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Aerobic exercise increases connexin43 expression
in rat cardiac muscle
Fransisca Chondro*, Minarma Siagian**, and Dewi IS Santoso**

ABSTRACT
BACKGROUND
Intercellular communication in cardiac muscle is effected by connexin,
particularly connexin43 (Cx43), forming gap junctions in cardiomyocytes.
Aerobic physical exercise may result in increased left ventricular size and
function. The purpose of the present study was to assess the effect of aerobics
and detraining on C43 expression and distribution in rats.
METHODS
This was an in vivo experimental study on 32 young male Wistar rats. The
animals were divided into the following 8 groups and their interventions: I : 4
weeks of aerobics (A4); II: exercise control for 4 weeks (C4); III: 4 weeks of
aerobics plus 4 weeks of detraining (A4D4); IV: 8-week control (C8); V: 12
weeks of aerobics (A12); VI: 12-week control (C12); VII: 12 weeks of aerobics
plus 4 weeks of detraining (A12D4); VIII: 16-week control (C16). Rat cardiac
tissue was subjected to immunohistochemical assay to determine total Cx43,
intercalated disc Cx43, and lateral Cx43. Independent t-test was used to compare
all Cx43 parameters between control and treatment groups.
RESULTS
After aerobics, there were significant differences in total Cx43, intercalated
disc Cx43, lateral Cx43, and intercalated disc Cx43 and lateral Cx43
percentages between control and treatment groups (p<0.05). Between-group
comparison in treatment groups did not find significant differences between
exercise-only groups and groups with exercise plus detraining. Cx43 surface
area tended to decrease after detraining.
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CONCLUSIONS
Aerobics significantly increases Cx43 levels in rat hearts. Detraining decreases
intercalated disc Cx43 and lateral Cx43.
Key words: Connexin43, gap junction, lateralization, aerobic physical exercise,
rat.
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Latihan fisik erobik meningkatkan ekspresi protein connexin43
pada sel otot jantung tikus

ABSTRAK
LATAR BELAKANG
Komunikasi antar sel otot jantung terjadi dengan bantuan protein connexin, terutama connexin43 (Cx43), yang
merupakan protein utama penyusun gap junction pada sel otot jantung. Latihan fisik erobik dapat mengakibatkan
peningkatan ukuran dan kerja ventrikel kiri. Penelitian ini bertujuan untuk menilai pengaruh latihan fisik erobik
dan detraining terhadap ekspresi dan distribusi protein C43 pada tikus.
METODE
Studi eksperimental secara in vivo pada 32 ekor tikus jantan dewasa muda strain Wistar. Subjek penelitian dibagi
menjadi 8 kelompok, yakni : kelompok I : tikus diberi perlakuan erobik selama 4 minggu; II kontrol 4 minggu; III
erobik 4 minggu + detraining 4 minggu; IV kontrol 8 minggu; V erobik selama 12 minggu; VI kontrol 12 minggu;
VII erobik 12 minggu + detraining 4 minggu; dan VIII kontrol 16 minggu. Pada organ jantung tikus dilakukan
pemeriksaan imunohistokimia untuk mengukur kadar total Cx43, Cx43 diskus interkalaris, dan Cx43 lateral. Uji
t-independen digunakan untuk membandingkan semua parameter Cx43 antara kedua kelompok perlakuan.
HASIL
Setelah diberikan latihan erobik, terdapat perbedaan bermakna pada parameter total Cx43, Cx43 diskus interkalaris,
Cx43 lateral, dan presentase Cx43 diskus interkalaris dan lateral antara kedua kelompok perlakuan (p<0,05).
Pada perbandingan antara kelompok perlakuan, tidak terdapat perbedaan bermakna antara kelompok yang diberi
latihan fisik saja dengan kelompok yang diberi latihan fisik dan detraining. Namun terjadi kecenderungan terjadi
penurunan luas area Cx43 pada pemberian detraining.
KESIMPULAN
Latihan fisik erobik meningkatkan kadar Cx43 secara bermakna pada organ jantung tikus. Proses detrain
mengakibatkan penurunan Cx43 diskus interkalaris dan lateral..
Kata Kunci : Connexin43, gap junction, lateralisasi, latihan fisik erobik, tikus

