mancini et al.
2016). Clinical studies indicate that excess of TH
increases a risk for atrial fibrillation and ventricular
arrhythmias hypothyroidism can
atherosclerosis and heart failure (Gao et al. 2016). On the

other hand, cardioprotective role of TH in the complexity

while result in

of post-ischemic heart disease has been highlighted
recently (Pingitore et al. 2016, Rajagopalan et al. 2016,
Pantos ef al. 2011, Zhang et al. 2014).

Although prominent effects of TH are thought to
be mediated by the nuclear thyroid receptors, there is an
increasing evidence for their nongenomic (non-nuclear)
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action whereby both can interact (Iordanidou ez al. 2010,
Pantos et al. 2011, Portman 2008, Zinman et al. 2006).
Acute actions of TH are thought to be mediated by direct
binding to the target proteins or influencing intracellular
signaling (Rybin and Steinberg 1996, lordanidou et al.
2010) and subsequent regulation of gating of the ion
channels (e.g. via PKA, PKC phosphorylation). Of note,
numerous nongenomic mechanisms involve
phosphorylation-dephosphorylation of substrate proteins
(Portman 2008).

Both, genomic and nongenomic actions of TH
affect cardiac electrophysiology and Ca®" handling due to
effects on potassium, calcium and RyR channels and
SERCAZ2a. Evidence suggests that these actions as well as
modulation of electrical coupling mediated by intercellular
connexin-43 (Cx43) channels may be implicated in pro-
and antiarthythmic effects of TH (Purtel et al. 2010,
Tribulova et al. 2010). Indeed, as previously has been
shown, hyperthyroid rat heart is prone to lethal ventricular
fibrillation (VF) whereby intercellular Cx43 channels are
likely involved (Lin et al. 2008). On the other hand,
an increase of circulating TH can prevent triggered
activity, ventricular premature beats and tachyarrhythmia
most likely due to prevention of Ca** overload (Zinman et
al. 2006, Tribulova et al. 2004a, 2010).

Considering a crucial role of myocardial Cx43
channels in electrical and molecular signal propagation
between cardiomyocytes for synchronized heart function
(Salameh and Dhein 2005), it would be interesting to
investigate Cx43 response to altered thyroid status in all
regions of the heart because such data are missing. We
aimed to explore Cx43 expression in atria, right and left
ventricle as well as septum of hyper- and hypothyroid
rats. Moreover, we examined protein kinase C signaling
that is modulated by TH (Rybin and Steinberg 1996) and
may have impact on functional phosphorylated state of
Cx43 in these conditions. Finally, taken into account
cardioprotective and antiarrhythmic effects of omega-3
polyunsaturated fatty acids intake in humans as well as
animals (Soukup 2014), we thought to explore their
effects on cardiac Cx43 and PKC signaling in altered
thyroid status.

Material and Methods

The experiments were conducted on male inbred
Lewis rats (n=36) from the authorized rat-breeding unit
of the Institute of Physiology of the Czech Academy of
Sciences, Prague, Czech Republic. The animals were

housed at 23+1 °C and at 12/12 h light-dark cycle periods
with ad libitum access to tap water and a conventional
laboratory chow. The maintenance of rats was in
compliance with the EU Council Directive 86/609EEC
and the investigation was approved by the Expert
Committee of the Institute of Physiology of the Czech
Academy of Sciences, Prague, Czech Republic. At the
age of one month, rats were randomly divided into
hyperthyroid and
hypothyroid. The hyperthyroid (hT) status was induced

following  groups: euthyroid,
by intraperitoneal injection of T; (0.15 mg/kg body
weight) three times a week and maintained until the end
of experiment. Thyroid hormone deficient (dT) status was
induced with a 0.05 % solution of methimazole in
the end of

experiment. The euthyroid rats (nT) with normal levels of

drinking water and maintained until

thyroid hormones were age-matched experimental
animals. Pure omega-3 (docosahexaenoic acid [DHA] +
[EPA]
BioPharma, Norway), were administered via gavages
(200 mg/kg body weight/day) to a half of the rats in each

experimental group for six weeks.

