
biomolecules

Article

Connexin 43 Deficiency Is Associated with Reduced
Myocardial Scar Size and Attenuated TGFβ1
Signaling after Transient Coronary Occlusion in
Conditional Knock-Out Mice

Laura Valls-Lacalle 1,2, Marta Consegal 1,2, Marisol Ruiz-Meana 1,2, Begoña Benito 1,2,
Javier Inserte 1,2 , Ignasi Barba 1,2, Ignacio Ferreira-González 1,2,3,* and
Antonio Rodríguez-Sinovas 1,2,*

1 Cardiovascular Diseases Research Group, Department of Cardiology, Vall d’Hebron University Hospital and
Research Institute, Departament de Medicina, Universitat Autònoma de Barcelona,
Pg. Vall d’Hebron 119-129, 08035 Barcelona, Spain; lvalls92@gmail.com (L.V.-L.);
marta.consegal@vhir.org (M.C.); mruizmeana@gmail.com (M.R.-M.); begona.benito@vhir.org (B.B.);
javier.inserte@vhir.org (J.I.); ignasibarba@gmail.com (I.B.)

2 Centro de Investigación Biomédica en Red sobre Enfermedades Cardiovasculares (CIBERCV),
28029 Madrid, Spain

3 Centro de Investigación Biomédica en Red sobre Epidemiología y Salud Pública (CIBERESP),
28029 Madrid, Spain

* Correspondence: nachoferreira@secardiologia.es (I.F.-G.); antonio.rodriguez.sinovas@vhir.org (A.R.-S.);
Tel.: +34-934894184 (A.R.-S.); Fax: +34-934894032 (A.R.-S.)

Received: 17 March 2020; Accepted: 20 April 2020; Published: 23 April 2020
����������
�������

Abstract: Previous studies demonstrated a reduction in myocardial scar size in heterozygous Cx43+/-

mice subjected to permanent coronary occlusion. However, patients presenting with ST segment
elevation myocardial infarction often undergo rapid coronary revascularization leading to prompt
restoration of coronary flow. Therefore, we aimed to assess changes in scar size and left ventricular
remodeling following transient myocardial ischemia (45 min) followed by 14 days of reperfusion
using Cx43fl/fl (controls) and Cx43Cre-ER(T)/fl inducible knock-out (Cx43 content: 50%) mice treated
with vehicle or 4-hydroxytamoxifen (4-OHT) to induce a Cre-ER(T)-mediated global deletion of
the Cx43 floxed allele. The scar area (picrosirius red), measured 14 days after transient coronary
occlusion, was similarly reduced in both vehicle and 4-OHT-treated Cx43Cre-ER(T)/fl mice, compared to
Cx43fl/fl animals, having normal Cx43 levels (15.78% ± 3.42% and 16.54% ± 2.31% vs. 25.40% ± 3.14%
and 22.43% ± 3.88% in vehicle and 4-OHT-treated mice, respectively, p = 0.027). Left ventricular
dilatation was significantly attenuated in both Cx43-deficient groups (p = 0.037 for left ventricular
end-diastolic diameter). These protective effects were correlated with an attenuated enhancement in
pro-transforming growth factor beta 1 (TGFβ1) expression after reperfusion. In conclusion, our data
demonstrate that Cx43 deficiency induces a protective effect on scar formation after transient coronary
occlusion in mice, an effect associated with reduced left ventricular remodeling and attenuated
enhancement in pro-TGFβ1 expression.

Keywords: connexin 43; left ventricular remodeling; collagen; ischemia–reperfusion; myocardial
infarct

1. Introduction

Connexins are a family of proteins that constitute integral components of plasma membranes.
Connexin 43 (Cx43) is the most ubiquitous connexin isoform, and is widely distributed in most tissues,
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including cardiac cells [1]. In the heart, connexins form aggregations of intercellular channels known
as gap junctions, which are mainly located at cardiomyocyte poles [2]. Gap junctions constitute low
resistance pathways that are essential to allow electrical current flow between connected cells [3]. In
addition to electrical coupling, gap junctions also allow chemical communication between neighboring
cells, and are involved in spreading of cell death during acute myocardial ischemia–reperfusion injury [4].