INTRODUCTION
In the human heart there are around 2 to 3
milliard cardiac muscle cells. The functioning
of the heart is extremely complex. One of the
factors enabling the functioning of the heart is
intercellular communication, e.g. via gap
junctions. Communication between cardiac
muscle cells occurs through gap junction
channels, allowing the rapid transmission of
impulses and the synchronous contraction of the
heart as a whole. Therefore the maintenance of
gap junction functions is essential to guarantee
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the normal functioning of the heart. (1,2) The gap
junction channels of the ventricular myocardium
(especially in the intercalated discs) are formed
mainly by connexin43 (Cx43), allowing
electrical coupling and communication between
adjacent cardiomyocytes. (3) In postnatal
development of the ventricle, the connexin
proteins of the gap junctions, which in the
prenatal period are laterally located, accumulate
at the intercalated discs together with
desmosomes and adherens junctions. The mean
size of the gap junctions also increases with the
postnatal ventricular development.(4,5)
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One of the characteristic cardiac structural
abnormalities is the lateral redistribution of
Cx43 proteins and decreased Cx43 protein
expression. Decreased colocalization of Cx43
with zonula occludens-1 (ZO-1) proteins and
cadherins, and morphologic heterogeneity of the
lateralized gap junctions indicates the
occurrence of changes in their structure and
function.(6) Decreased Cx43 expression results
in increased resistance at the gap junction,
decreased transmission velocity of electrical
impulses, and increased duration of action
potential formation, all three of which lead to
arrhythmia.(7)
The study by Molmen-Hansen et al.
showed that regular high-intensity physical
exercise is necessary to induce changes in
substrate and energy source utilization by the
heart. (8) High-intensity physical exercise also
increases mitochondrial respiration in the
cardiomyocytes. High-intensity physical exercise
is expected to induce cardiac adaptations in the
form of increases in contractility, glucose
oxidation, and mitochondrial functions.(9) At the
onset of hypertrophy, the amount of regulated
connexin is increased. However, in longstanding
hypertrophy with impending heart failure, the
amount of connexin is decreased. To date the
precise mechanism and the signalling pathway
regulating connexin expression is still not known
with certainty. Kostin et al. found that Cx43
expression is increased in the compensated
hypertrophic stage, but decreases and becomes
heterogeneous in decompensation. (10) The
decreased Cx43 protein expression is
accompanied by decreased Cx43 mRNA, so that
the decreased Cx43 expression presumably
involves transcription factors.(11)
Aerobic physical exercise results in two
types of stress, i.e. oxidative stress and vascular
strain. To date there have been a few studies to
investigate the effect of aerobic physical
exercise on the expression of connexin43. In
the study conducted by Bearden et al., the
investigators came to the conclusion that
chronic physical exercise does cause changes
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in connexin43 mRNA expression. However, it
could not be concluded yet that chronic physical
exercise causes changes in connexin protein
expression.(12)
In view of the inconsistent study results,
the present study was carried out to evaluate
the effect of aerobic physical exercise and
detraining on Cx43 protein expression in rat
myocardiocytes.
METHODS
Design of the study
An experimental study conducted from
November 2012 until March 2013 at the
Pathological Anatomy Laboratory, University
of Indonesia.
Subjects of the study
The subjects in this study consisted of
young adult male Wistar rats weighing 150–
250 grams, 8 weeks old at the start of the study,
healthy, and fit to participate in the aerobic
physical exercise program. The sample size was
determined with the Federer formula: (t-1)(n1) >15, where t = number of experimental
groups (8); n = number of animals per group.
The calculated sample size was 4 animals per
group, giving a total of 32 animals.
Intervention
The study subjects were divided into 8
groups, consisting of 4 control groups (coded
C4, C8, C12, C16) and 4 treatment groups (A4,
A12; A4D4, A12D4). The treatment groups
were subjected to a single daily aerobics
exercise of 20 minutes, at a treadmill velocity
of 20 m/minute, with a rest period of 90 seconds
every 5 minutes. As to the control exercise
program, the animals were also put into the
treadmill for 20 minutes, but with the treadmill
inactive. In the detraining phase, the aerobics
exercise program was stopped for a given
period, during which the animals were left to
themselves in their cages, without being placed
in the treadmill. The treatment schema was as
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follows: group I: 4 weeks of aerobics only (A4);
group II: 4 weeks of control (C4); group III: 4
weeks of aerobics plus 4 weeks of detraining
(A4D4); group IV: 8 weeks of control (C8);
group V: 12 weeks of aerobics (A12); group VI:
12 weeks of control (C12); group VII: 12 weeks
of aerobics plus 4 weeks of detraining (A12D4);
group VIII: 16 weeks of control (C16).
Cx43 immunohistochemical assay
Detection of Cx43 protein in the intercalated
discs and the lateral domains of cardiomyocytes
was done by immunohistochemical assay.