eicosapentaenoic  acid ethylesters, Pronova

At the end of experiment, the animals were
euthanized with Narketan (Ketamine, 100 mg/kg body
weight, i.p.) followed by myorelaxant Xylapan (Xylazine,
10 mg/kg body weight). The chest was opened and heart
from each rat was quickly excised and placed into
ice-cold saline to stop beating. Heart weight was
registered and the heart was quickly separated into left
ventricle (LV), right ventricle (RV), septum (S) and atria
(A) followed by freezing in liquid nitrogen. Tissue and
blood plasma samples were stored at —80 °C. Fasting
blood glucose of the animals was measured using the
easy-gluco-system (Infopia Co. Ltd, Anyang, South
Korea) two days before the end of the experiment. Serum
levels of total triiodothyronine (tT5) and total thyroxine
(tT4)
commercial RIA kits (Immunotech-Beckman Colter Co.,

were assayed radioimmunologically using
Prague, Czech Republic). Biometrical parameters of
experimental rats were registered as well.

Samples from LV, RV, S and A were used for
immunoblotting of Cx43, protein kinase C epsilon (PKCg)
and PKC delta (PKC3) as described previously (Bacova et
al. 2012). In brief, cardiac tissue was powdered and
solubilized in SB20 solution (20% SDS, 10 mmol/l
EDTA, 100 mmol/l Tris, pH 6.8) by sonicator (UP 100H;
Hielscher, Germany). An equal amount of total protein in
each sample was separated in 10 % SDS-PAGE and
transferred

electrophoretically  to  a nitrocellulose
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membrane. For Cx43 determination, the nitrocellulose
membrane was incubated with primary rabbit polyclonal
antibody (anti-Connexin 43 C 6219; Sigma-Aldrich,
diluted 1:2000). This antibody recognizes an epitope in the
extreme C-terminal tail of Cx43 and can recognize all
phosphovariants of Cx43, including serine 368. For PKCe
and PKC9 determination, the nitrocellulose membrane was
incubated with primary rabbit polyclonal antibodies (PKCe
Antibody, C-15: sc-214, Santa Cruz Biotechnology, Inc.,
PKC8 Antibody, C-17: sc-213, Santa Cruz Biotechnology,
Inc.,) diluted 1:100, overnight at 4 °C, followed by further
incubation for 1 h at room temperature with a secondary
donkey antibody (peroxidase-labeled anti-rabbit, 1:2000,
Amersham Biosciences). Bound antibodies were detected
by the ECL method. The optical density of individual
bands was analyzed by Carestream Molecular Imaging
Software  (USA) program and normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
an internal control.

Due to limitation of cardiac chamber-related
tissue samples only left ventricle was used for
determination of matrix metalloproteinase (MMP-2)
activity by zymography. The samples were mixed
inaratio of 1:1 with non-reducing Laemmli’s
buffer and subjected to electrophoresis on 10 %
SDS-polyacrylamide gels co-polymerized with gelatin
(final concentration of 2 g/l). After electrophoresis, gels
were washed twice for 20 min each with 50 mmol/l
Tris-HCI buffer (pH 7.4), containing 2.5 % Triton X-100,
at 25°C. After washing, the gels were incubated
overnight at 37 °C in substrate (developing) buffer
containing 50 mmol/l  Tris-HCl buffer (pH 7.4),
10 mmol/l CaCl, and 1.25 % Triton X-100. After this
incubation, the gels were stained with 1 % Coomassie
Brilliant Blue G-250 dissolved in an aqueous solution

containing 10 % acetic acid and 40 % methanol and then
destained with an aqueous solution containing 10 %
acetic acid and 40 % methanol. Gelatinolytic activities of
MMP-2 were detected as transparent bands against a dark
blue background (Barancik et al. 2012).

