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Gap junction reduction in cardiomyocytes following transforming 
growth factor- β treatment and Trypanosoma cruzi infection
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Gap junction connexin-43 (Cx43) molecules are responsible for electrical impulse conduction in the heart and are 
affected by transforming growth factor-β (TGF-β). This cytokine increases during Trypanosoma cruzi infection, mod-
ulating fibrosis and the parasite cell cycle. We studied Cx43 expression in cardiomyocytes exposed or not to TGF-β 
T. cruzi, or SB-431542, an inhibitor of TGF-β receptor type I (ALK-5). Cx43 expression was also examined in hearts 
with dilated cardiopathy from chronic Chagas disease patients, in which TGF-β signalling had been shown previously 
to be highly activated. We demonstrated that TGF-β treatment induced disorganised gap junctions in non-infected 
cardiomyocytes, leading to a punctate, diffuse and non-uniform Cx43 staining. A similar pattern was detected in T. 
cruzi-infected cardiomyocytes concomitant with high TGF-β secretion. Both results were reversed if the cells were 
incubated with SB-431542. Similar tests were performed using human chronic chagasic patients and we confirmed 
a down-regulation of Cx43 expression, an altered distribution of plaques in the heart and a significant reduction in 
the number and length of Cx43 plaques, which correlated negatively with cardiomegaly. We conclude that elevated 
TGF-β levels during T. cruzi infection promote heart fibrosis and disorganise gap junctions, possibly contributing to 
abnormal impulse conduction and arrhythmia that characterise severe cardiopathy in Chagas disease.
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Gap junctions are aggregates (plaques) of intercel-
lular channels that connect the cytoplasm of adjacent 
cells. They mediate both electrical and metabolic cou-
pling. The gap channels are composed of 12 connexin 
(Cx) molecules assembled from the hexameric hemi-
channels (connexons) in humans (Sohl & Willecke 
2004). In the heart, intercellular gap junction channels 
constructed from Cx molecules are crucial for propa-
gation of electrical impulses in excitable tissues, most 
notably including myocardium, where Cx43 is the most 
important isoform and has been studied extensively 
(Severs 2001, Rodriguez-Sinovas et al. 2007).

Some myocardial diseases show alterations in ex-
pression levels of Cxs and/or the anisotropic distribu-
tion of gap junction plaques (Severs et al. 2004, Chen & 
Zhang 2006). Decrease in expression levels of ventricu-
lar Cx43 has been described in the hypertrophic heart of 
hypertensive rats (Bastide et al. 1993) and in ischaemic 

human and rabbit hearts (Peters et al. 1993, Tansey et 
al. 2006). A redistribution of Cx43 gap junctions has 
been reported in the borderzone of infarcts (Severs et 
al. 2004, Chen & Zhang 2006), in hypertrophied hearts 
(Uzzaman et al. 2000), ischemic hearts (Peters et al. 
1993, Beardslee et al. 2000) and hypertrophic cardio-
myopathy (Sepp et al. 1996). The redistribution is fre-
quently accompanied by a decrease in the size of gap 
junction plaques (Kaprielian et al. 1998) or in the total 
amount of plaques (Uzzaman et al. 2000).

Some dysfunction in gap junction intercellular 
communication is regulated by growth factors [e.g., 
epithelial growth factor, transforming growth factor-β 
(TGF-β) and bovine pituitary extract], which may act 
to isolate affected cells from one another by down-
regulating the transfer of ions and small molecules 
through gap junctions (Chanson et al. 2005). TGF-β 
is a cytokine that contributes to fibrosis by increasing 
the synthesis of collagen and other extracellular matrix 
proteins and decreasing their degradation. Physiologi-
cal levels of TGF-β maintain tissue homeostasis and ab-
errant over-expression of TGF-β leads to tissue fibrosis 
(Tabibzadeh 2002). Through regulation of Cx43 expres-
sion, TGF-β affects gap junction-mediated intercellular 
communication (van Zoelen & Tertoolen 1991, Hurst et 
al. 1999, Rudkin et al. 1996) and the outcome varies be-
tween positive and inverse relationships, depending on 
the cell type, the type of membrane receptors employed 
and the initial activation/phosphorylation state of the 
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cells (Chanson et al. 2005). Acute down-regulation 
of Cx43 at wound sites leads to a reduced inflamma-
tory response, enhanced keratinocyte proliferation and 
wound fibroblast migration (Mori et al. 2006).

Cardiomyopathy occurs in chronic Chagasic disease, 
which is an infection caused by Trypanosoma cruzi that 
is characterised by focal myocarditis following para-
site invasion and inflammatory cell infiltration of heart 
myofibers (Palomino et al. 2000) that is likely to be trig-
gered by parasite-host interaction during the initial acute 
phase. T. cruzi infection affects over 17 million people in 
Latin America, leading to 45,000 deaths/year (Schmunis 
2007). However, a clear understanding of its pathophysi-
ology remains a challenge (Marin-Neto et al. 2007). 
Most of the infected people remain asymptomatic in the 
so-called “indeterminate form”; however, about 25% of 
the patients develop the cardiac clinical form, wherein 
the heart increases due to exacerbated fibrosis, leading 
to dysfunctions such as arrhythmias, conduction distur-
bances and congestive heart failure (Higuchi et al. 1999). 
T. cruzi infection of cultured rat and mouse cardiac myo-
cytes results in a decrease in electrical coupling between 
the infected cells, decreased passage of dyes into or away 
from infected cells and a decrease in the expression of 
organised plates of gap junction channels at appositional 
membrane areas (Campos de Carvalho et al. 1992, Adesse 
et al. 2008). We have demonstrated previously TGF-β in-
volvement in heart pathology in mice following acute in-
fection and in human chronic heart fibrosis occurring in 
Chagas disease (Araújo-Jorge et al. 2008).

