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Summary

Previous data suggest that type 1 diabetes mellitus leads to the
deterioration of myocardial intercellular communication mediated
by connexin-43 (Cx43) channels. We therefore aimed to explore
Cx43, PKC signaling and ultrastructure in non-treated and
omega-3 fatty acid (omega-3) treated spontaneously diabetic
Goto-Kakizaki (GK) rats considered as type 2 diabetes model.
Four-week-old GK and non-diabetic Wistar-Clea rats were fed
omega-3 (200 mg/kg/day) for 2 months and compared with
Real-time PCR and
performed to determine Cx43, PKC-epsilon and PKC-delta

untreated rats. immunoblotting were
expression. In situ Cx43 was examined by immunohistochemistry
and subcellular alterations by electron microscopy. Omega-3
intake reduced blood glucose, triglycerides, and cholesterol in
diabetic rats and this was associated with improved integrity of
cardiomyocytes and capillaries in the heart. Myocardial Cx43
mRNA and protein levels were higher in diabetic versus
non-diabetic rats and were further enhanced by omega-3. The
ratio of phosphorylated (functional) to non-phosphorylated Cx43
was lower in diabetic compared to non-diabetic rats but was
increased by omega-3, in part due to up-regulation of
PKC-epsilon. In addition, pro-apoptotic PKC-delta expression was
decreased. In conclusion, spontaneously diabetic rats at an early
stage of disease benefit from omega-3 intake due to its
hypoglycemic effect, upregulation of myocardial Cx43, and
preservation of cardiovascular ultrastructure. These findings

indicates that supplementation of omega-3 may be beneficial also
in the management of diabetes in humans.
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Introduction

Type 2 diabetes mellitus (T2DM), the most
common form of diabetes, has reached pandemic
proportions worldwide. T2DM is a progressive metabolic
disorder in which glucose tolerance is impaired due to
defects in insulin secretion and/or insulin action. Patients
with T2DM are recognized to have an increased risk of
cardiovascular morbidity and mortality (Julien 1997). It
should be noted that

endogenous cardioprotection (ZaleSak et al. 2015). It is

hyperglycemia deteriorates

also clear that dietary components have significant and
clinically relevant effects on blood glucose modulation.
Nutritional regulation of blood glucose levels is therefore
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a strategic target in the prevention and management of
T2DM.

Omega-3 polyunsaturated fatty acids (omega-3)
are considered useful agents in the prevention of diabetes
or at least in the reduction of insulin resistance (Fedor
and Kelley 2009, Villarroya et al. 2014). This is in part
due to their modulation of membrane fluidity (Stillwell
and Wassall 2003) and
peptidase-4 (MitaSikova et al. 2008), an enzyme that

inhibition of dipeptidyl

breaks down glucagon-like peptide (a crucial hormone
regulating glucose homeostasis). Omega-3 supplemen-
tation also improves clinical outcomes of heart failure
and mortality, including patients with diabetes (Marchioli
et al. 2007, Kazemian et al. 2012, Poole et al. 2013).
Importantly, lower plasma and/or red blood cell level of
omega-3 was reported in patients suffering from
cardiovascular diseases (von Schacky and Harris 2007)
and diabetes (Sertoglu et al. 2014) as well as in rat
models (Bacova et al. 2013) including T2DM rat hearts
(Hou et al. 2012).

Over the past 30 years, the mechanisms by
which omega-3 can improve cardiovascular health,
namely  dyslipidemias, anti-inflammatory, anti-
aggregatory, and anti-arrhythmic effects as well as an
endothelial
investigated extensively (Deckelbaum et al. 2006, Zuliani
et al. 2009, Cottin et al. 2011, Villarroya et al. 2014,