In this sense, previous studies have demonstrated that gap junctions may facilitate propagation
of hypercontracture and cardiomyocyte death during reperfusion, by a mechanism involving Na+

passage between adjacent cells and subsequent Ca2+ influx secondary to Na+/Ca2+ exchange [5].
This gap junction-mediated spreading of damage contributes to the final extension of myocardial
necrosis [6]. In agreement with this, the administration of the gap junction uncoupler heptanol at
the onset of reperfusion has been demonstrated to reduce infarct size in several animal models [5].
Moreover, the protective effect of heptanol was extended to other gap junction uncouplers [7], and
to other situations as hypoxia/reoxygenation [8]. These findings were further strengthened by data
obtained in our group demonstrating that isolated hearts from transgenic mice lacking Cx43, either
by replacement with Cx32, or by inducible knock-out, had smaller acute infarctions after one hour of
reperfusion following transient global ischemia [9,10].

Acute myocardial infarction leads to adverse left ventricular remodeling and heart failure, a
disabling disease that seriously affects the quality of life of those patients, worsens its prognosis
and whose triggering mechanisms are not completely understood [11]. In this regard, the effects
of Cx43 on postinfarction scar formation and left ventricular remodeling beyond the acute phase
following myocardial ischemia are less known. It has been reported that reduced Cx43 expression
in heterozygous Cx43+/− mice attenuates myocardial infarct size or collagen deposition, both in the
infarcted and non-infarcted cardiac regions, several weeks after permanent coronary occlusion [12,13].
However, these studies are difficult to interpret as they used permanent coronary ligations, a maneuver
expected to cause transmural infarctions [14,15] and that is far from the clinics, where most patients
presenting with ST-segment elevation myocardial infarction (STEMI) are quickly subjected to coronary
revascularization, most often by primary percutaneous coronary intervention [16,17]. Furthermore, as
homozygous Cx43−/− knock-out animals are not viable and die soon after birth, most studies analyzing
the role of Cx43 on left ventricular remodeling (and also on acute ischemia–reperfusion injury) have
used heterozygous Cx43+/− mice models [12,13]. These animals show a partial Cx43 deficiency that is
present from birth, and that is possibly associated with compensatory changes. In this sense, use of
an inducible knock-out model for Cx43 would be advantageous, as it is possible to obtain an almost
complete Cx43 deficiency in adult animals.

In this context, the aims of this work were to analyze changes in scar size and in left ventricular
remodeling following transient myocardial ischemia followed by reperfusion in a Cx43Cre-ER(T)/fl mice
model with partial (50%) or almost complete Cx43 deficiency after induction with 4-hydroxytamoxifen
(4-OHT). Furthermore, we investigated how these changes were correlated with altered expression of
selected markers related to cardiac remodeling and fibrosis, including transforming growth factor beta
1 (TGFβ1) and nuclear factor Kappa-light-chain-enhancer of activated B cells (NF-κB).

2. Materials and Methods

The present study conforms to the NIH Guide for the Care and Use of Laboratory Animals
(NIH publications N◦. 85-23, revised 1996), and was performed in accordance with European legislation
(Directive 2010/63/UE). The study was approved by the Ethics Committee of Vall d’Hebron Hospital
and Research Institute (CEEA 35.17).

2.1. Animals

Cx43 deficiency was achieved by 4-OHT treatment in adult Cx43Cre-ER(T)/fl mice, as previously
described [10,18]. Cx43Cre-ER(T)/fl animals were developed by Eckardt et al. [18], and have a C57BL/6J
background. In Cx43Cre-ER(T)/fl animals, the coding region of one of the Cx43 alleles was replaced by
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Cre-ER(T), a fusion construct of the Cre recombinase and a mutated domain of the human estrogen
receptor. Cre recombinase is activated after administration of 4-OHT, whereas ER(T) is insensitive to
the natural ligand β-estradiol. Cre activation induces a global deletion of Cx43, after recognition of loxP
sites flanking the second Cx43 allele, whereas no compensation by overexpression of other connexin
isoforms has been demonstrated [10,18–20]. Cx43Cre-ER(T)/fl mice and their corresponding controls
(Cx43fl/fl) were injected intraperitoneally with vehicle (castor oil) or 3 mg/day 4-OHT suspended in
plant oil for 5 consecutive days.