Herein we studied in vitro cultures and heart samples 
from chagasic patients, in which TGF-β signalling has 
previously been shown to be highly activated, to test the 
hypothesis that the expression of Cx43 would decrease 
under high levels of TGF-β (Araújo-Jorge et al. 2002).

pATienTS AnD MeTHoDS

In vitro T. cruzi heart cell infection - Cardiomyocytes 
from mouse embryos were obtained as described previ-
ously (Meirelles et al. 1986). Cells were seeded in 24-
well plates and maintained in Eagle’s medium containing 
0.1% fetal calf serum, garamicine, 1 mM glutamine and 
2.5 mM CaCl2. To analyse the localisation of Cx43, some 
subconfluent monolayers were incubated with T. cruzi 
trypomastigotes from the Y strain, employing a parasite/
host cell ratio of 10:1, along with TGF-β 1 (2 ng/mL) for 
24 h at 37ºC. After washing, some monolayers were treat-
ed with SB-431542 (10 µM) for longer than 24 h, washed 
twice in phosphate buffered saline (PBS), fixed in 4% 
paraformaldehyde for 10 min at 4ºC and processed for 
immunocytochemistry analysis. SB-431542 is an activin 
receptor-like kinase (ALK)-5 inhibitor that blocks the 
TGF-β signalling pathway (Inman et al. 2002). All proce-
dures were carried out in accordance with the guidelines 
established by the Fiocruz Committee of Ethical for the 
Use of Animals, resolution 242/99.

Immunofluorescence and confocal microscopy of 
immunocytochemical staining - Cells were incubated 
once with 0.1% Triton X-100 in PBS for 10 min, fol-
lowed by three 10 min washes in PBS/2% bovine se-

rum albumin and then reacted with rabbit anti-Cx43 
(Zymed, San Francisco, CA, USA) diluted 1:50 in PBS 
overnight at 4ºC. The monolayers were incubated for 1 
h at RT with goat-anti-rabbit IgG-fluorescein isothio-
cyanate diluted 1:200 (Jackson ImmunoResearch Labo-
ratories, West Grove, PA, USA). The cultures were then 
incubated with 4,6-diamidino-2-phenylindole (DAPI) 
(1:5000) to stain DNA, washed three times in PBS and 
mounted with CitiFluor AF1 (Agar Scientific Ltd, Stan-
sted, Essex, UK). The sections were observed using a 
microscope Olympus Fluoview 3.3 (Olympus Corpora-
tion, Japan) coupled with an upright BX51 microscope 
image acquisition system.

TGF-β measurement - Measurement was performed 
using a TGF-β 1-specific commercial enzyme linked 
immunosorbent assay (ELISA) kit (TGF-β 1 Emax; Pro-
mega Corporation, Madison, Wisconsin, USA) accord-
ing to the manufacturer’s instructions (the minimum de-
tectable dose of TGF-β 1 in this assay is less than 32 pg 
mL-1). Supernatants of control cardiomyocytes or those 
infected with T. cruzi at 48, 72 and 96 h post-infection 
were assayed after acidic pH activation of latent TGF-β 
1 (total TGF-β) or without activation (active TGF-β) to 
calculate the ratio between active and latent TGF-β 1.

Immunoblot analysis - Cells were treated or not with 
SB-431542 (10 µM) for 1 h and then TGF-β 1 (2 ng/mL) 
or T. cruzi Y strain were added for 48 h. Cardiomyocytes 
were then washed twice with PBS and lysed in radioim-
munoprecipitation assay buffer [50 mM Tris-HCl, NaCl 
150 mM, 1% Triton X-100, 1 mM ethylene glycol-bis-
(b-amino-ethyl ether) N,N,N ,́N´-tetra-acetic acid, 100 
µg/mL phenylmethylsulfonyl fluoride, 1 µg/mL pepsta-
tin, 10 µg/mL leupeptin and 1 µg aprotinin, pH 8.0)]. 
Proteins in the lysates (20 µg/lane) were separated by 
sodium dodecyl sulfate polyacrylamide gel electropho-
resis (12%) and analysed by immunoblotting with poly-
clonal rabbit anti-Cx43 (Sigma Aldrich, St. Louis, IL, 
USA) diluted 1:8000. The same membrane was stripped 
and re-probed with a monoclonal antibody against glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) to 
confirm equal protein loading in each lane. Four inde-
pendent experiments were performed and the densito-
metric histograms of the normalised levels of Cx43 as 
related to GAPDH are shown.

Heart cryosections - Left ventricle fragments 
from the heart of patients chronic chagasic cardiopa-
thy (CCC) (n = 7) as well as from patients with non-
infectious dilated cardiopathy (IDCM) (n = 1) and a 
reference control from a non-infected person (Healthy 
control) (n = 1) were obtained as described elsewhere 
(Araújo-Jorge et al. 2002). Hearts were taken at autopsy 
from four patients (Table II, A1-4) who had died from 
cardiac failure, including two men aged 39 and 43 years 
(A1, 4) who died from ventricular fibrillation leading 
to severe arrhythmia, a man aged 46 years (A2) who 
died from cardiogenic shock by ventricular failure, a 
young man aged 22 years (A3) and biopsies from four 
patients (Table II, B1-4) that underwent heart transplant 
(heart explanted from the recipients). Three hearts were 
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obtained from a chagasic group (B1-3, 2 men aged 28 
and 53 years, or class IV and a woman aged 24 years, 
NYHA class III) and one from a patient from the IDCM 
group (B4) with IDCM (NYHA class III, a man aged 
41 years, presenting idiopathic dilated cardiopathy). 
The biopsy of one young woman who presented normal 
heart function, but was submitted to valve prosthesis, 
was used as a non-infected control (B5).