Soukup 2014). Interestingly, recent data indicate that

improvement in function, have been

inflammation can be targeted to treat or reduce T2DM
risk (Jayashree et al. 2014) and that omega-3 can
preserve the function of some enzymes during
inflammation (MézeSova et al. 2013). Moreover, as
aligand of the transcription factor peroxisome
proliferator-activated receptor (PPAR), omega-3 can
increase glucose uptake and improve insulin sensitivity
similarly to PPAR agonists (thiazolidinediones, insulin-
sensitizing drugs) that have been applied for the treatment
of T2DM (Seok and Cha 2013). PPAR agonists have
been shown to prevent the onset of T2DM in Zucker
diabetic fatty rats (Bergeron et al. 2006). Our most recent
findings (Zhukovska et al. 2014) indicate that rats with
T1DM benefit from omega-3 intake via an improvement
of cardiac output, which was partially attributed to the
(Cx43)

abnormalities. Intercellular Cx43 channels are essential

attenuation of myocardial connexin-43

for direct communication between cardiomyocytes,

ensuring action potential and molecular signal

propagation resulting in synchronized heart function
(Fontes et al. 2012, Tribulova et al. 2005, 2008, 2010).

We have previously shown that upregulation of
PKC-epsilon signaling associated with hyperphospho-
rylation of Cx43 led to increased Cx43 channel resistance
and decreased myocardial conduction velocity in TIDM
rats (Lin et al. 2006, 2008, Mitasikova et al. 2009). These
changes, in addition to potassium channel alterations
(Shimoni and Liu 2003), may be behind prolongation of
the QRS and QT interval, thereby affecting heart function
in TIDM (Howarth et al. 2008). However, data
concerning myocardial intercellular communication in
T2DM are lacking. We hypothesized that both T2DM and
omega-3 may affect Cx43 gene transcription and/or post-
translational levels of Cx43 and particularly its functional
phosphorylated status. To verify our hypothesis, we used
the Goto-Kakizaki (GK) rat strain, which is considered
one of the best-characterized animal models for the study
of spontaneous T2DM (Wang et al. 2013). Focusing on
the possible prevention of T2DM, we aimed to
investigate the efficacy of a highly purified omega-3 fatty
acid ethyl ester (Omacor).

Materials and Methods

Animal model

All experiments were performed in accordance
with the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health
(publication 85-23, revised in 1996) and approved by the
Animal Research and Care Committees of Fukuoka
University and the Institute for Heart Research regarding
the handling of experimental animals.

Experiments were conducted on male 4-week-
old spontaneously diabetic Goto-Kakizaki (GK) rats and
Wistar-Clea (WC)
Animals were divided into four groups: non-diabetic
untreated rats (WCc, n=8), diabetic untreated rats (GKc,
n=8), non-diabetic rats treated with Omacor (WCo3,
n=8), and diabetic rats treated with Omacor (GKo3, n=8).
Untreated rats were fed standard laboratory chow only,

age-matched non-diabetic rats.

while treated rats were supplemented in addition with
(docosahexaenoic acid [DHA] +

pentaenoic acid [EPA] ethylesters, Pronova BioPharma,

Omacor eicosa-
Norway, 40 mg/100 g body weight/day for 2 months.
Calculated volume of Omacor was administered per os.
At the end of the experiments, body weight, blood
glucose, plasma triacylglycerols (TAG), cholesterol and
alpha-N-acetylgalactoaminidase (NAGA) were recorded.
NAGA was analyzed because diabetes is known to be
related to oxidative stress, which may be associated with
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release of NAGA due to lysosomal lipid peroxidation
(Kramer et al. 2006). The animals were anesthetized by
exposure to ethyl-ether, their chests were opened and
excised hearts were quenched in ice-cold saline solution
to stop them from beating. The weights of the whole heart
and left ventricle were quickly recorded. Left ventricular
heart tissue was then snap-frozen in liquid nitrogen and
stored at —80 °C until use.

Real-time PCR was used to determine Cx43
mRNA expression and immunoblotting was used to
determine Cx43, PKC-epsilon and PKC-delta protein
expression. Transmural cryostat sections of left ventricular
tissue were used for immunostaining to detect in situ Cx43
myocardial localization. Small blocks (1-2 mm’) of non-
ventricular tissue were

frozen left processed for

transmission electron microscopy examination.