2.2. Experimental Protocol

Thirty-five adult male mice (10–12 weeks, 30–35 g) were artificially ventilated (SAR-830/P
Ventilator, CWE Inc., Ardmore, PA, USA) after anesthesia with ketamine (50 mg/Kg, IP) and sodium
pentobarbital (40 mg/Kg, IP) [21]. Then, animals were placed on an adjustable heating pad to maintain
core temperature between 36 and 37 ◦C, and the heart was exposed through a lateral thoracotomy at
the fourth intercostal space. The left anterior descending coronary artery (LAD) was occluded with
a 6/0 silk snare (Ethicon Endo-surgery, Cincinnati, OH, USA), placed 1 mm distal to the left atrial
appendage. All animals were subjected to 45 min of LAD occlusion followed by 14 days of reperfusion.
ST segment elevation at the electrocardiogram and visual pallor of distal myocardium were used
as markers of successful LAD occlusion. After reperfusion, the occluding snare was kept in place
to allow later determination of ligature position. Following surgery all animals were treated with
buprenorphine (0.05 mg/Kg every 6 h, subcutaneously) during the first 48 h. Treatment with vehicle
or 4-OHT began 24 h after infarction. Cx43 deletion in Cx43Cre-ER(T)/fl animals treated with 4-OHT
is progressive and is not apparent until about 5–7 days after first injection [10,20]. At the end of the
experiment, animals were sacrificed by a sodium pentobarbital overdose (150 mg/Kg, IP).

2.3. Myocardial Scar Size

The histological extent of the myocardial scar 14 days after reperfusion was calculated as the
percentage of the fibrotic area to left ventricular area, as previously described [22]. Hearts were quickly
excised and, after removal of both atria and great vessels, the apical region, just below the snare,
was fixed overnight with 4% paraformaldehyde, embedded in paraffin and cut in 4 µm sections.
Histological sections were stained with picrosirius red (Sigma-Aldrich, St. Louis, MO, USA), scanned
and evaluated using ImageProPlus software (Media Cybernetics, Rockville, MD, USA).

2.4. Transthoracic Echocardiography

Echocardiographic measurements were performed in Cx43fl/fl and Cx43Cre-ER(T)/fl mice, both at
baseline and after 14 days of reperfusion, with a Vivid q portable ultrasound system, using a ILS 12 MHz
transducer (GE Healthcare, WI, USA) after light anesthesia with isoflurane (1%–1.5%). Ejection fraction
(EF), left ventricular end-diastolic internal diameter (LVEDD), left ventricular end-systolic internal
diameter (LVESD), interventricular septum thickness (IVS) and posterior wall thickness (LVPW) were
measured in M-mode recordings. Fractional shortening (FS) was calculated as (LVEDD-LVESD)/
LVEDD × 100.

2.5. Western Blot

Snap-frozen myocardium was homogenized (Diax 600 homogenizer, Heidolph, Schwabach,
Germany) in homogenization RIPA buffer (in mmol/L: NaCl 150, Trizma base 50, Triton X-100 1%,
sodium deoxycholate 0.5%, SDS 0.1%, Tween 20 0.1%, sodium fluoride 5, sodium orthovanadate 1 and
a protease cocktail inhibitor (1%), pH 8.0). Protein extracts from mice hearts were obtained from the
supernatant after centrifugation at 1600 g for 10 min (4 ◦C), and were electrophoretically separated on
10% polyacrylamide gels. Expression of NF-κB p65, Smad2/3, phosphorylated Smad2/3 (Thr8), TGFβ1
and connective tissue growth factor (CTGF) was analyzed by Western blot according to standard
procedures [23]. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading control.
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The degree of activation of Smad2/3 was defined as the ratio between phosphorylated and total forms.
Immunoreactive bands were detected using the SuperSignal West Dura Extended Duration Substrate
(Pierce, Rockford, IL, USA) and densitometrically analyzed.