Paraffin-embedded rat cardiac tissue blocks were
sectioned with a microtome and mounted on glass
slides. The sections were then deparaffinized by
immersing in xylol three times, each time for 5
minutes. Rehydration was done by immersion in
graded alcohols (absolute, 96%, and 80%), for
4 minutes each. The rehydrated tissue sections
were washed under running water for 5 minutes.
Subsequently, endogenous peroxides were
blocked with 0.5% H 2O 2 in methanol for 30
minutes. After again washing the slides under
running water for 5 minutes, they were subjected
to pretreatment with citrate buffer in a microwave
oven and left to cool. The cooled slides were
washed in phosphate buffered saline (PBS) at
pH 7.4 for 5 minutes, followed by Background
Sniper protein blocker (Biocare Medical) using
donor horse serum 3% solution for 30 minutes
at room temperature. After 30 minutes, the donor
horse serum 3% solution was drained, and to the
slides was added 2 0 0 ì l primary anticonnexin43/GJA1 antibody (Abcam Ab11370)
at a dilution of 1/5000, and the slides incubated
at room temperature for 1 hour. Then the slides
were washed in PBS at pH 7.4 for 5 minutes,
and 4 drops of Trekkie Universal Link
biotinylated secondary antibody (part of Starr
Trek detection system from Biocare Medical)
was added to the slides, which were then
incubated for 15 minutes at room temperature.
Thereafter the slides were was washed in PBS
at pH 7.4 for 5 minutes, dried, and 5 drops of
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horseradish peroxidase (HRP) labeledstreptavidin (TrekAvidin-HRP Label, Biocare
Medical) were added and the slides again
incubated at room temperature for 15 minutes.
After washing in PBS at pH 7.4 for 5 minutes,
the slides were dried and 200 ì l of chromogen
(diaminobenzidine solution) was added to each
slide and left to react for 2 minutes. After 2
minutes, the slides were washed under running
water for 10 minutes, then counterstained with
hematoxylin for 1 minute, followed by washing
under running water for 5 minutes, to be reacted
with a saturated solution of lithium carbonate
(5% in distilled water) for 1 minute, and again
washed under running water for 3 minutes. This
was followed by dehydration of the slides in
graded alcohols (80%, 96%, absolute) for 5
minutes each. The slides were cleared three times
with xylol, for 5 minutes each. Entellan mounting
fluid was added and the slides provided with a
coverslip.
Image processing using ImageJ program
The immunohistochemical slides were
subsequently examined under the light
microscope, photographed, and the photographic
images processed using the ImageJ program. For
Cx43, all images were recorded using the same
settings and the pixel intensities were quantified
using ImageJ software. The whole surface area
occupied by the Cx43 protein in the
cardiomyocytes was calculated to determine the
total Cx43 area and the intercalated disc Cx43
and lateral domain Cx43 (expressed in pixels).
Statistical analysis
For subgroup comparison of control versus
treatment groups, data analysis was performed
using the independent t-test, while for overall
comparison of all control and treatment groups
(C4, C12, C16, A4, A12, A4D4, A12D4), the
data were analyzed by means of one-way Anova.
The analysis was done at a significance level of
95% (á=0.05), and differences were considered
significant at p<0.05.
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Ethical clearance
The protocol for the present study was
approved by the Ethical Committee, Faculty of
Medicine, University of Indonesia.
RESULTS
Initially the Cx43 levels of the 4-week
aerobic exercise control group (C4) versus the
treatment group (A4) were compared, as was also
done with Cx43 levels of C8 and A4D4
(treatment group with 4 weeks of aerobics
followed by 4 weeks of detraining) (Table 1).
From the results it was concluded that there were
significant differences between control and
treatment groups with regard to levels of total
Cx43, intercalated disc Cx43, lateral Cx43, and
lateral Cx43 percentage. There was a 16.1%
reduction in total Cx43 levels in group A4D4, in
comparison with group A4 (4 weeks of aerobics
without detraining) (Table 1).
After 12 weeks of aerobics and 12 weeks
of aerobics followed by 4 weeks of detraining,
there were significant differences in Cx43,
intercalated disc Cx43, lateral Cx43, and
intercalated disc Cx43 and lateral Cx43
percentages (Table 2).
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After 12 weeks of aerobics followed by 4
weeks of detraining, there was a 7.1% decrease
in total Cx43 levels, in comparison with Cx43
levels in the group performing only aerobics for
12 weeks.
In the comparison of the 4 control groups
for total Cx4r3, there was only a significant
difference between 8 weeks and 12 weeks of
control exercise, at p=0.002 (p<0.05). Similarly
for intercalated disc Cx43, there was only a
significant difference between 8 weeks and 12
weeks of control exercise, at p=0.001 (p<0.05).
For the parameters of lateral Cx43, intercalated
disc Cx43 and lateral Cx43 percentages, there
were no significant differences between the 4
control groups.
Regarding the between-group comparison
of treatment groups, a comparison was carried
out between group A4 and group A4D4. Also
compared were group A12 and A12D4, as well
as group A4 and group A12D4. For the
parameter of total Cx43, a significant difference
was found between group A4 and group A4D4.
Total Cx43 between groups with A4 and A12
did not show significant differences (Table 3).