Examination of the heart ultrastructure

Ventricular tissue blocks (n=5 per heart) were
fixed in 2.5 % glutaraldehyde buffered with 100 mmol.I”
sodium cacodylate for 3 h at 4 °C, washed in buffer and
subsequently post-fixed in 1% OsO,, dehydrated via
ethanol series, infiltrated by propylene oxide and
embedded in Epon 812, as described previously (Lin et
al. 2008). Semi-thin sections (1 um) were cut and stained
with toluidine blue for light microscopic examination in
order to select a representative area of the tissue sample
for ultrathin sectioning. Ultrathin sections were stained
with uranyl acetate and lead citrate. The ultrastructure
was examined using a transmission electron microscope

(BS 500, Tesla, Brno, Czech Republic).

In situ immunofluorescence labeling of myocardial Cx43
Left ventricular cryostat sections (n=5 per heart)
were exposed to the mouse monoclonal anti-Cx43
antibody (Chemicon International, Inc.) at a dilution of
1:200 for 1 h at room temperature, followed by secondary
FITC-conjugated goat anti-mouse antibody, as described
2008).
immunoreaction was verified by incubation of the slices

previously (Lin et al Specificity of the
without primary antibody. Immunostained sections were
examined using a fluorescence microscope (Axiostar,
Carl Zeiss, Jena, Germany). Quantitative analysis was
carried out as follows: a 2000 um’ square image was
imported into NIH Image J software for analysis. The
threshold for creating a binary image for counting was
kept constant between images and was set to ensure that
spots that represented Cx43 labeling would be counted
without interference from background and the number of

spots above background was counted automatically. The
minimum detectable plaque size was 1 pm’. Four fields
were analyzed for each set of measurements. The number
of labeled gap junctions measured in each field was
plotted as a frequency histogram.

Real-time PCR for connexin-43-mRNA assay

RNA isolation and reverse transcription were
performed as described previously (Bacova et al. 2012).
The obtained single-chain DNA was used for real-time
PCR. Amplification was performed in 10 pl of SYBR
Green PCR Master Mix containing 30 pmol.I" of each
primer. For amplification of GJP43 gene and beta-actin
(the housekeeping gene was not reported to be changed in
DM), gene fragments of the following primers were used
to determine Cx43-mRNA level: GJP43, sense 5'-TCC
TTG GTG TCT CTC GCT TT-3', antisense 5'-GAG
CAG CCA TTG AAG TAG GC-3'; and beta-actin, sense
5'-TCA TCA CTA TCG GCA ATG AGC-3', antisense
5'-GGC CAG GAT AGA GCC ACC A-3'. Sample
volume was adjusted to 20 pl with deionized water.
Amplification was performed as previously described
(Zhukovska et al. 2014). The CT (cycle threshold) was
defined as the number of cycles required for the
fluorescence signal to exceed the detection threshold. We
calculated the expression of the target gene relative to the
housekeeping gene as the difference between the CT
values of the two genes.

Immunoblot analysis of connexin-43 and PKC expression

For Cx43 and overall PKC analysis, left
ventricular frozen tissue was powdered in liquid nitrogen
and solubilized in SB20 solution (20 % SDS, 10 mmol.I"
EDTA, 0.1 molI' TRIS, pH 6.8) by a sonicator
(UP 100H, Hielscher, Germany). In order to differentiate
PKC expression in the soluble and particulate fractions,
left ventricular tissue was homogenized in an ice-cold
homogenization buffer containing 20 mmol.I"" Tris-HCI,
250 mmol.I" sucrose, 1.0 mmol.I"! EGTA, 1.0 mmol.1"
dithiothreitol (DTT), 1.0 mmol.I"" phenylmethylsulfonyl-
fluoride (PMSF), and 0.5 mmol.I"' sodium orthovanadate
(resulting pH 7.4) using a Teflon glass homogenizer as
previously described in Bacova et al. (2012). To
determine Cx43, PKC-epsilon, and PKC-delta protein
incubated with the
following primary rabbit polyclonal antibodies: Cx43
(C 6219, Sigma-Aldrich, dilution 1:2000), PKC-epsilon
(C-15, sc-214, Santa Cruz Biotechnology Inc., dilution
1:1000), and PKC-delta (C-17, sc-213, Santa Cruz