The following antibodies were used: rabbit anti-NF-κB p65 (#ab16502, Abcam, dilution 1:1000),
anti-Smad2/3 (total forms: #sc398844 (raised in mice), Santa Cruz Biotechnology, Dallas, TX, USA, 1:500;
phosphorylated forms (Thr8): #TA325852 (raised in rabbit), Origene, Rockville, MD, USA, 1:1000),
rabbit anti-TGFβ1 (#ab92486, Abcam, Cambridge, UK, dilution 1:1000), rabbit anti-CTGF (#ab6992,
abcam, dilution 1:1000) and mouse anti-GAPDH (#GTX627408, GeneTex, Irvine, CA, USA, 1:5000).

2.6. Statistics

Data are expressed as mean ± standard error of the mean (SEM). Differences were assessed with
the Student’s t test, analysis of variance (ANOVA) and Tukey post-test, two-way ANOVA or repeated
measures ANOVA (MANOVA) as needed. Differences were considered significant when p < 0.05.

3. Results

3.1. Effects of Cx43 Deficiency on Myocardial Scar Size after Transient Coronary Occlusion

Cx43 expression in the four experimental groups is shown in Figure 1A. The scar area, determined
by picrosirius red staining 14 days after transient coronary occlusion, was similarly reduced in both oil
(50% Cx43 expression) and 4-OHT (<5% Cx43 expression)-treated Cx43Cre-ER(T)/fl mice, as compared
with Cx43fl/fl animals, with normal Cx43 levels (16.10% ± 2.16% for both Cx43-deficient animals
grouped vs. 23.91% ± 2.44% for both Cx43fl/fl mice grouped, p = 0.022, Student’s t test; Figure 1B).
Two-way ANOVA analysis demonstrated a significant effect of genotype, whereas no significant effects
of treatment (oil vs. 4-OHT) or interactions between treatment and genotype were detected (Figure 1B).
Collagen volume fraction in distant myocardium was low in all groups 14 days after myocardial
infarction, with no differences between groups (Figure 1C).

Figure 1. Cx43 expression under baseline conditions, assessed by conventional Western blot, in hearts
from the four experimental groups. Mitochondrial complex II (OxPhos CII) was used as loading
control (A). Effects of transient coronary occlusion on scar area (B), collagen volume fraction in distant
myocardium (C) and body weight (D) in Cx43fl/fl and Cx43Cre-ER(T)/fl mice treated with oil or 4-OHT,
and submitted to 45 min of left anterior descending coronary artery (LAD) occlusion followed by
14 days of reperfusion. Statistical analysis was performed by two-way ANOVA or repeated measures
ANOVA, as depicted. * (p < 0.05) indicates significant differences between both genotypes (ANOVA and
Tukey tests).
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Reduction of body weight has been previously associated with worse clinical outcomes after
myocardial infarction [24]. As shown in Figure 1D, myocardial infarction was associated with a
reduction of body weight in all groups, but this effect was significantly higher in Cx43fl/fl animals
(p = 0.007 for interaction between time and group; Figure 1D).

3.2. Effects of Cx43 Deficiency on Post-Infartion Left Ventricular Remodeling

Table 1 shows absolute values for IVS, LVPW LVEDD and LVESD, both at baseline and 14 days
after reperfusion, in Cx43Cre-ER(T)/fl and Cx43fl/fl mice subjected to transient coronary occlusion. As
shown in Figure 2A, animals subjected to myocardial ischemia–reperfusion depicted enhancements
in IVS, LVPW LVEDD and LVESD, expressed in relation to body weight, 14 days after coronary
occlusion, that were not significantly different between experimental groups. However, when changes
in cardiac dimensions were expressed as percentage of baseline values, Cx43-deficient animals had
an attenuated increase in LVEDD respect to Cx43fl/fl mice (p = 0.015 for interaction between time and
group, Figure 2B), supporting a lesser left ventricular remodeling. A similar trend was observed for
LVESD although differences did not reach statistical significance (p = 0.057 for interaction). On the
other hand, EF and FS were reduced in all groups, with no clear differences between them (Figure 2C).