Immunohistochemical staining - Processing for im-
munofluorescence was performed as described previ-
ously (Coutinho-Silva et al. 2001). Frozen sections (10 
µm) were fixed for 10 min in 4% paraformaldehyde 
(VWR International, Poole, UK) in PBS followed by 
blocking with 10% normal horse serum (Harlan Sera-
Lab, Loughborough, UK) in PBS containing 0.05% 
thimerosal (Merthiolate; Sigma Chemical Co, Poole, 
UK) for 20 min. The slides were then incubated over-
night with mouse monoclonal antibodies against Cx43 
(1:200) (Becker & Davies 1995). All incubations were 
held at RT and separated by three 5 min washes in PBS. 
For confocal microscopy, the secondary antibody was 
anti-mouse Cy5 diluted 1:200 in PBS for 1 h at 37°C, 
washed and mounted with glycerol CitiFluor AF1 (Agar 
Scientific). The sections were observed using a Zeiss 
Axioplan microscope (Zeiss, Oberkochen, Germany) 
coupled with a Leica DC 200 image acquisition system 
(Leica, Heerbrugg, Switzerland).

Cx43 plaque quantification - Leica TCS NT confo-
cal images were digitally processed using Photoshop 5.0 
software (Adobe Systems, San Jose, CA, USA). Each 
test area was photographed at a final print magnifica-
tion of 400X. At this magnification, a typical test area 
included approximately 34.600 µm2 of tissue area. The 
images were projected on a square screen and adjusted 
for 1 cm (arbitrary value) of length of Cx43 from healthy 
heart. The minimum gap junction length measured was 
0.1 cm that corresponded to five contiguous pixels. The 
mean number of Cx43 plaques as well as their sizes was 
evaluated in each case studied by quantification of three 
confocal field images/patient. The means obtained in 
measurements from the IDCM and healthy patients 
were compared to the mean calculated using data col-
lected from the seven chagasic cases. Analyses and tests 
were carried out using GraphPad Prism version 3.0 for 
Windows (GraphPad Software, San Diego, CA, USA). 
Statistical differences between the three groups were 
determined by analysis of variance followed by Dun-
nett’s post-test. Statistical significance was defined as  
p < 0.05 and p < 0.001.

Fibronectin and phosphorylated Smad 2 detection 
in heart cryosections - Cryostat slides were obtained as 
described above. Histology and immune labelling of T. 
cruzi antigens and of inflammatory infiltrates were al-
ready studied and described (Higuchi et al. 1997, Reis 
et al. 1997). Sections were fixed in paraformaldehyde, 
incubated with 1% H2O2, washed and saturated with 5% 
normal goat serum before an overnight incubation with 
rabbit IgG anti-fibronectin (Sigma) or anti-phosphos-
mad2 (PS2). The anti-PS2 antibody was raised in rab-

bits against the peptide KKKSSpMSp (where Sp stands 
for phosphorylated serine residues) and was given to 
us by Dr P ten Dijke (The Netherlands Cancer Insti-
tute, Amsterdam, The Netherlands). Its specificity was 
assessed previously by western blotting and immuno-
chemical methods (Rosendahl et al. 2001). A biotin-avi-
din-peroxidase system (Dako, Glostrup, Denmark) was 
used for immune detection.

The patients gave signed consent for their participation 
according to the rules of the official Fundação Oswaldo 
Cruz Ethical Committee (Brazilian Ministry of Health).

ReSuLTS

Expression of Cx43 in cardiomyocytes in vitro is re-
duced and disorganised after TGF-β treatment and af-
ter T. cruzi infection - To test for a biological effect of 
TGF-β on Cx43 expression, we treated in vitro cardio-
myocytes with 2 ng/mL TGF-β for 48 h. In non-treated 
cultures, typical gap junction immunoreactivity was 
seen at virtually every interface between the cultured 
cardiomyocytes (Fig. 1A, arrow). A different, punctate 
and disorganised pattern in the Cx43 staining was ob-
served following the addition of 2 ng/mL TGF-β (Fig. 
1B, open arrow). This pattern indicated a clear effect of 
TGF-β on Cx43 expression and/or distribution. Western 
blot detection of Cx43 expression further confirmed the 
effect of TGF-β (Fig. 2A, C).

Infection of cardiomyocytes with T. cruzi led to a de-
crease in Cx43 expression (Campos de Carvalho et al. 
1992, Adesse et al. 2008) as detected by confocal mi-
croscopy and typical T. cruzi DNA staining by DAPI 
indicated the infected cells (Fig. 1D-F, small arrows). 
We confirmed the down-regulation of Cx43 staining in 
T. cruzi-infected cells (Fig. 1D, E, green labelling, open 
arrows) compared to non-infected cells (Fig. 1A, arrow). 
The cells containing parasites were negative for Cx43 
staining (Fig. 1D, E, open arrow); however, non-infected 
cells from the same cultures sometimes retained the nor-
mal pattern of Cx43 expression (Fig. 1D, large arrow). 
Western blot detection of Cx43 confirmed its reduction 
after T. cruzi infection (Fig. 2A, Lane 4).

SB-431542 treatment inhibits the effect of TGF-β on 
Cx43 expression in normal and T. cruzi-infected cardio-
myocytes - Treatment of cardiomyocytes with SB-431542 
strongly increased the Cx43 immunostaining (Fig. 1C), 
thus confirming that the TGF-β signalling effect did in-
deed specifically disorganise Cx43 expression in cardio-
myocytes (Fig. 1B). Western blot analysis also showed 
that the addition of SB-431542 (10 µM) to non-infected 
TGF-β-treated cardiomyocytes up-regulated the expres-
sion of Cx43 (Fig. 2A, Lane 3).