expression, membranes were
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Biotechnology Inc., dilution 1:1000). Overnight
incubation at 4 °C was followed by further incubation
with a secondary donkey antibody (peroxidase-labeled
antirabbit immunoglobulin, Amersham Biosciences,
dilution 1:2000) for 1 h at room temperature. Antibody

binding was detected with the enhanced chemilumi-

nescence method. The optical density of individual bands
was analyzed using PCBAS 2.08¢ software and
normalized to GAPDH or actin (particulate fraction) as
an internal loading control. The expression of both
proteins is not altered in the diabetic heart as verified by

our studies and available literature.

Fig. 1. Normal ultrastructure of the healthy rat heart as indicated by electron-dense mitochondria (M) and preserved integrity of the cell
membrane and gap junctions (arrows) located predominantly at the intercalated disc. This pattern was also seen after treatment with
omega-3, but longer gap junctions were often observed. In addition to the normal pattern, a population of structurally altered
cardiomyocytes with injured mitochondria (M) and shorter intercalated disc-related gap junctions (arrow) was observed in Goto-Kakizaki
(GK) rat hearts. Apparent preservation of mitochondrial ultrastructure and a higher number of longer gap junctions were observed after

treatment of diabetic rats with omega-3. Scale bar, 1 pm.

Table 1. Principal characteristics of the experimental animals.

WCc WCo3 GKc GKo3
BW (g) 432429 429 £ 17 353 + 20* 342+ 14
HW (2) 1.14+0.09 1.11 £0.07 0.98 + 0.04* 1.03 £0.02
LVW (g) 0.81 +0.08 0.79 £ 0.06 0.68 + 0.03* 0.69 + 0.04
LVW/BW (mg/g) 1.85+0.09 1.82+0.10 1.95 +0.03* 1.98 + 0.08
BG (mmol.I") 9.02+2.53 8.08 +£2.37 26.57 +3.73* 21.57 + 4.30"
TG (mmol.l'") 0.54+0.14 0.70 = 0.22 1.21 + 0.29% 0.9+0.27"
CH (mmol.I') 1.34+0.19 1.57+0.22 2.15+0.07* 1.99+0.16"
NAGA (specific activity) 0.106 = 0.028 0.118 +0.043 0.164 % 0.058* 0.155 +0.030

BW, body weight; HW, heart weight; LVW, left ventricular weight; BG, blood glucose; TG, triacylglycerols; CH, cholesterol; NAGA, alpha-N-
acetylgalacto-saminidase. Data are means + SD. * p<0.05 compared with the WCc group, # p<0.05 compared with the GKc group.
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Statistical analysis

Comparison between two groups was performed
using the unpaired t test. The data are expressed as mean
+ standard deviation (SD) and values were considered to
differ significantly at P<0.05. Statistical significance of
gap junction size was evaluated using Dunnett’s test for
multiple comparisons. Data are expressed as mean +
standard error (SE). P<0.05 values were considered
statistically significant.

Fig. 2. The normal appearance of capillary endothelial cells (cEC)
and mitochondria (M) is seen in healthy rat hearts. Note the high
number of pinocytic vesicles. In addition to the normal pattern,
edematous endothelial cells with reduced pinocytic activity were
observed in Goto-Kakizaki rat hearts. Moreover, the image shows
the presence of annular internalized gap junction (arrow) and
electron lucent mitochondria in the diabetic rat heart. Omega-3
supplementation was associated with preserved ultrastructure of
both cEC containing numerous pinocytic vesicles and
cardiomyocytes exhibiting tightly packed mitochondria and longer
gap junctions (arrows). Scale bar, 1 pm.

