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BACKGROUND Angiogenesis has been implicated in tissue injury in several noninfectious diseases, but its role in Chagas disease 
(CD) physiopathology is unclear. 

OBJECTIVES The present study aimed to investigate the effect of Trypanosoma cruzi infection on cardiac angiogenesis during the 
acute phase of experimental CD. 

METHODS The signalling pathway involved in blood vessel formation and cardiac remodelling was evaluated in Swiss Webster 
mice infected with the Y strain of T. cruzi. The levels of molecules involved in the regulation of angiogenesis, such as vascular 
endothelial growth factor-A (VEGF-A), Flk-1, phosphorylated extracellular-signal-regulated protein kinase (pERK), hypoxia-
inducible factor-1α (HIF-1α), CD31, α-smooth muscle actin (α-SMA) and also the blood vessel growth were analysed during T. 
cruzi infection. Hearts were analysed using conventional histopathology, immunohistochemistry and western blotting. 

FINDINGS In this study, our data demonstrate that T. cruzi acute infection in mice induces exacerbated angiogenesis in the heart 
and parallels cardiac remodelling. In comparison with noninfected controls, the cardiac tissue of T. cruzi-infected mice presented 
higher levels of (i) HIF-1α, VEGF-A, Flk-1 and pERK; (ii) angiogenesis; (iii) α-SMA+ cells in the tissue; and (iv) collagen -1 
deposition around blood vessels and infiltrating throughout the myocardium. 

MAIN CONCLUSIONS We observed cardiac angiogenesis during acute experimental T. cruzi infection parallels cardiac 
inflammation and remodelling.
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Chagas disease (CD), caused by the protozoan Try-
panosoma cruzi, is neglected and affects about six to 
seven million people worldwide.(1) Chronic cardiomyop-
athy is the main clinical manifestation of CD. Myocar-
dial remodelling occurs as a consequence of progressive 
cellular death, initiated and perpetuated by early altera-
tions in heart microcirculation.(2)

Microvascular alterations are involved in the patho-
genesis of CD, both in experimental models and in hu-
mans. (2-5) Recently, we reported cerebral microvascu-
lopathy in mice during experimental acute CD. T. cruzi 
infected animals presented cerebral microvascular dys-
function, obstructive plugging, microvascular inflamma-
tion and functional capillary rarefaction.(4) In the heart 
of patients with CD, vascular constrictions, microan-

eurysms, dilatation and occlusive thrombi are conse-
quences of vasoactive substances such as endothelin-1 
and thromboxane.(6-8) Moreover, cardiac angiogenesis has 
been described in both experimental T. cruzi infection in 
mice(9) and chronic Chagas cardiomyopathy in humans.(10)

Angiogenesis is a multistep process involving en-
dothelial cell activation, vascular instability caused 
by detaching of mural cells (smooth muscle cells), cell 
proliferation, extracellular matrix (ECM) degradation, 
endothelial cell migration, tube formation and vascular 
maturation by recruitment of mural cells. Changes in 
the physiological regulation of angiogenesis can result 
in disorders including inflammation, ischemia, and tu-
mour growth. (11) One of the key mediators of angiogen-
esis is the vascular endothelial growth factor-A (VEGF-
A), which is induced by hypoxia-inducible factor-1α 
(HIF-1α). VEGF-A activates receptor tyrosine kinase 
VEGFR-2/Flk-1, inducing extracellular-signal-regulat-
ed protein kinase (ERK) 1/2 phosphorylation, cellular 
proliferation and vascular growth.(11) VEGF-A is also a 
potent inducer of vascular permeability.(12) Finally, vas-
cular maturation is achieved by the recruitment of peri-
cytes or smooth muscle cells which express α-smooth 
muscle actin (α-SMA).(13,14)
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Both tissue ischemia and inflammation contribute to 
vascular growth. However, contrary to what is observed 
in ischemic diseases, angiogenesis in chronic inflamma-
tory disorders is exacerbated and abnormal, contributing 
to pathogenesis since alteration in recruitment and at-
tachment of mural cells to the endothelium can generate 
and maintain chronic fibrotic processes.(15,16)

Therefore, we investigated the effect of T. cruzi in-
fection on cardiac angiogenesis during the acute phase 
of experimental CD in mice, studying the presence of 
blood vessels and the canonical molecular circuit in-
volved in neoangiogenesis.