We recently demonstrated that SB-431542 inhibited 
T. cruzi infection (Waghabi et al. 2007), but in the pres-
ent work we aimed to verify if the effect of SB-431542 
was due to the blocked expression of TGF-β-responsive 
genes rather than a decreased infection rate. We then ex-
tended this approach by adding SB-431542 after 24 h of 
infection. We verified that treatment with SB-431542 of 
the 24 h-infected cultures (Fig. 1F) reversed the typical 
pattern of Cx43 reduction (Fig. 1D, E). Importantly, even 
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infected cells expressed Cx43 (Fig. 1F, arrows). West-
ern blot analysis confirmed that cardiomyocytes treated 
with SB-431542 (10 µM) prior to T. cruzi infection and/
or TGF-β addition overexpressed Cx43 compared to the 
same procedure performed without SB-431542-mediat-
ed inhibition (Fig. 2A, Lanes 3, 5).

TGF-β secretion by T. cruzi-infected cardiomyocytes 
- Previous reports have shown that cardiomyocytes se-
crete TGF-β in vitro (Flanders et al. 1995) and that Cha-
gas disease is accompanied by increased TGF-β levels 
(Silva et al. 1991, Araújo-Jorge et al. 2002, Waghabi et al. 
2002). We compared TGF-β levels measured in the su-
pernatants of control cardiomyocytes and those infected 
by T. cruzi after 48, 72 and 96 h post-infection (Table I). 
Non-infected cells secreted regular levels of TGF-β over 

the period studied (70-250 pg/mL). Infected cardiomyo-
cytes secreted higher TGF-β levels, starting from 1,600 
and reaching 2,200 pg/mL, which is seven times high-
er than total TGF-β secretion from non-infected cells.  
Detection of active TGF-β in culture supernatants was 
similar in infected and non-infected cells after 48 and 72 h,  
but was 2.6-fold higher in the infected cells 96 h after 
infection. To confirm these observations, we performed 
immunostaining of cardiomyocytes infected by T. cruzi 
using an anti-TGF-β antibody. Amastigote-positive cells 
stained strongly with anti-TGF-β antibody (Waghabi et 
al. 2005). Non-infected cardiomyocytes surrounding 
infected ones were strongly immunoreactive for TGF-β 
by 24 h post-infection (Supplementary data A, arrow) 
as well as at 48 h (data not shown), 72 h (Supplemen-
tary data B) and 96 h (data not shown). These data con-
firmed TGF-β secretion by non-infected cardiomyocytes 
in infected cultures, which contributed to the available 
total and active amounts of this cytokine as measured 
by ELISA (Table I). We showed, by RT-PCR assays, 
that the addition of TGF-β to cardiomyocyte cultures in-
creased by 3.6-fold the transcription of the TGF-β gene, 
thus demonstrating an autocrine/paracrine self-regula-
tion (Supplementary data C). In addition, western blot 
analysis showed that Smad-2 phosphorylation following 
TGF-β addition to cardiomyocytes was decreased when 
incubated with SB-431542 in a concentration-dependent 
manner (Supplementary data D).

Cx43, fibronectin and PS2 detection on human left 
ventricle of chagasic patients - Circulating levels of 

Fig. 1: confocal images of cardiomyocytes stained for connexin (Cx)-43 
after treatment with TGF-β at 2ng/mL (B, C, E) or infected with Try-
panosoma cruzi (D, E, F) in the absence of (A, B, D, E) or the presence 
of SB-431542 (C, F). Changes in Cx43 expression in cells incubated with 
exogenous recombinant TGF-β for 48 h (B) were observed as compared 
to non-treated control cells (A). SB-431542 addition (10 µM) for 24 h 
on TGF-β1 treated cells increased Cx43 reaction (C). Changes in Cx43 
expression are also detected in 48 h T. cruzi infected cultures (D, E) 
and increased in 10 µM SB-431542 treated cells (F). White large arrows 
indicate Cx43 staining, open arrows indicate altered punctate staining. 
Small arrows indicate T. cruzi amastigotes. Representative confocal im-
ages are shown, with DNA staining in blue and Cx43 in green.

Fig. 2: SB-431542 treatment reverses Trypanosoma cruzi-induced con-
nexin (Cx)-43 down expression in cardiomyocytes. Control cardiomyo-
cytes or those treated with SB-431542 (10 µM) for 1 h and then treated 
with TGF-β1 (2 ng/mL) or T. cruzi Y strain for 48 h. Cell lysates (20 µg) 
were resolved on a 12% SDS-polyacrylamide gel and immunoblotted 
with anti-Cx43 (A) and anti-glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (B) antibodies. Densitometric histograms of the nor-
malized levels of Cx43 as related to GAPDH are shown in (C). n = 4.
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TGF-β and tissue expression of PS2 were associated 
with the progression of heart damage in Chagas disease 
(Araújo-Jorge et al. 2002). To compare and confirm the 
relevance of the in vitro data with human pathology, the 
expression and localisation of Cx43 was studied in the 
human left ventricle from healthy or cardiopathic pa-
tients. Confocal images showed staining for Cx43 (dark 
blue) in the different groups studied (Fig. 3A, D, G). In 
the healthy control sample, Cx43 labelling was loca-
lised at intercalated discs as a dense structure of plaques 
(Fig. 3A, arrows) as described previously (4). A change 
in Cx43 expression occurred in chagasic patients and 
we detected the disassembly of the gap junctions and a 
marked decreased in total staining (Fig. 3G). The mean 
number of Cx43 plaques was 20% lower in chagasic pa-
tients compared to healthy or IDCM groups (Table II, 
Fig. 4A). Cx43 plaque size was reduced by 2.2-fold (from 
1 ± 0.08 to 0.45 ± 0.2) in chagasic patients, this being the 
main characteristic of the observed disassembly of this 
group (Fig. 4B), thus corroborating the observed loss of 

Cx43 plaques (Fig. 3D, G). To compare the intensity of 
cardiac fibrosis and positive TGF-β-reactive cells with 
Cx43 expression, we analysed in human heart sections 
the presence of fibronectin and PS2, markers of fibro-
sis and of active TGF-β signalling, respectively. When 
compared to healthy controls (Fig. 3B, C), higher levels 
of pericellular fibronectin staining (Fig. 3H) and nuclear 
staining to PS2 (Fig. 3I) were observed on the sections 
of cardiac tissue from chagasic patients in parallel to the 
reduced Cx43 staining (Figs 3G, 4A, B).