Results

Principal characteristics of the experimental animals

As summarized in Table 1, the diabetic rats
exhibited significantly higher blood glucose levels
compared to non-diabetic rats. Furthermore, GK rats were
characterized by lower body, heart and left ventricular
weights, as well as by higher left ventricle-to-body
weight ratio, higher serum TAG and cholesterol levels
and NAGA specific activity. Omega-3 supplementation
of diabetic rats reduced blood glucose levels, serum TAG
and cholesterol. Omega-3 intake affected neither the
body, heart and left ventricular weights nor left ventricle-
to-body weight ratio and NAGA specific activity in
serum of diabetic rats.

Myocardial ultrastructure and subcellular localization of
gap junctions

Unlike the preserved integrity of cardiomyocytes
and capillaries observed in healthy Wistar Clea rats, left
ventricular tissue from diabetic rats was characterized by
variability and heterogeneity of subcellular alterations
(Figs 1 and 2). Although the majority of cardiomyocytes
exhibited normal ultrastructure and junctions (not
shown), some cardiomyocytes in GK rats exhibited
ischemia-like  intracellular edema, electro-lucent
mitochondria, and shorter or internalized gap junctions
(Figs 1 and 2). Such cardiomyocytes were usually in the
vicinity of altered -capillaries exhibiting edematous
endothelial cells with reduced pinocytic activity (Fig. 2).
Healthy rat heart cardiomyocytes exhibited conventional
localization of gap junctions predominantly at the
intercalated discs (end-to-end type) in the vicinity of
adhesive fascia adherens junctions. Laterally located gap
junctions (side-to-side type) in the vicinity of adhesive
desmosome junctions were rarely observed. Unlike this
pattern, lateral side-to-side type junctions were more
frequently observed in diabetic rat hearts. Treatment with
omega-3 (Figs 1 and 2) resulted in preservation of
mitochondrial and cardiomyocyte ultrastructure as well as
improved integrity of capillary endothelial cells in
diabetic rat hearts. Additionally, a greater number
was observed in both

of longer gap junctions

omega 3-treated groups.

In situ immunodetection of myocardial Cx43

A conventional, uniform spatial distribution of
Cx43-positive gap junctions was observed in hearts of
non-diabetic rats by in situ immunofluorescence (Fig. 3a).
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Fig. 3a. Immuno-labeling of connexin-43 (Cx43) in the left
ventricles of untreated and omega-3-treated Wistar-Clea (WC)
and Goto-Kakizaki (GK) rats. Note the conventional distribution of
Cx43-positive gap junctions predominantly at the intercalated
discs (double arrows) and sporadically on lateral surfaces
(arrows) in both groups of WC rats. In contrast, an abnormal
pattern of Cx43-positive gap junction distribution is observed in
GK rat hearts, i.e. organized and disorganized localization
(asterisk) of Cx43-positive gap junctions. Treatment of diabetic
rats with omega-3 appeared to decrease abnormal Cx43
distribution. Scale bars, 10 pm.
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Fig. 3b. Quantitative image analysis of the size of Cx43-
positively labeled gap junctions. Four fields were analyzed for
each set of measurements. The number of labeled gap junctions
measured in each field was plotted as a frequency histogram.
The mean, standard error of the mean were calculated using
Dunnett’s test for multiple comparisons. * p<0.05 compared with
the WCc group, # p<0.05 compared with the GKc group.

This normal pattern of Cx43 distribution, showing
dominant end-to-end-type localization at the intercalated
disc and rare side-to-side-type Cx43-positive gap
junctions, was present in healthy rats regardless of
omega-3 treatment. In contrast, the diabetic rat hearts
were characterized by non-uniform spatial distribution of
Cx43-positive gap junctions, i.e. in addition to the normal
pattern, areas with apparently disorganized localization
and higher prevalence of side-to-side Cx43-positive gap
junctions were detected. This abnormal distribution of

Cx43 in diabetic rat cardiomyocytes was markedly

treatment (Fig. 3a).