MATERIALS AND METHODS

Animals – Outbred male Swiss Webster mice (18-
20g) were obtained from Fundação Oswaldo Cruz (Fio-
cruz) animal facilities [Centro de Criação de Animais de 
Laboratórios (CECAL), Rio de Janeiro, Brazil)]. The use 
of animals and experimental procedures is in accordance 
with Brazilian Law 11.794/2008 and regulations of Con-
selho Nacional de Controle de Experimentação Animal 
(CONCEA). The mice were housed at a maximum of 
five individuals per cage, kept in a specific-pathogen-
free (SPF) room at 20 to 24°C under a 12- light and 12-h 
dark cycle and provided sterilised water and chow ad 
libitum. All animal experimental procedures were per-
formed following the license (LW – 40/13) approved by 
the ethics committee for animal use at Comissão de Ética 
no Uso de Animais (CEUA/Fiocruz) and were consis-
tent with the U.S. National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (National Re-
search Council Committee for the Update of the Guide 
for the and Use of Laboratory, 2011) and accordance of 
the Ethics – European Commission (Directive 2010/63/
EU). Mice were inoculated intraperitoneally with 104 

T. cruzi bloodstream trypomastigotes forms (Y strain) 
and divided in two groups: noninfected (n = 5) and T. 
cruzi infected (n = 15-20). On the respective day post-
experimental infection with T. cruzi, all animals were 
euthanised. To preserve animal welfare (due to parasite 
infection), daily observation was supervised by a Ph.D. 
veterinarian aiming to avoid animal suffering and pain. 
All experiments followed humane endpoints through eu-
thanasia that presented suffering such as disturbed mo-
tor and exploratory activity and/or moribund condition. 
Three independent experiments were performed. 

Parasitological parameters – Blood examination 
was followed daily by light microscopy for parasitemia 
evaluation, as previously described.(17) Mortality was 
monitored regularly for 22 days post-infection (dpi). 

Histopathology – Animal hearts were obtained 
at 8, 15 and 22 dpi (five animals per day), then in-
cluded in paraffin for evaluation of tissue parasitism, 
inflammatory infiltrates and blood vessel number. Hearts 
were sectioned (5 µm thick) in microtome, stained with 
haematoxylin/eosin or Masson’s trichrome and examined 
by light microscopy. The vessel quantification by light 
microscopy or conventional fluorescence microscopy 
was performed by the morphology aspect of the vessel 
in at least 10 fields per slice from five animals for group.

Immunofluorescence – Paraffin-embedded or optimal 
cutting temperature compound (OCT compound) frozen 
heart sections (three-five animals/group) from control or 
infected (15th dpi) mice were stained with specific prima-
ry antibodies [rabbit anti-VEGF-A (sc-507) and anti-PE-
CAM-1 (sc-46694) from Santa Cruz, Dallas, USA; mouse 
anti-α-SMA (A2547), from Sigma, San Luis, USA] and 
secondary antibodies [goat anti-mouse (A-21202) and 
goat anti-rabbit (A-21206) Alexa Fluor 488 from Thermo 
Fisher Scientific, Waltham, USA]. DNA was stained with 
4’,6-diamidino-2-phenylindole (DAPI). Slides were ex-
amined in Zeiss Axioplan 2 microscope equipped with 
epifluorescence and LSM 510 Zeiss confocal microscope 
and analysis was executed in the reconstructed images 
from five animals for group. The software Image J was 
used for fluorescence intensity quantification analysis. 
Further image processing was performed with Adobe 
Photoshop software (Adobe Systems Inc., San Jose, USA).

Immunoblot analysis – Ventricular heart proteins from 
each group (NI and Y) were extracted from 100 mg tis-
sue/mL phosphate-buffered saline (PBS), to which 0.4 M 
sodium chloride, 0.05% Tween 20 and protease inhibitors 
(0.1 mM phenylmethylsulfonyl fluoride and 1/100 pro-
tease and phosphatase inhibitors cocktail – Sigma) were 
added. The samples were sonicated twice and centrifuged 
for 10 min at 3,000 g and the supernatant was kept frozen 
at -80oC. Total proteins in the lysates (20-40 µg/lane) were 
separated by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS/PAGE) (10 or 12%) and transferred 
to nitrocellulose membranes (Hybond C, GE Healthcare, 
Chicago, USA). Nonspecific binding sites were blocked 
by incubating the membranes with 5% (w/v) nonfat milk/
tris buffered saline (TBS)/0.1% Tween-20 for 1 h at room 
temperature. The membranes were probed with specific 
primary antibodies rabbit anti-VEGF-A (sc-507) (42 kDa), 
rabbit anti-HIF-1α (sc -12542) (132 kDa), mouse anti-Flk-
1(sc-6251) (150 kDa) and rabbit anti-pERK1/2 (sc-101760) 
(42 and 44 kDa), all from Santa Cruz. For loading control, 
mouse anti-Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (36 kDa) monoclonal antibody from Fitzger-
ald, Concord, USA (10R-109a) was used. The membranes 
were incubated with secondary goat anti-rabbit IgG 
(31460) or goat anti-mouse IgG (31430) horseradish per-
oxidase (HRP)-labelled antibody for 1-2 h at 25°C, fol-
lowed by incubation with chemiluminescent SuperSignal 
kit (Thermo Fisher Scientific).

Statistical analysis – Statistical analyses were per-
formed using the unpaired t test or one-way analysis of 
variance (ANOVA) and Tukey’s post-test with a signifi-
cance level of p < 0.05. The data represent the mean ± 
standard error of the mean (SEM) of three independent 
experiments. All statistical analysis was performed us-
ing GraphPad InStat 5.0 (GraphPad Software Inc., La 
Jolla, USA).