The main clinical data and quantitative analysis of 
Cx43 size and expression from each patient are shown 
in Table II. The histology analysis and immunolabelling 
of T. cruzi antigens and of inflammatory infiltrates of 
these patients have already been studied and described 
elsewhere (Higuchi et al. 1997, 1999, Reis et al. 1997, 
Palomino et al. 2000). The normal pattern of Cx43 
staining in human ventricular myocardium (healthy do-
nors) has already been determined (Jiang et al. 2005), 
thus only one heart was used as a control due to ethi-

TAbLE I

Evidence for the presence of active TGF-β in Trypanosoma cruzi-infected cardiomyocyte cultures

Parameter

Hours after infection

48 72 96

NI I NI I NI I

Total TGF-β (HCl treated)a 218. ± 77 1643.4 ± 6.3 239.9 ± 27 1841.9 ± 299 338.5 ± 162.9 2237.8 ± 78
Active TGF-β (non-HCl treated)a 134.2 ± 10 73.1 ± 3 87.1 ± 7.2 67.4 ± 17 273.02 ± 19 721.12 ± 16
Number of nuclei stained for PS2/
number of total non-infected cell nuclei - DAPI (%)

0 0 0 0 0 65/250
(26)

Number of nuclei stained for PS2 in infected cell/ 
number of total infected cell nuclei - DAPI (%)

0 0 0 0 0 83/126
(66)

a: pg/mL; DAPI: 4,6-diamidino-2-phenylindole; I: infected; NI: non infected; PS2: phosphorylated Smad 2.

TAbLE II

Clinical data in patients with normal, non-infectious dilated cardiopathy (IDCM) and chronic chagasic  
cardiopathy (CCC) hearts

Patient code Group
Age

(years)
Sex  

(M/F)
Heart weight  

(g)
Cx43  

number
Cx43  
size

CI
(+/-)

Myocarditis
(+/-)

Amastigote detection
(+/-)

A1 CCC 39 M 350 74.33 0.73 - + nd
A2 CCC 43 M 600 29 0.33 + + +
A3 CCC 46 M nd 56 0.26 + + nd
A4 CCC 22 M nd 81.66 0.55 + + nd
b1 CCC 28 M 480 34 0.46 - + nd
b2 CCC 53 M 380 64.5 0.38 + + nd
B3 CCC 24 F 370 64.33 0.32 nd nd nd
B4 IDCM 41 M nd 73.5 0.38 nd nd -
b5 Healthy control nd F 235 72 1 - - -

CI: cardiac insuficiency; Cx: connexin; nd: non-determinate; +: present; -: not present.
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cal constraints. Heart weight from the chagasic group 
was higher than the non-infected controls (mean weight, 
457.5 g compared to 235 g, respectively). Data in Table 
II allowed a correlation study between Cx43 protein ex-
pression levels and heart weight (Fig. 4C), depicting a 
clear and significant negative correlation between these 
parameters (r2 = 0.8244). Fewer Cx43 plaques were ob-
served in heavier hearts. We could not predict a corre-
lation with the presence of cardiac insufficiency and/or 
myocarditis with the number of Cx43 plaques because 
all chagasic patients presented with myocarditis; how-
ever, the Cx43 level was not homogeneous (Table II).

DiSCuSSion

In the heart, gap junctions mediate electronic cur-
rent flow, thereby coordinating the spread of excitation 
and subsequent contraction throughout the myocardium 
(Spray & Burt 1990). Intercalated discs join neighbour-
ing cardiomyocytes and provide mechanical adhesion 
as well as electrical and metabolic coupling. Protein 
changes in these junctions, particularly in gap junctions, 
are known to be involved in pathological features (Sev-
ers 2001). The disturbance of gap junction signalling 
could lead to altered impulse propagation between car-
diomyocytes and to ventricular arrhythmogenesis in the 
myopathic heart (Peters et al. 1993). In CCC, one of the 
main complications is heart failure in association with 
extensive fibrosis (Higuchi et al. 1999), high circulating 
TGF-β levels (Araújo-Jorge et al. 2008) and arrhythmia 
(Casado et al. 1990). To examine the effect of TGF-β on 
Cx43 protein expression, we employed an in vitro model 
of cardiomyocytes submitted to treatment with the cy-
tokine, its inhibitor, or T. cruzi infection. Our findings 
demonstrated that TGF-β addition altered the Cx43 pro-
tein expression in non-infected myocytes, resulting in 
reduced organisation of gap junctions, which led to a 
punctate, diffuse and non-uniform pattern of staining.