Statistical analysis

Statistical differences between thyroid status and
effect of omega-3 were evaluated using one way
ANOVA
Differences of the protein expression depending on the

and Tukey's multiple comparison test.
respective region of the heart between two groups (LV
vs. RV, LV vs. S, LV vs. A) were evaluated using T-test.
Data were expressed as mean=+ SD; P<0.05 was

considered to be statistically significant.

Results

Biometric and diagnostic parameters

General registered characteristics of
experimental rats are summarized in Table 1. There was
a significant increase of blood serum tT; but suppressed
tT,4 in hyperthyroid animals compared to euthyroid rats.
In contrast, significant decrease of both tT; and tT, was
registered in hypothyroid rats. Omega-3 intake resulted in
mild elevation of tT; and tTy4 in hyperthyroid as well as
hypothyroid rats. Fasting blood glucose was significantly
elevated in hyperthyroid but not in hypothyroid rats and
not affected by omega-3 supplementation. There were no
changes in body weight among the groups regardless the
treatments. Comparing to euthyroid status there was
asignificant increase in absolute heart weigh in
hyperthyroid rats while decrease in hypothyroid animals.
The heart to body weight ratio was significantly increased

in hyperthyroid rats only.

Table 1. General characteristics of the rats with altered thyroid status without and with omega fatty acids intake.

nT nTo hT hTo dT dTo
tT; (nmol/l) 1.0+0.1 09+0.2 56£1.7* 7.8+£2.0 0.3+0.1* 0.5+0.1#
tT,; (nmol/l) 84+5 98 +7 48+1.7* 6.1£24 4.1 +£2.5% 59+£2.0
BG (mg/dl) 3.7£04 4.0+0.3 5+0.6% 49+04 44+04 4.1+04
BW (g) 321 +£40 348 £27 303 £ 52 303 £23 285 £ 60 279 £+ 60
HW (g) 0.9+0.1 09=+0.1 1.4+0.1% 1.3+£0.1 0.7+0.1* 0.7+0.1
HW/BW (mg/g) 29+04 2.8+0.3 4.6+0.6* 42402 24+£02 25+£0.2

tT5 — total triiodothyronine, tT4 — total thyroxine, BG — blood glucose, BW — body weight, HW — heart weight, nT — euthyroid control rats
(n=6), nTo — nT rats treated with omega-3 fatty acids (omega-3) (n=6), dT — hypothyroid rats (n=6), dTo — dT rats treated with
omega-3 (n=6), hT — hyperthyroid rats (n=6), hTo — hT rats treated with omega-3 (n=6). Data presented as mean + SD, * P<0.05

versus nT, # P<0.05 untreated versus treated with omega-3.
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Fig. 1. Expression of myocardial total
connexin-43  (Cx43) protein  (AB), its

phosphorylated forms (PCx43) (AC) and the
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Myocardial connexin-43 protein expression and its
phosphorylated status

Obtained
demonstrate changes attributed to respective thyroid

findings presented in  graphs
status as well as chamber-related differences comparing
to the left ventricle.

Compared to euthyroid controls, myocardial
expression of total Cx43 protein was significantly
decreased in hyperthyroid rat heart by ~25% in LV
(Figs 1AB, 2AB and 3AB) and by 18 % in A (Fig. 2AB)
but not changed in S and RV (Fig. lAB, Fig. 3AB). In
parallel, phosphorylated forms of Cx43 were reduced by
~28 % in LV (Figs 1AC, 2AC and 3AC) and by 23 %
in A (Fig. 2AC) but not changed in S (Fig. lAC) and RV
(Fig. 3AC). There was no difference in the ratio of
phosphorylated forms of Cx43 to total Cx43 protein
expression among the experimental groups (Figs 1D, 2D

and 3D). Omega-3 intake did not affect either total or
phosphorylated forms of Cx43 in hyperthyroid rats
(Figs 1, 2 and 3) but increased by 28 % total Cx43
expression in intact rat RV (Fig. 3AB).