Table 1. Comparison of Cx43 levels between control and treatment groups after 4 weeks of
aerobic physical exercise and 4 weeks of detraining

Cx = connexin; C4 = 4 weeks of control; A4 = 4 weeks of aerobics only ; A4D4 = 4 weeks of aerobics plus 4 weeks of
detraining; C8 = 8 weeks of control
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Table 2. Comparison of Cx43 levels between control and treatment groups after 12 weeks of
aerobic physical exercise and 4 weeks of detraining

Cx : connexin
C12 : 12 weeks of control; A12 : 12 weeks of aerobics only; C16 :16 weeks of control; A12D4: 12 weeks of aerobics plus
4 weeks of detraining

DISCUSSION
From the results of an overall comparison
between treatment groups and control groups,
it may be concluded that although the
experimental animals were of the same age,
physical exercise had a substantial effect on the
amount of Cx43 protein present in their cardiac
tissues. In all aerobic physical exercise groups,
there was an increase in the amounts of total
Cx43, intercalated disc Cx43, and lateral Cx43,
as well as an increase in lateral Cx43
percentage. For intercalated disc Cx43
percentage, lower values were found in the
treatment groups than in the control groups.
This reduction in intercalated disc Cx43
percentage may be due to the fact that although
there was an increase in the amount of
intercalated disc Cx43, there was also a
significant increase in the amount of lateral
Cx43, leading to a far greater increase in total
Cx43. The intercalated disc Cx43 percentage
was obtained by comparing intercalated disc
Cx43 and total Cx43, and because the increase
in total Cx43 was far higher than the increase
in disc Cx43, the calculated Cx43 percentage
was lower. Therefore, in spite of decreased
160

intercalated disc Cx43 percentage, there was
an increase in the amounts of intercalated disc
Cx43. This finding is in agreement with the
results of the study by Bao et al.(12) in vascular
smooth muscle and endothelial cell cultures,
stating that stress from aerobic physical
exercise causes increases in Cx43 mRNA and
protein. However, this is in contrast with the
view of Bearden et al.(13) who state that chronic
physical exercise does not cause changes in
Cx43 mRNA expression and that it cannot be
concluded that chronic physical exercise causes
changes in connexin protein expression.
From the subgroup comparison of all
control groups by one-way Anova, it may be
concluded that age differences between the
control groups did not lead to significant
differences in the amounts of lateral Cx43,
intercalated disc Cx43 percentages, and lateral
Cx43 percentages. Although significant age
differences were found between total Cx43 and
intercalated disc Cx43, these were present only
in some groups, namely in the comparison
between the groups with 8 weeks and 12 weeks
of aerobics. Therefore it cannot be concluded
that increasing age leads to increased Cx43
protein. This does not agree with the findings

Cx : connexin
A4 : 4 weeks of aerobics only; C4 : 4 weeks of control; A4D4 : 4 weeks of aerobics plus 4 weeks of detraining;: C8 : 8 weeks of control; A12 : 12 weeks of aerobics only;C12 : 12 weeks
of control; A12D4 : 12 weeks of aerobics plus 4 weeks of detraining; C16 : 16 weeks of control. The difference in superscripts indicates a significant difference from the control (p<0.05)