Figure 2. Echocardiographic assessment of post-infartion left ventricular remodeling in Cx43-deficient
mice. (A) Changes in interventricular septum thickness (IVS), left ventricular posterior wall thickness
(LVPW), left ventricular end-diastolic internal diameter (LVEDD) and left ventricular end-systolic internal
diameter (LVESD) in Cx43Cre-ER(T)/fl and Cx43fl/fl mice, treated with oil or 4-OHT, and submitted to
45 min of LAD occlusion and 14 days of reperfusion. Data have been normalized by body weight (BW).
(B) Changes in LVEDD and LVESD, expressed as percentage of baseline values in the same groups of
animals. Repeated measures ANOVA demonstrated a significant interaction between time and group in
both cases. (C) Changes in ejection fraction (EF) and fractional shortening (FS) in all experimental groups.
Symbols are common for all figure panels and its interpretation is shown between panels A and B.
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Table 1. Absolute values (in mm) for interventricular septum thickness (IVS), left ventricular posterior
wall thickness (LVPW), left ventricular end-diastolic internal diameter (LVEDD) and left ventricular
end-systolic internal diameter (LVESD), both at baseline and 14 days after reperfusion, in Cx43Cre-ER(T)/fl

and Cx43fl/fl mice subjected to transient coronary occlusion.

IVS LVPW LVEDD LVESD
Baseline 14d Baseline 14d Baseline 14d Baseline 14d

Cx43fl/fl + oil
0.77 ± 0.02 0.80 ± 0.03 0.74 ± 0.02 0.73 ± 0.04 4.21 ± 0.16 4.59 ± 0.20 * 2.82 ± 0.09 3.42 ± 0.19 *(n = 8)

Cx43fl/fl + 4-OHT
0.77 ± 0.01 0.77 ± 0.02 0.75 ± 0.03 0.79 ± 0.01 4.17 ± 0.11 4.23 ± 0.17 2.93 ± 0.08 2.97 ± 0.15(n = 8)

Cx43Cre/fl + oil
0.77 ± 0.02 0.78 ± 0.02 0.74 ± 0.02 0.73 ± 0.02 4.02 ± 0.11 4.05 ± 0.10 2.70 ± 0.08 2.90 ± 0.09 *(n = 10)

Cx43Cre/fl + 4-OHT
0.76 ± 0.02 0.79 ± 0.04 0.72 ± 0.02 0.71 ± 0.02 4.26 ± 0.26 4.26 ± 0.26 2.98 ± 0.15 3.09 ± 0.25(n = 7)

* (p < 0.05) indicates significant differences vs. corresponding baseline value (paired Student’s t test). Abbreviations:
14d: 14 days; 4-OHT: 4-hydroxytamoxifen; IVS: interventricular septum thickness; LVEDD: left ventricular
end-diastolic internal diameter; LVESD: left ventricular end-systolic internal diameter; LVPW: left ventricular
posterior wall thickness.

3.3. Changes in Expression of Selected Fibrotic and Remodeling Markers 14 Days after Transient Coronary Occlusion

Two-way ANOVA analysis demonstrated a significantly enhanced myocardial expression of NF-κB,
pro-TGFβ1 and the active form of TGFβ1, together with a marginal increase in total Smad2/3, in animals
subjected to transient coronary occlusion followed by reperfusion for 14 days (Figure 3). However,
when compared with their corresponding non-infarcted control groups, the increase in pro-TGFβ1
seen in Cx43-deficient animals (especially in those treated with 4-OHT, showing a marked reduction
in Cx43 expression) was lower, and did not reach statistical significance (Figure 3). Furthermore, a
significant difference for pro-TGFβ1 was observed between infarcted 4-OHT-treated Cx43Cre-ER(T)/fl

mice and both infarcted Cx43fl/fl groups. No changes were observed in any group in the expression of
CGTF, inactive TGFβ1 or pSmad2/3.