On the contrary to hyperthyroidism induced
down-regulation of cardiac Cx43, a significant increase
of total Cx43 protein expression has been found by
~28% in LV (Fig. 1AB, 2AB, 3AB), by 21 % inS
(Fig. 1AB), by 35% in RV (Fig. 3AB) and by 26 %
in A (Fig. 2AB). It was accompanied by significant
of Cx43
expression as documented in Figure 1AC (by 33 % in
LV, by 37 % in S), Figure 2AC (by 26 % in LV, by 42 %
in A) and Figure 3AC (by 29 % in LV, by 24 % in RV).
There was no difference in the ratio of phosphorylated
forms of Cx43 to total Cx43 protein (Figs 1D, 2D and
3D). Omega-3 intake did not change the expression of

enhancement of phosphorylated forms
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either total or phosphorylated forms of Cx43 in
hypothyroid rat heart (Figs 1, 2 and 3).

Besides changes of myocardial Cx43 in response
to hyperthyroidisms and hypothyroidism there was 19 %
lower atrial Cx43 expression comparing to ventricular

(Fig. 2) regardless the thyroid status.

Myocardial PKCe and PKCO protein expression
Obtained  findings
demonstrate changes attributed to respective thyroid

presented in  graphs
status as well as chamber-related differences comparing
to the left ventricle.

Protein expression of PKCe was significantly
decreased by ~39 % in LV, by 32 % in RV, by 43 % in S
and by 24 % in A of hyperthyroid rats. On the contrary, it
was increased by ~39 % in LV, by 33 % in RV, by 66 %

inS and by 25% in A of hypothyroid rats. Omega-3
intake did not affect alterations in PKCe expression
induced by altered thyroid status. Findings are
summarized in Figure 4. Results also showed that
myocardial expression of PKCeg is highest in LV of
euthyroid rat when comparing to other examined regions.

Protein expression of PKCS was dramatically
increased by ~156 % in LV, by 90 % in RV as well as by
96 % in S and by 94 % in A of hyperthyroid rats (Fig. 5).
The expression of PKCS was significantly increased by
~135 % in LV of hypothyroid rats. Omega-3 intake did
not affect thyroid status related alterations in PKCH
expression (Fig. 5). Results also showed that myocardial
expression of PKCS is the same in all examined heart

regions of euthyroid rats.
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Activity of MMP-2 in left ventricle of experimental rats
Due to limitation of cardiac chamber-related
tissue samples only left ventricle was wused for
determination of MMP-2 activity. Examination of
myocardial activity of MMP-2 using gelatin zymography
and quantitative analysis revealed differences between
experimental groups of rats (Fig. 6AB). There was
a significant decrease by 29 % in hypothyroid rat LV.
Omega-3 intake did not affect changes induced by altered

thyroid status.
Discussion

Although thyroid hormones (TH) modulate
function of numerous proteins in the heart on the genomic
and nongenomic level, the data about their effects on
myocardial connexins are scarce. Cx43 is dominant
cardiac connexin and expressed in all regions of the heart

in characteristic pattern. Cx43 channels ensure rapid
spreading of the electrical impulse throughout the heart
that
contraction. While disorders in electrical conduction, due

is  “conditio sinequa none” for coordinated

to impairment of cellular coupling or uncoupling
resulting from changes in Cx43 expression and/or
distribution, promote occurrence of life-threatening
arrhythmias (Salameh and Dhein 2005, Tribulova et al.
2015a,b).

In this study we have shown for the first time
that thyroid status of rats influences myocardial Cx43
expression patterns. Moreover, our findings suggest that
there are differences in Cx43 expression responsiveness
to altered thyroid status between left versus right
ventricle. Accordingly, total Cx43 protein and its
phosphorylated forms were significantly decreased in
left ventricle and atria but not in right ventricle and
septum of hyperthyroid comparing to euthyroid rat hearts.
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The reason for differential left and right ventricle
response is unclear. It perhaps reflects the functional
reserve of the left ventricle that did rise very noticeably in
thyroxin treated rats unlike right ventricle functional
1999).
Moreover, the right ventricle exhibits a higher activity of

reserve comparing to controls (Cihak et al.