We observed a decrease in Cx43 staining in infected 
cells and their neighbours, thus confirming what has 
already been demonstrated (Campos de Carvalho et al. 
1992, Adesse et al. 2008). These results predicted that 
direct T. cruzi infection of heart cells could slow cardiac 
conduction and alter the pattern of impulse propagation 
as a consequence of decreased strength of electrotonic 
coupling. Increased local production and secretion of 
TGF-β-1, as we demonstrated, could also contribute 
to impaired gap junctional communication in cardio-
myocytes. The involvement of TGF-β signalling in the 
mechanism of Cx43 decrease was verified when non-in-
fected cardiomyocytes also developed a punctate Cx43 
labelling after exposure to exogenous TGF-β, similar 
to the pattern observed in infected cells. It was further 
reinforced by the interesting results obtained with the 
ALK5 inhibitor, SB-431542, which completely reversed 
the effect of TGF-β and of T. cruzi infection on Cx43 
expression as detected by immunoreaction and by west-
ern blot analysis. These results indicate a possible role 
of endogenously secreted TGF-β as an autocrine/para-
crine agent. This result suggests that TGF-β produced 
in infected cultures could affect both infected and non-
infected cells and induce the diffuse pattern of Cx43 

Fig. 3: fragments from human left ventricles from a healthy heart (A-
C), a non-chagasic patient with idiopathic dilated cardiomyopathy 
(D-F) or a chagasic patient with cardiomyopathy (G-I). Blue staining 
corresponds to connexin (Cx)-43 labelling (arrows) in confocal im-
ages from hearts immunostained with anti-Cx43 antibody (A, D, G). 
The immune-reactivity for fibronectin and phosphorylated Smad 2 
(PS2) was visualized as red-brown. Markedly elevated expression of 
PS2 and fibronectin concomitant to the decreased expression of Cx43 
in heart biopsies from chagasic patients with cardiomyopathy are ob-
served. Bar = 31 µm for A, D, G; Bar = 63 µm for B, C, E, F, H, I.

Fig. 4: quantitative analysis of the number of connexin (Cx)-43 plaques 
(A) and size (B) after measurement in confocal images for each group 
studied. Values express mean + standard deviation obtained with im-
ages from patients in each group. Cx43 size plaques were measured in 
centimetres in all images under the same magnification and expressed 
as relative arbitrary values. Correlation between Cx43 average plaque 
number and heart weight values (C) found for chagasic and control 
patients. r2 = 0.8244. CCC: chagasic patients with severe cardiomyo-
pathy; IDCM: patients with non-infectious dilated cardiomyopathy.  
* p < 0.05; ** p < 0.001.
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staining and could be implicated in the decrease of Cx43 
protein expression in infected cells. In addition, this de-
crease may be related to a general instability of global 
cytoplasmic mRNA that is commonly associated with T. 
cruzi intracellular proliferation (Pereira et al. 2000). In 
macrophages, it has been demonstrated that the altered 
electrical conduction between cells was due to a differ-
ent pattern of Cx43 localisation rather than altered Cx43 
expression levels (Fortes et al. 2004).

Our present data agree well with data obtained in 
chagasic patients, who exhibited severe diffuse fibro-
sis (increased fibronectin expression associated with a 
strong nuclear stain for PS2), indicating higher levels of 
active TGF-β (Araújo-Jorge et al. 2008). In this study, 
we observed a significant down-regulation of Cx43 
protein expression, a reduction in the length of Cx43 
plaques and an altered distribution of these plaques in 
the chagasic group. These observations may account 
for the abnormal impulse conduction commonly ob-
served in electrocardiogram profiles of Chagas disease 
patients and for myocytolisis leading to intense heart 
fibrosis contributing to cardiomegaly, as shown in Fig. 
4C. These data are consistent with previous studies of 
patients with heart failure of different origins (Kostin et 
al. 2003). Disruption of the normal pattern of gap junc-
tion distribution also occurs in myocytes bordering ar-
eas of fibrotic myocardial damage and in areas of myo-
cardial inflammation, where impairment of the impulse 
conduction was observed (Spach & Boineau 1997). T. 
cruzi infection is a strong inducer of TGF-β expres-
sion in several cell types (Waghabi et al. 2002). Higher 
amounts of TGF-β could be implicated either in the gap 
junction disassembly or in the observed extensive fibro-
sis, but probably plays a role in both phenomena. Higher 
levels of TGF-β and disorganised expression of Cx43 
could both act in synergy to promote heart fibrosis, thus 
leading to a more severe cardiopathy.

In summary, our results indicate that an impor-
tant component of the autocrine myocyte response to 
TGF-β secretion is the change of Cx43 protein expres-
sion, which contributes to the disturbance of cardiac 
electrical conduction. Taken together, the results shown 
here introduce more elements to the complex picture 
of heart fibrogenesis and arrhythmia, thus connecting 
TGF-β and Cx43 dysregulation as key events in Chagas 
disease cardiomyopathy.

ACknoWLeDGeMenTS

To Mr. Daniel Ciantar and Dr. Carlos Alberto Bizzarro 
Rodrigues, for the confocal analysis, to Dr. Gillian E. Knight, 
for editorial assistance, and Dr. Joseli Lannes-Vieira, for her 
generous gift of anti-Cx43 antibodies.

ReFeRenCeS

Adesse D, Garzoni LR, Huang H, Tanowitz HB, Meirelles MN, Spray 
DC 2008. Trypanosoma cruzi induces changes in cardiac con-
nexin43 expression. Microbes Infect 10: 21-28.

Araújo-Jorge TC, Waghabi MC, Hasslocher-Moreno AM, Xavier SS, 
Higuchi ML, Keramidas M, Bailly S, Feige JJ 2002. Implication 
of transforming growth factor-beta1 in Chagas disease cardio-
myopathy. J Infect Dis 186: 1823-1828.

Araújo-Jorge TC, Waghabi MC, Soeiro MNC, Keramidas M, Bailly S, 
Feige JJ 2008. Pivotal role for TGF-β in infectious heart disease: 
the case of Trypanosoma cruzi infection and its consequent cha-
gasic cardiomyopathy. Cytok Growth Factors Rev 19: 405-413.