Moreover, quantitative image analysis revealed that the

attenuated by with omega-3
size of Cx43-positive gap junctions was significantly
reduced in diabetic compared to non-diabetic rat heart
while this
omega-3-treated rats (Fig. 3b).
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Fig. 4. Connexin-43 (Cx43) mRNA expression normalized to
beta-actin (actin) in the left ventricles of untreated and omega-3
treated Wistar-Clea (WC) and Goto-Kakizaki (GK) rat hearts.
WCc, untreated WC; WCo3, WC treated with omega-3; GKc,
untreated GK; GKo3, GK treated with omega-3. The results are
the mean + SD of 8 hearts per group. * p<0.05 compared with
the WCc group, # p<0.05 compared with the GKc group.

Myocardial Cx43 mRNA levels and Cx43 protein
expression

Myocardial Cx43 mRNA gene transcription was
higher in diabetic compared to non-diabetic rats and
omega-3 intake significantly increased Cx43 mRNA
expression both in diabetic rats and to a minor extent in
non-diabetic rats (Fig. 4). Immunoblot analysis revealed
of Cx43 corresponding to two
and P2-Cx43) and one non-
phosphorylated (P0-Cx43) form in all examined rats

three forms

phosphorylated (P1-

(Fig. 5a). Compared to non-diabetic rats, the expression
of total Cx43 as well as its phosphorylated forms was
significantly increased in diabetic rats. Omega-3
supplementation further enhanced levels of total Cx43
protein and its phosphorylated forms (Figs 5b and 5c).
However, compared to non-diabetic rats, the ratio of
phosphorylated Cx43 to total Cx43 was significantly
lower in diabetic rats and intake of omega-3 increased

this ratio (Fig. 5d).

Mpyocardial expression of PKCe and PKCo

Compared to non-diabetic rat hearts, the total
expression levels of PKCe and PKCS were increased in
the diabetic group (Figs 6a and 7a). Myocardial total
PKCe was further increased

upon omega-3
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Fig. 5. Representative immunoblot showing 3 forms of
connexin-43 (Cx43) (a) and densitometric quantification of total
Cx43 expression (b), its highly phosphorylated form (c) and the
ratio of both phosphorylated forms of Cx43 to total Cx43 (d)
normalized to GAPDH in the left ventricles of untreated and
omega-3-treated Wistar-Clea (WC) and Goto-Kakizaki (GK) rat
hearts. PO, unphosphorylated form of Cx43; P1, partially
phosphorylated Cx43, P2, highly phosphorylated Cx43. WCc,
untreated WC; WCo3, WC treated with omega-3; GKc, untreated
GK; GKo3, GK treated with omega-3. The results are the mean %
SD of 8 hearts per group. * p<0.05 compared with the WCc
group, # p<0.05 with the GKc group.

supplementation in both the diabetic and non-diabetic
groups (Fig. 6a). In contrast, the increase of myocardial
total PKCS in the diabetic group was significantly
suppressed by omega-3 treatment (Fig. 7a). Examination
of particulate and soluble fractions of myocardial PKC
revealed that expression of particulate PKCe (Fig. 6b)
was higher in diabetic than non-diabetic rats and was
increased by omega-3 intake in both groups, which was
associated with a decrease in soluble PKCe (Fig. 6c¢).

Compared to non-diabetic rats, the level of particulate
PKC8 (Fig. 7b) was higher in diabetic rats and was
normalized by omega-3 intake. Soluble PKCd (Fig. 7¢)
was higher in diabetic than non-diabetic rats and omega-3
intake decreased soluble PKCS in both groups.
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Fig. 6. Representative  immunoblot and  densitometric

quantification of total protein kinase C (PKC)-epsilon expression
(a) and its expression in particulate (b) and soluble (c) fractions
normalized to GAPDH or actin in the left ventricles of untreated
and omega-3-treated Wistar-Clea (WC) and Goto-Kakizaki (GK)
rat hearts. WCc, untreated WC; WCo3, WC treated with
omega-3; GKc, untreated GK; GKo3, GK treated with omega-3.
The results are the mean = SD of 8 hearts per group. * p<0.05
compared with the WCc group, # p<0.05 compared with the GKc
group.
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Fig. 7. Representative  immunoblot and  densitometric