aerobic glycolytic metabolism enabling to respond more
efficiently to stress than the left ventricle (Waskova-
Arnostova et al. 2013). As shown previously, decreased
total expression of Cx43 protein as well as its functional
phosphorylated forms in left ventricles of hyperthyroid
rats was associated with higher incidence of electrically
induced ventricular fibrillation (VF) comparing to

euthyroid controls (Lin et al. 2008). This inverse
relationship was confirmed in our latest study (data
prepared for publication). Moreover, we have found in
this study that myocardial Cx43mRNA expression was
not changed due to administration of thyroid hormones
likewise observed previously (Stock and Sies 2000). Data
of the latter study support the notion that the thyroid
hormone response elements sequence plays an important
role in determining the nuclear hormone receptor and
coactivator requirements for thyroid receptor action that
There
responsiveness to thyroid hormone receptor in adult rat
heart.

may be tissue specific. is no Cx43 gene
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In the context of reduced Cx43 proteins it may
be assumed that in the heart thyroid hormones modulate
factors acting on posttranslational levels. These factors
might be related to the oxidative stress that is known to
enhance Cx43 degradation (Xia et al. 2006, Tribulova et
al. 2015a). Reduced expression of atrial Cx43 protein
and/or its functional phosphorylated forms in
hyperthyroid rats was also shown previously (Mitasikova
et al. 2009). It may at least explain increased propensity
of hyperthyroid human heart to atrial fibrillation (Sousa
et al. 2015). This view is supported by our unpublished

findings showing (Fig. 7) that hyperthyroid rat heart is

much prone to develop atrial fibrillation upon burst
stimulation comparing to euthyroid animals. Likewise, it
was published by others (Zhang et al. 2013). Atrial Cx43
mRNA expression was not altered by thyroid hormones
in mice (Almeida et al. 2009). It favours posttranslational
modification of Cx43 protein levels in atria as well.
Dealing with cardiac arrhythmia susceptibility it should
be noted the salutary effects (Bennet-Guerrero et al.
1996, Zhang et al 2014) of thyroid hormones
administration in condition with their reduced circulating
levels such as open heart surgery or post-myocardial
infarction.
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Fig. 6. MMP2 zymography (A) and quantitative analysis of
MMP-2 activity (B) in left ventricle (LV) of rats with altered
thyroid status. nT — euthyroid control rats (n=6), nTo — nT rats
treated with omega-3 fatty acids (omega-3) (n=6),
dT - hypothyroid rats (n=6), dTo — dT rats treated with omega-3
(n=6), hT — hyperthyroid rats (n=6), hTo — hT rats treated
with omega-3 (n=6). Data presented as mean £ SD, * P<0.05
versus nT.

Fig. 7. Electrocardiogram of right atria (ECG) and left ventricular
pressure (LVP) registered in isolated perfused rat heart subjected
to burst stimulation (St) for examining susceptibility of the heart
to atrial fibrillation. Prolonged atrial fibrillo-flutter was easily
induced in hyperthyroid rat heart (B), while euthyroid rat heart
exhibited only transient atrial tachycardia (A) in response to
repetitive electrical stimulation (St).

Available data suggest that the effects of thyroid
hormones can be different depending on the conditions,
dose and duration of administration. In contrast with the
adult rat heart, Cx43 protein expression was enhanced in
cultured neonatal cardiomyocytes exposed to triiodo-I-
thyronine (Tribulova et al. 2004b), while there was no
significant change in response to L-thyroxin in aged rat
hearts (Tribulova et al. 2005). These data suggest age-
related differences in heart tissue Cx43 protein levels in
response to thyroid hormones treatment. In parallel,
young thyroid treated rats were much susceptible to VF

comparing to the old ones (Tribulova et al. 2004a).
Age-related cardiac alterations might reflect age-
dependent differences in the levels of thyroid hormones.