Figure 3. Changes in the expression of NF-κB, Smad2/3, pSmad2/3, TGFβ1 and CTGF in hearts from
Cx43Cre-ER(T)/fl and Cx43fl/fl mice, treated with oil or 4-OHT that have been subjected to 45 min of LAD
occlusion and 14 days of reperfusion. Right panels show the corresponding protein quantification of 4
different Western blots. Left panels show original representative Western blots. Two-way ANOVA
shows differences for group, treatment (control vs. infarction) and interaction between both factors.
* (p < 0.05) indicates significant differences vs. the corresponding control group. τ (p < 0.05) indicates
significant differences between infarcted 4-OHT-treated Cx43Cre-ER(T)/fl mice and both infarcted Cx43fl/fl

groups (ANOVA and Tukey tests).
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4. Discussion

The present study demonstrates that cardiac Cx43 deficiency in conditional Cx43Cre-ER(T)/fl mice
induces a protective effect against scar formation after transient coronary occlusion, as demonstrated by
a reduction in the histological extent of the myocardial scar 14 days after reperfusion. This protective
effect was associated with attenuated LV dilatation, as assessed by echocardiography, and reduced body
weight loss, both suggestive of improved left ventricular remodeling. Moreover, these protective effects
were associated with an attenuated enhancement in the expression of pro-TGFβ1 after reperfusion,
which could explain, at least in part, these findings.

Previous studies have shown that a reduction in Cx43 expression in heterozygous Cx43+/- mice
attenuates myocardial infarct size, as assessed by histological Masson’s trichrome staining of ventricular
slices, both during the healing phase (8 days after surgery) and in fully healed infarcts (10 weeks
after occlusion), as compared with Cx43+/+ wild-type animals [13]. Similarly, an attenuated collagen
accumulation was observed in the same animal model, both in the infarcted and non-infarcted cardiac
regions, 6 days and 4 weeks after coronary occlusion [12]. However, in these two studies, animals were
subjected to permanent coronary ligatures, a maneuver that should cause a transmural infarction [14,15]
but is far from the clinical setting, where patients presenting with STEMI rapidly undergo coronary
revascularization [16,17]. We believe that our model of transient ischemia followed by reperfusion
recapitulates more reliably the clinical context present in patients with STEMI, and therefore, has
greater translational value.

Here, we demonstrated that both a mild and a marked Cx43 deficiency after myocardial infarction
was associated with reduced scar, and that this protective effect was of similar magnitude in both
cases. Cx43Cre-ER(T)/fl mice, when treated with vehicle (oil), express about 50% of normal Cx43 content,
whereas administration of 4-OHT induces a gradual reduction of Cx43 levels to become almost
undetectable 14 days after first induction [10,18,25]. Although one could expect that Cx43Cre-ER(T)/fl

mice treated with 4-OHT would show even a higher reduction in scar size, this was not the case. The
reason for this might be due to the fact that reduction in Cx43 levels in this model is progressive
and, short after infarct induction, Cx43 levels are still around 50%, taking about one week to become
significantly decreased [10,18,25]. We are, thus, restricted by the temporal limitations imposed by
our animal model, which shows a high mortality 14 days after 4-OHT induction, mostly due to
malignant arrhythmias. Cx43 is a key element in cell-to-cell communication and its loss may favor
reentrant circuits facilitating arrhythmogenicity [10,18,25]. It is worth to mention, however, that in
three additional animals we attempted to modify the timings of our experiments, administrating
4-OHT one week before transient coronary ligation and assessing scar size 7 days after. However,
these animals died within 24 h of coronary occlusion, again probably due to malignant ventricular
arrhythmias in relation to the reduced Cx43 levels.