quantification of total protein kinase C (PKC)-delta expression (a)
and its expression in particulate (b) and soluble (c) fraction
normalized to GAPDH or actin in the left ventricles of untreated
and omega-3 treated Wistar-Clea (WC) and Goto-Kakizaki (GK)
rat hearts. WCc, untreated WC; WCo3, WC treated with
omega-3; GKc, untreated GK; GKo3, GK treated with omega-3.
The results are the mean + SD of 8 hearts per group. * p<0.05
compared with the WCc group, # p<0.05 compared with the GKc
group.

Discussion

In the present study of Goto Kakizaki rats,
a well-established T2DM model, we report several novel

findings. Development of T2DM is associated with
attenuation of myocardial Cx43 expression on both the
transcriptional and  protein  levels.  Functional
phosphorylated forms of Cx43 are increased. However,
the ratio of phosphorylated to non-phosphorylated forms
of Cx43 as well as gap junction size are decreased. There
are moderate focal alterations in the localization of Cx43
and integrity of cardiomyocytes and capillaries. T2DM
upregulates myocardial PKCe as well as PKCéd and
enhances their translocation to the membrane. Intake of
omega-3 fatty acid ethyl esters results in upregulation of
Cx43, increase of PKCe and decrease of PKCJ in
particulate well as

fractions as preservation of

cardiomyocytes and capillary  endothelial cells
ultrastructure.

Consistent with others (Desrois et al. 2004),
using this model of diabetes, the body, heart, and left
ventricular weights of T2DM rats were significantly
lower than those of non-diabetic rats. Decrease of these
parameters has also been shown in T1IDM (Lin et al.
2008, Howarth et al. 2008). As a complex endocrine and
metabolic disorder, diabetes apparently contributes to
growth retardation. Treatment with omega-3 did not
affect these biometric parameters. During their pre-
diabetic state (the first 4 weeks of life), GK rats have
physiological levels of blood glucose despite some
abnormalities in insulin secretion and peripheral insulin
resistance (Movassat et al. 2007). We administered
omega-3 from 5 weeks of life and observed a blood
glucose reducing effect of 18.8 % after 2 months of
treatment. In addition, there was a mild but significant
decrease in serum TAG and cholesterol, whereas the
elevated activity of lysosomal NAGA persisted.

On examining the myocardial ultrastructure of
diabetic rats at the end of the experiment (in 3-month-old
animals), we found moderate disease-related changes.
Notably, accumulation of glycogen, an increased number
of ribosomes and longer gap junctions were present in the
majority of well-preserved cardiomyocytes. Additionally,
exhibited

intracellular and

aminor population of cardiomyocytes

ischemia-like injuries, such as
mitochondrial edema. Moreover, cardiomyocytes were
connected by shorter gap junctions. However,
internalization of this specific membrane structure (which
precedes its degradation) was not enhanced at this stage
of T2DM, in contrast to the hearts of rats with T1DM
after 4 to 8 weeks (Lin et al. 2006, 2008). In addition,
endothelial injury of some capillaries was detected,

indicating impairment of their function. Omega-3 intake
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resulted in clear preservation of the integrity of
cardiomyocyte mitochondria and cell membranes as well
as capillaries. It appears that an improvement in
myocardial ultrastructure is a characteristic feature of
omega-3 treatment that has also been demonstrated in
hereditary hypertriglyceridemic rats and SHR (Bacova et
al. 2010, Radosinska et al. 2013). These findings suggest
that increased incorporation of omega-3 (EPA and/or
DHA) into cardiomyocyte and mitochondrial membranes
most likely accounts for the protection of their integrity.
Indeed, omega-3 intake has been shown to increase not
only circulating EPA and/or DHA but also their content
in red blood cells and cardiomyocytes (von Schacky and
Harris 2007, Bacova et al. 2013). Furthermore, omega-3
disordered pattern of Cx43
in T2DM and likewise

abolished pronounced lateralization in hypertension-

intake attenuated the
localization (lateralization)

related cardiac hypertrophy (Radosinska et al. 2013).
Treatment of diabetic rats with omega-3 also resulted in
an increase of Cx43-positive gap junction size that was
associated with upregulation of Cx43 mRNA and protein
expression as well as with enhanced phosphorylation of
Cx43. T2DM was not
associated with remarkable Cx43 remodeling, unlike
acute or chronic TIDM (Zhukovska et al. 2014, Lin et al.
2006, 2008, Howarth ez al. 2008).