The effect of thyroid hormone deficiency on the
heart is much less explored in both, experimental and
clinical settings, when comparing to hyperthyroid state.
Nevertheless, decline of plasma thyroid hormones was
registered in patients with systemic and cardiovascular
diseases as well as with ageing and failing heart (Gao et
al. 2016, Heckle et al. 2016, Mancini et al. 2016). In
contrast to hyperthyroid rats, the protein expression of
Cx43 was significantly increased in all examined regions
of the hypothyroid rat heart. It was accompanied by
increase of functional phosphorylated forms of Cx43.
Data about cardiac Cx43 in overt hypothyroidism are
scarce. However, increased myocardial Cx43 expression
was reported in diabetic rats (Lin ef al. 2008) that exhibit
reduced levels of thyroid hormones (Ferrer ez al. 2006). It
has also been suggested that hypothyroid state in diabetic
rats provides protection from arrhythmias since this
protection was abolished by treatment with triiodo-I-
thyronine (Zhang et al. 2002, Lin et al. 2008). It appears
that over-expression of myocardial Cx43 in hypothyroid
rats may underlie decreased vulnerability to inducible VF
as previously reported (Bacova et al. 2013). Different to
our results, atrial Cx43 density was not affected in
thyroidectomised rat model as assayed by
semiquantitative immunohistochemistry (Zhang et al.
2013).

What are possible functional consequences of
our key findings? We demonstrated suppression of Cx43
and PKCe mediated signaling in hyperthyroid while
enhancement in hypothyroid rat left ventricle and atria.
Taking into account available data (Jeyaraman et al.
2012, Kwak and Jongsma 1996) and our previous
study (Lin et al. 2006, 2008) we hypothesize that
hyperphosphorylation of Cx43 in hypothyroid state
(likewise in diabetes) may decrease conduction velocity
rendering the heart more electrically stable and less
vulnerable to malignant arrhythmias. In contrast, increase
of conduction velocity in hyperthyroid rats linked with
reduced PKCe expression and Cx43 phosphorylation
resulted in higher vulnerability to fatal arrhythmias. It
appears that Cx43 related increase of myocardial
conduction velocity might be proarrhythmic while
decrease in conduction might be antiarrhythmic at least in
some conditions.

Six weeks-lasting omega-3 supplementation of
hyper- or hypothyroid rats did not affect changes in
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cardiac Cx43 expression induced by altered thyroid
status. Likewise, omega-3 did not significantly affect the
changes in lipid metabolism or biometric parameters of
2013). Certainly, the
measurements of omega-3 levels in plasma and/or heart

these rats (Rauchova et al

tissue of supplemented rats could help to elucidate
whether we used sufficient dosing. Of note, all groups of
omega-3 treated rats showed clear tendency to enhance
circulating thyroid hormones (Table 1). It is needed to
pay more attention in further research.

Furthermore, our findings suggest that prolonged
hyperthyroidism or hypothyroidism modulate myocardial
PKC signaling in all regions of the heart. This pathway is
known important role

to play an in myocardial

remodeling and cardiomyocyte survival in
pathophysiological conditions (Palaniyandi et al. 2009).
PKCg and PKC53 are abundant PKC isozymes in the adult
heart (Duquesnes et al. 2011) and exhibit different
effects, i.e. PKCe is mostly protective and PKCd rather
detrimental. Activation of PKCe promotes myocardial
resistance to injury during oxidative stress. PKC9 is
pro-apoptotic and pro-fibrotic, however, activation of
PKC3 signaling by mild oxidative stress can be protective
in the setting of ischemia. Recent studies suggest that the
regulation of cellular viability during pathology might be
mediated by the ratio of these isozymes. It should be
noted that our study demonstrates changes in the cardiac
PKC expression and not their enzyme activities. The
latter would be certainly helping in better elucidation the
role of cardiac PKC signaling in altered thyroid status.
We showed for the first time that myocardial
expression of PKCe in euthyroid rats is highest in left
ventricle versus other examined regions. Comparing to
euthyroid rat hearts there was a significant decrease of
PKCe expression in left and right ventricle (Rybin and
1966),

hyperthyroid but increase in hyperthyroid rat hearts.