Bastide B, Neyses L, Ganten D, Paul M, Willecke K, Traub O 1993. 
Gap junction protein connexin40 is preferentially expressed in 
vascular endothelium and conductive bundles of rat myocar-
dium and is increased under hypertensive conditions. Circ Res 
73: 1138-1149.

Beardslee MA, Lerner DL, Tadros PN, Laing JG, Beyer EC, Yamada KA, 
Kleber AG, Schuessler RB, Saffitz JE 2000. Dephosphorylation and 
intracellular redistribution of ventricular connexin43 during electri-
cal uncoupling induced by ischemia. Circ Res 87: 656-662.

Becker DL, Davies CS 1995. Role of gap junctions in the develop-
ment of the preimplantation mouse embryo. Microsc Res Tech 
31: 364-374.

Campos de Carvalho AC, Tanowitz HB, Wittner M, Dermietzel R, 
Roy C, Hertzberg EL, Spray DC 1992. Gap junction distribution 
is altered between cardiac myocytes infected with Trypanosoma 
cruzi. Circ Res 70: 733-742.

Casado J, Davila DF, Donis JH, Torres A, Payares A, Colmenares 
R, Gottberg CF 1990. Electrocardiographic abnormalities and 
left ventricular systolic function in Chagas’ heart disease. Int  
J Cardiol 27: 55-62.

Chanson M, Derouette JP, Roth I, Foglia B, Scerri I, Dudez T, Kwak 
bR 2005. Gap junctional communication in tissue inflammation 
and repair. Biochim Biophys Acta 1711: 197-207.

Chen X, Zhang Y 2006. Myocardial Cx43 expression in the cases of 
sudden death due to dilated cardiomyopathy. Forensic Sci Int 
162: 170-173.

Coutinho-Silva R, Parsons M, Robson T, Burnstock G 2001. Changes 
in expression of P2 receptor in rat and mouse pancreas during 
development and aging. Cell Tissue Res 306: 373-383.

Flanders KC, Holder MG, Winokur TS 1995. Autoinduction of mRNA 
and protein expression for transforming growth factor-beta S in 
cultured cardiac cells. J Mol Cell Cardiol 27: 805-812.

Fortes FSA, Pecora IL, Costa V, Coutinho-Silva R, Bisaggio RC, 
Pires-de-Farias F, Persechini PM, Campos-de-Carvalho AC, 
Goldenberg RC 2004. Modulation of intercellular communica-
tion in macrophages: possible interactions between gap junctions 
and P2 receptors. J Cell Sci 117: 4717-4726.

Higuchi ML, Fukasawa S, De Brito T, Parzianello LC, Bellotti G, 
Ramires JA 1999. Different microcirculatory and interstitial ma-
trix patterns in idiopathic dilated cardiomyopathy and Chagas’ 
disease: a three dimensional confocal microscopy study. Heart 
82: 279-285.

Higuchi ML, Reis MM, Aiello VD, Benvenuti LA, Gutierrez PS, Bel-
lotti G, Pileggi F 1997. Association of an increase in CD8+ T cells 
with the presence of Trypanosoma cruzi antigens in chronic, hu-
man, chagasic myocarditis. Am J Trop Med Hyg 56: 485-489.

Hurst VIV, Goldberg PL, Minnear FL, Heimark RL, Vincent PA 1999. 
Rearrangement of adherens junctions by transforming growth 
factor-beta1: role of contraction. Am J Physiol 276: 582-595.

Inman GJ, Nicolas FJ, Callahan JF, Harling JD, Gaster LM, Reith 
AD, Laping NJ, Hill CS 2002. SB-431542 is a potent and specific 
inhibitor of transforming growth factor-beta superfamily type I 
activin receptor-like kinase (ALK) receptors ALK4, ALK5 and 
ALK7. Mol Pharmacol 62: 65-74.

Jiang L, Bardini M, Keogh A, Remedios CG, Burnstock G 2005. 
P2X1 receptors are closely associated with connexin43 in human 
ventricular myocardium. Int J of Cardiol 98: 291-297.



Gap junction decrease by TGF-β and T. cruzi • Mariana C Waghabi et al.1090

Kaprielian RR, Gunning M, Dupont E, Sheppard MN, Rothery SM, 
Underwood R, Pennell DJ, Fox K, Pepper J, Poole-Wilson PA, Sev-
ers NJ 1998. Downregulation of immunodetectable connexin43 
and decreased gap junction size in the pathogenesis of chronic hi-
bernation in the human left ventricle. Circulation 97: 651-660.

Kostin S, Rieger M, Dammer S, Hein S, Richter M, Klovekorn WP, 
Bauer EP, Schaper J 2003. Gap junction remodeling and altered 
connexin43 expression in the failing human heart. Mol Cell Bio-
chem 242: 135-144.

Marin-Neto JA, Cunha-Neto E, Maciel BC, Simões MV 2007. Pathogen-
esis of chronic Chagas heart disease. Circulation 115: 1109-1123.

Meirelles MNL, Araújo-Jorge TC, Miranda CF, De Souza W, Bar-
bosa HS 1986. Interaction of Trypanosoma cruzi with heart mus-
cle cells: ultrastructural and cytochemical analysis of endocytic 
vacuole formation and effect upon myogenesis in vitro. Eur J Cell 
Biol 41: 198-206.

Mori R, Power KT, Wang CM, Martin P, Becker DL 2006. Acute 
downregulation of connexin43 at wound sites leads to a reduced 
inflammatory response, enhanced keratinocyte proliferation and 
wound fibroblast migration. J Cell Sci 119: 5193-5203.

Palomino SA, Aiello VD, Higuchi ML 2000. Systematic mapping of 
hearts from chronic chagasic patients: the association between 
the occurrence of histopathological lesions and Trypanosoma 
cruzi antigens. Ann Trop Med Parasitol 94: 571-579.