In parallel to the increase in Cx43 mRNA, we
observed a significant increase in total Cx43 protein in

Nevertheless, early-stage

diabetic compared to non-diabetic rats and a further
increase due to omega-3 intake
Furthermore, although the

phosphorylated forms of Cx43 were increased, the ratio of

in both groups.
amounts of functional
phosphorylated to total Cx43 was reduced. This indicates
that in T2DM the upregulation of Cx43 is accompanied by
a defect in its phosphorylated status. This may explain, at
least in part, why the size of gap junctions (known to be
related to Cx43 phosphorylation) was decreased in GK rat
hearts. Omega-3 improved the phosphorylated status and
increased of the size of gap junctions.

enhanced
phosphorylation of Cx43 in diabetic hearts can be mostly

Current  studies  suggest that
attributed to increased expression of PKCe. Treatment with
omega-3 enhanced the particulate fraction of PKCe
indicating its possible contribution to attenuation of defects
in phosphorylation status of myocardial Cx43 in T2DM.
Nevertheless, the question remains as to how changes in
Cx43 and PKCe affect

communication, arrhythmogenesis and heart function in

myocardial intercellular

non-treated as well as in omega-3 treated T2DM rats.

Hyperglycemia has been reported to accelerate
apoptosis in adult ventricular myocytes, which is
associated with increased production of reactive oxygen
species. Activation of PKCS is also involved in this
process (Igarashi et al. 1999). In turn, the inhibition of
PKCS translocation to the membrane (i.e. its activity)
increased the number of surviving cardiomyocytes
exposed to hyperglycemia (Shizukuda et al. 2002).
Whether activation of PKCe and inhibition PKCS are
related to cardioprotection attributed to omega-3 intake in
T2DM should be explored in detail in further studies.
Nevertheless, our findings are consistent with the
proposed role of dietary fatty acids in cardiac cell death
modulation in early diabetes (Ghosh and Rodrigues 2006)
as well as in other cardiovascular diseases (Tribulova

et al. 2015).

Limitations

The number of rats was insufficient to perform
cardiac function analysis and susceptibility to
arrhythmias in the Goto-Kakizaki diabetic rat hearts to
determine whether modulation of Cx43 or PKC by
omega-3 supplementation is relevant for improving
functional parameters. A glucose tolerance test was not
assessed to show further beneficial effects of omega-3 in
this T2DM experimental model. Apart from protein
kinase C other protein kinases that phosphorylate Cx43
(Yu et al. 2013, Benova et al. 2015) and related changes
in myocardial conduction velocity should also be
in further
demonstrate an association between myocardial Cx43

explored studies. Although our results
expression and omega-3 intake, they do not prove a direct
causality between these variables. We also realize that
comparison between T2DM and TIDM may be
hypothetical, as genetic model versus an acquired model

of DM are principally different.

Conclusions

The present results indicate that spontaneously
diabetic GK rats at the early stage of disease exhibit
increased expression of myocardial Cx43 accompanied
by a decrease in its functional phosphorylated status and
mild alterations in cellular Cx43 distribution. Diabetic
rats benefit from omega-3 intake due to decrease of blood
glucose, attenuation of myocardial Cx43 and gap junction
alterations, as well as preservation of cardiomyocyte and
capillary integrity. Our findings indicate that intake of
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omega-3 fatty acid ethyl esters in combination with anti-
diabetic drugs may also be beneficial for the management
of type 2 diabetes mellitus in humans.
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