The protective effect of Cx43 deficiency on collagen deposition after transient coronary occlusion is
similar to that described in other tissues. Thus, previous studies conducted in different animal species
have shown that downregulation of Cx43 levels improves the rate of wound healing in the skin, causing
smaller scars [26–30]. Similarly, the Cx43 mimetic peptide Gap27 has been demonstrated to promote
healing of superficial epithelial corneal wounds [31]. Our findings are also in agreement with the
results obtained in hearts submitted to cryoinjury that demonstrated an attenuation of left ventricular
remodeling and scar area after the administration of the carboxiterminal mimetic peptide αCT1, which
competitively inhibits the interaction of endogenous Cx43 with zonula occludens-1 [27,32]. In contrast,
others have shown that a mild Cx43 deficiency in Cx43Cre-ER(T)/fl mice, expressing 50% of normal
Cx43 content, is associated with an increase in collagen deposition after pressure overload induced
by transverse aortic constriction [33] or angiotensin II treatment [25]. However, we have previously
suggested that this increase in collagen deposition observed after angiotensin II treatment in mild
Cx43-deficient mice is probably independent of Cx43, as it is not seen in Cx43+/- mice, having a similar
Cx43 depletion, and is reverted when Cx43Cre-ER(T)/fl animals were treated with 4-OHT [25]. Thus,
these results, obtained in a different model of left ventricular remodeling (angiotensin II treatment vs.
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transient coronary occlusion in our present study) also support the notion that Cx43 deficiency exerts a
protective action against collagen deposition.

The reduction in scar size seen in our Cx43-deficient mice is associated with an attenuated
enhancement in the expression of pro-TGFβ1 after reperfusion. TGFβ1 plays a key role in cardiac
fibrosis and remodeling [34]. It is, thus, tempting to speculate that a reduction in TGFβ1 signaling
in our Cx43-deficient model might explain, at least in part, our findings. In fact, previous studies
have also shown an association between Cx43 deficiency and a reduction in TGFβ signaling [12].
However, and contrary to that study, changes in pro-TGFβ1 do not translate, in our present work, into
changes in Smad2/3 levels or in its degree of phosphorylation. Previous studies have demonstrated
that the profibrotic cardiovascular effects of TGFβ1 are largely due to activation of the Smad signaling
pathway [35]. We do not have a clear explanation for this discrepancy. However, one possibility lies
in the fact that upon binding of TGFβ1 to its specific membrane receptors, it may induce both the
canonical Smad-dependent signaling pathway, as well as pathways without direct involvement of
Smad proteins, which activate signaling molecules like mitogen-activated protein kinase or small
GTPases [36]. This possibility deserves, thus, future investigations.

We have previously demonstrated that cardiac fibroblasts isolated from Cx43Cre-ER(T)/fl mice treated
with 4-OHT had, under baseline conditions, a marked reduction in expression of α-smooth muscle
actin and SM22α, two markers of cell differentiation [25]. Simultaneously, these fibroblasts depicted an
abnormal phenotype, including reduced cell size and highly refringent nuclei. Furthermore, hearts
from these animals had an enhanced vimentin expression, suggestive of higher fibroblast content [25].
All these changes occurring at the fibroblast/myofibroblast level may explain, at least in part, the
reduced scar area seen in this group after transient coronary occlusion. In addition, hearts from
these animals had, already under baseline conditions, an enhanced inflammatory response, with
increased expression of IL-6 and NOX2 mRNA and enhanced LAMP2/Mac3 (a macrophage marker)
and MMP9 levels, as assessed by immunohistochemistry [25]. This enhanced inflammatory response,
and especially the increased MMP9 levels may help to explain a reduced scar area in this group.

5. Conclusions

In conclusion, our present study demonstrates a protective action of Cx43 deficiency on scar
formation after transient coronary occlusion in mice, an effect that is associated with attenuated left
ventricular remodeling and reduced enhancement in pro-TGFβ1 expression.
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