Table 3. Analysis of variance and multiple comparisons of Cx43 levels between all control and treatment groups
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of Barker et al., who stated that in post-natal
development of the cardiac ventricles there is
an increase in intercalated disc Cx43.(14)
On further consideration of the data on
intercalated disc Cx43 and lateral Cx43
percentages, although no statistically significant
differences were found between control groups,
intercalated disc and lateral Cx43 values in the
control tended to be stable. Therefore we may
conclude that increasing age of the experimental
animals in the control groups did not result in
significant Cx43 differences between the control
groups.
Comparison of the treatment groups was
limited to find any effects of duration of physical
exercise and detraining, therefore only the
following pairs of groups were compared:
groups A4 and A12; groups A4 and A4D4; and
groups A12 and A12D4. In the comparison of
groups A4 and A12 to find any effect of exercise
dose on amount of Cx43, no significant
differences were found between all parameters.
After 12 weeks of aerobics plus 4 weeks of
detraining, the reduction in total Cx43 (7.1%)
was lower than after 4 weeks of aerobics plus
4 weeks of detraining (16.1%). With increasing
duration of exercise, there was a proportionally
diminishing effect of detraining on total Cx43
levels. The data also show that 12 weeks of
aerobic physical exercise results in increased
intercalated disc Cx43 in comparison with 4
weeks of exercise, so that we may conclude that
long-term aerobics is very beneficial for health.
In the comparisons to evaluate the effect of
detraining on aerobic physical exercise,
significant differences were found only in the
comparison of total Cx43 between group A4
and A4D4. For the parameters intercalated disc
Cx43 protein, lateral Cx43, intercalated disc
Cx43 percentage, and lateral Cx43 percentage,
no significant between-group differences were
found. On the basis of these data it may be
concluded that the 4-week detraining process
after 4 weeks of aerobic physical exercise
yielded significant differences in the amounts
of total Cx43. This is consistent with the studies
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by Benito et al.(15) and Pelliccia et al.(16) who
stated that the cardiac structural and functional
changes occurring during the adaptation process
caused by physical exercise disappears within
8–13 weeks. Although for the other parameters
no significant differences were found, from a
consideration of the results on surface area and
percentages of intercalated disc and lateral
Cx43, we can see that the 4-week detraining
process causes a reduction in the amounts of
intercalated disc Cx43, lateral Cx43, and lateral
Cx43 percentage. For the intercalated disc Cx43
there was a rebound, which is similar to the
findings of Gamelin et al.(17) and Sloan et al.,(18)
who revealed that chronic adaptation due to
physical exercise disappears upon detraining.
Our study results showed that after 12 weeks
of aerobic physical exercise followed by 4
weeks of detraining, there were no significant
differences in Cx43 levels as compared to 4
weeks of aerobic physical exercise followed by
4 weeks of detraining. Our study results are
essentially in agreement with those of previous
studies showing that the changes after detraining
may be seen after 28 days.(19) However, upon a
closer look at the obtained data, it may be
concluded that, although there were no
significant differences among the parameters,
4 weeks of detraining still leads to a reduction
in the areas of total Cx43, intercalated disc
Cx43, lateral Cx43 lateral, and in lateral Cx43
percentage. As for intercalated disc Cx43
percentage, there is an increase after the
detraining process. This is because the reduction
in the amount of lateral Cx43 is proportionally
greater that that in the amount of intercalated
disc Cx43, so that in spite of a reduced amount
of intercalated disc Cx43, its percentage is
increased after the detraining process. This is
in agreement with the conclusions of previous
studies, revealing similar effects, in that chronic
adaptation due to physical exercise disappears
if the individual is subjected to the detraining
process.(15,20)
In this connection it is of interest to note
that in postinfarction ischemic cardiomyopathy

and other types of heart failure, the expression
of Cx43 is downregulated.(21)
One of the limitations of our study is the
use of an IHC assay using anti-connexin43 only,
so that all of the Cx43 proteins are detected,
namely those active in gap junction formation
as well as those that are inactive. Since active
Cx43 proteins are those phosphorylated at their
carboxyl terminal end, the accuracy of the Cx43
protein measurements may be increased by the
addition of another antibody, that is capable of
detecting phosphorylated Cx43. The use of two
types of antibody allows us to find the amount
of actively gap junction forming Cx43 protein,
both in the intercalated discs and in the lateral
domains of the cardiomyocytes. In this way we
may ascertain whether physiological
hypertrophy due to aerobic physical exercise is
able to increase the amount of Cx43 protein in
the lateral domains of the cardiomyocytes. In
other words, whether it results in increased
numbers of gap junctions in the lateral regions
of the cardiomyocytes, thus causing a
transversal propagation of electrical impulses
that is one of the causes of arrhythmia.
CONCLUSIONS
This study demonstrates that Cx43 has an
important and previously unknown modulatory
effect in myocardial energy metabolism, as
evidenced by the increased levels of protein
expression after 4 and 12 weeks of aerobic
physical exercise. These changes in Cx43
expression and distribution as a result of
physical activity will diminish in the detraining
process. The occurrence of these significant
differences indicate the need for further in-depth
investigation of the cardioprotective role of
Cx43 proteins and its adaptation to ischemic
conditions.
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