Pereira MC, Singer RH, Meirelles MN 2000. Ultrastructural distribu-
tion of poly (A)+ RNA during Trypanosoma cruzi-cardiomyocyte 
interaction in vitro: a quantitative analysis of the total mRNA con-
tent by in situ hybridization. J Eukaryot Microbiol 47: 264-270.

Peters NS, Green CR, Poole-Wilson PA, Severs NJ 1993. Reduced content 
of connexin43 gap junctions in ventricular myocardium from hyper-
trophied and ischemic human hearts. Circulation 88: 864-875.

Reis MM, Higuchi ML, Benvenuti LA, Aiello VD, Gutierrez PS, Bel-
lotti G, Pileggi F 1997. An in situ quantitative immunohistochemi-
cal study of cytokines and IL-2R+ in chronic human chagasic 
myocarditis: correlation with the presence of myocardial Trypano-
soma cruzi antigens. Clin Immunol Immunopathol 83: 165-172.

Rodriguez-Sinovas A, Cabestrero A, Lopez D, Torre I, Morente M, 
Abellan A, Miro E, Ruiz-Meana M, Garcia-Dorado D 2007. The 
modulatory effects of connexin43 on cell death/survival beyond 
cell coupling. Prog Biophys Mol Biol 94: 219-232.

Rosendahl A, Checchin D, Fehniger TE, ten Dijke P, Heldin CH, Sideras 
P 2001. Activation of the TGF-beta/activin-Smad2 pathway during 
allergic airway inflammation. Am J Respir Cell Mol Biol 25: 60-68.

Rudkin GH, Yamaguchi DT, Ishida K, Peterson WJ, Bahadosingh F, 
Thye D, Miller TA 1996. Transforming growth factor-beta, os-
teogenin and bone morphogenetic protein-2 inhibit intercellular 
communication and alter cell proliferation in MC3T3-E1 cells.  
J Cell Physiol 168: 433-441.

Schmunis G A 2007. Epidemiology of Chagas disease in non-endemic 
countries: the role of international migration. Mem Inst Oswaldo 
Cruz 102: 75-85.

Sepp R, Severs NJ, Gourdie RG 1996. Altered patterns of cardiac in-
tercellular junction distribution in hypertrophic cardiomyopathy. 
Heart 76: 412-417.

Severs NJ 2001. Gap junction remodeling and cardiac arrhythmogen-
esis: cause or coincidence? J Cell Mol Med 5: 355-366.

Severs NJ, Coppen SR, Dupont E, Yeh HI, Ko YS, Matsushita T 2004. 
Gap junction alterations in human cardiac disease. Cardiovasc 
Res 62: 368-377.

Severs NJ, Dupont E, Coppen SR, Halliday D, Inett E, Baylis D, Roth-
ery S 2004. Remodelling of gap junctions and connexin expres-
sion in heart disease. Biochim Biophys Acta 1662: 138-148.

Silva JS, Twardzik DR, Reed SG 1991. Regulation of Trypanosoma 
cruzi infections in vitro and in vivo by transforming growth fac-
tor beta (TGF-beta). J Exp Med 174: 539-545.

Sohl G, Willecke K 2004. Gap junctions and the connexin protein 
family. Cardiovasc Res 62: 228-232.

Spach MS, Boineau JP 1997. Microfibrosis produces electrical load 
variations due to loss of side-to-side cell connections: a major 
mechanism of structural heart disease arrhythmias. Pacing Clin 
Electrophysiol 20: 397-413.

Spray DC, Burt JM 1990. Structure-activity relations of the cardiac 
gap junction channel. Am J Physiol 258: 195-205.

Tabibzadeh S 2002. Homeostasis of extracellular matrix by TGF-beta 
and lefty. Front Biosci 7: 1231-1246.

Tansey EE, Kwaku KF, Hammer PE, Cowan DB, Federman M, Lev-
itsky S, McCully JD 2006. Reduction and redistribution of gap 
and adherens junction proteins after ischemia and reperfusion. 
Ann Thorac Surg 82: 1472-1479.

Uzzaman M, Honjo H, Takagishi Y, Emdad L, Magee AI, Severs NJ, 
Kodama I 2000. Remodeling of gap junctional coupling in hy-
pertrophied right ventricles of rats with monocrotaline-induced 
pulmonary hypertension. Circ Res 86: 871-878.

van Zoelen EJ, Tertoolen LG 1991. Transforming growth factor-beta 
enhances the extent of intercellular communication between nor-
mal rat kidney cells. J Biol Chem 266: 12075-12081.

Waghabi MC, Keramidas M, Bailly S, Degrave W, Mendonça-Lima L, 
Soeiro MNC, Meirelles MN, Paciornik S, Araújo-Jorge TC, Feige 
JJ 2005. Uptake of host cell transforming growth factor-beta by 
Trypanosoma cruzi amastigotes in cardiomyocytes: potential role 
in parasite cycle completion. Am J Pathol 167: 993-1003.

Waghabi MC, Keramidas M, Calvet CM, Meuser M, Soeiro MNC, 
Mendonça-Lima L, Araújo-Jorge TC, Feige JJ, Bailly S 2002. 
Increased Trypanosoma cruzi invasion and heart fibrosis associ-
ated with high transforming growth factor beta levels in mice de-
ficient in alpha(2)-macroglobulin. Infect Immun 70: 5115-5123.

Waghabi MC, Keramidas M, Calvet CM, Meuser M, Soeiro MNC, 
Mendonça-Lima L, Araújo-Jorge TC, Feige JJ, Bailly S 2007. SB-
431542, a transforming growth factor beta inhibitor, impairs Try-
panosoma cruzi infection in cardiomyocytes and parasite cycle 
completion. Antimicrob Agents Chemother 51: 2905-2910.