Steinbeg septum as well as in atrium of
PKCg isoenzyme selective cardioprotective role might be
in part attributed to the phosphorylation of Cx43, at
serine 368, that results in the modulation of intercellular
Cx43 channel’s function (Lin et al. 2008, Bacova et al.
2013, Radosinska ef al. 2013). This view is supported by
the findings showing enhanced Cx43 phosphorylated
forms in hypothyroid while suppressed in hyperthyroid
rat hearts. Based on available data (Rybin er al. 1996,
1999, Watson and Gold 1997) and our
comprehensive findings we hypothesize that modulation

Shimoni

of PKCe pathway by thyroid hormones can affect
electrical properties of the heart and arrhythmogenicity

via alterations of function of Cx43 channels as well as ion
transport systems. Activation of PKCe signaling in
condition of thyroid hormone deficiency may confer
protection from arrhythmias most likely due to enhancing
of electrical stability of the heart (by decreasing its
excitability and conduction velocity). In turn, suppression
of PKCe pathway by excess of circulating thyroid
hormones renders the heart more vulnerable to
arrhythmias due to electrical instability resulting from
increased excitability and conduction velocity.

In contrary to PKCe there were no regional
differences in PKC§ expression in euthyroid rat hearts.
However, unlike to PKCg, the expression of PKCS was
markedly increased in ventricles, atrium and septum of
hyperthyroid rats as well as in the left ventricle of
hypothyroid rats. These findings suggest distinct isoform
specific modulation of PKC signaling by thyroid
hormones and differences in responsiveness among
cardiac compartments. Considering the active role of
PKC$ in apoptosis our results suggest that this process is
enhanced by excess of thyroid hormones. This fact points
out that cardiac cells hypertrophy induced by thyroid
hormones might be counterbalanced by enhanced
apoptosis to fight heart dysfunction and failure. There
was no effect of omega-3 supplementation on PKC
signaling in altered thyroid status.

Among factors that may affect myocardial
arrhythmogenicity are MMPs via their impact on cardiac
which Cx43

intercellular coupling. MMPs play central role in

fibrosis, impairs channels mediated
development and progression of dysfunctional cardiac
remodeling (Nagase et al. 2006) after injury or during
pathophysiological conditions (Bartekova et al. 2015).
Our results focusing solely on the left ventricle showed
that the activity of MMP-2 in hyperthyroid rats is not
changed but decreased in hypothyroid animals. It may
indicate disorders in extracellular matrix homeostasis that
could promote fibrotic process. MMP-2 is synthesized by
both, cardiac myocytes and fibroblasts. MMP-2 degrades
major components of myocardial extracellular matrix
including I-V types of collagen, gelatins, laminin,
fibronectin and elastin. Hence chronic activation of
MMP-2
architecture. Moreover, MMP-2 works not only as

may  deteriorate  myocardial  structural
a proteolytic enzyme but also as a negative regulator of

mitochondrial function during the superimposed
oxidative stress (Zhou et al. 2007). On the other hand,
activation of MMPs may attenuate accumulation of

collagen and subsequent fibrosis of the heart tissue in
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various pathological events. Increased MMP-2 levels
were associated with lower fibrosis (Munich ef al. 2016).
It is not known whether altered thyroid status affects
MMPs. Our results showed that activity of MMP-2 in the
left ventricle of hyperthyroid rats is not changed but
decreased in hypothyroid animals. It indicates disorders
in extracellular matrix homeostasis that may promote
fibrotic process. However, further more complex analysis
is needed to elucidate this issue.

Conclusions

Our findings point out distinct thyroid status and

cardiac chamber related myocardial connexin-43
responsiveness. There is down-regulation of cardiac Cx43
in atria and left while not right heart ventricle of

hyperthyroid and up-regulation of Cx43 in all heart
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