Ethics statement – The use of animals and experi-
mental procedures is in accordance with Brazilian Law 
11.794/2008 and regulations of CONCEA. All animal 
experimental procedures were performed following 
the license (LW – 40/13) approved by CEUA/Fiocruz 
and were consistent with the U.S. National Institutes 



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 117, 2022 3|11

of Health Guide for the Care and Use of Laboratory 
Animals (National Research Council Committee for 
the Update of the Guide for the and Use of Laboratory, 
2011) and accordance of the Ethics – European Com-
mission (Directive 2010/63/EU).

RESULTS

Experimental acute CD in mice – Evaluation of para-
sitemia revealed that the peak of T. cruzi trypomastigote 
forms occurred at 8 dpi (Fig. 1A). Only 20% of T. cruzi 
infected animals survived at 22 dpi (Fig. 1B). We also 
evaluated the cardiac parasitism and inflammation at 8, 
15 and 22 dpi. The peak of tissue parasitism and inflam-
mation occurred at 15 dpi (Fig. 1C and 1D). A significant 
reduction of both amastigote nests and inflammatory 
infiltrates was observed in the myocardium of infected 
mice at 22 dpi (Fig. 1C and 1D). 

Cardiac angiogenic protein levels during T. cruzi in-
fection – Since it has been demonstrated that HIF-1α, a 
marker of hypoxia, induces angiogenesis,(18) we investi-
gated the levels of this protein during T. cruzi infection 
by immunoblotting assay. Differential levels of HIF-1α 
were noticed during the course of infection in mice. Up-
regulation of HIF-1α, achieving a 0.6-fold increase in the 
protein level, was observed in the myocardium of T. cru-
zi-infected mice at 8 dpi when compared to noninfected 
controls (p < 0.01). Curiously, HIF-1α levels were similar 
to noninfected animals at later stages of infection. We 
observed, at 15 and 22 dpi, differences of 0.4-fold (p < 
0.05) and 0.3-fold (p < 0.05), respectively, when com-
pared to 8 dpi (Fig. 2A). 

Next, we determined the expression of VEGF-A, a  
key protagonist of angiogenic processes, in the car-
diac tissue by immunoblot analysis since the HIF-1α 

Fig. 1: acute Chagas disease (CD) in Swiss Webster mice infected with the Y strain of T. cruzi. Mice were infected with 104 blood trypomastigote 
forms and the following parameters were evaluated in a kinetic study: parasitemia (A), survival rate (B), tissue parasitism (C) and inflammatory 
infiltrates (D). Mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) test, p < 0.01** and p < 0.001***. N = 20. dpi: 
days post-infection; NI: noninfected. 
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was increased. Classically, HIF-1α induces genes up-
regulation, including VEGF-A.(19) However, the higher 
HIF-1α observed at 8 dpi was not followed by higher 
levels of VEGF-A at the same time point. Our results re-
vealed no changes in VEGF-A expression at 8 dpi com-
pared to noninfected mice. Furthermore, contrasting to 
nonaltered HIF-1α when compared to the noninfected 
controls, the VEGF expression was up-regulated in the 
heart tissue of T. cruzi-infected mice at 15 and 22 dpi, 
reaching approximately 0.8-fold (p < 0.05) and 1.3-folds 
(p < 0.001), respectively. These levels are even higher 

when compared to 8 dpi, showing an increase of 0.9-
fold (p < 0.05) and 1.4-folds (p < 0.001) at 15 and 22 dpi, 
respectively (Fig. 2B).

We also examined the impact of T. cruzi infection 
on VEGF receptor (Flk-1) levels. Our results showed a 
lower quantity of Flk-1 at 8 dpi (0.9-fold) and higher lev-
els at 15 dpi (1.1-fold) (p < 0.001), when compared to the 
noninfected group, which was maintained at 22 dpi (Fig. 
2C). Considering that both VEGF levels and its recep-
tor were positively modulated, we evaluated the VEGF 
signalling pathway at a later time of infection. Then, lev-

Fig. 2: western blotting of proangiogenic proteins in the heart. Representative immunoblot analysis of hypoxia-inducible factor-1α (HIF-1α) 
(132 kDa) (A), vascular endothelial growth factor (VEGF) (42 kDa) (B), Flk-1 (150 kDa) (C) and phosphorylated extracellular-signal-regulated 
protein kinase (pERK) 1/2 (44 kDa) (D) levels in cardiac tissue. Hearts of noninfected (NI) mice and Trypanosoma cruzi infected at 8, 15 and 22 
days post-infection (dpi) were harvested, and protein lysates were probed with anti-HIF-1α, anti-VEGF, anti-Flk-1 and anti-pERK1/2 antibodies. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (36 kDa) was used as a loading control. One-way analysis of variance (ANOVA) test, p < 
0.05*, p < 0.01** and p < 0.001***. N = 5 for each group. IV: index of variation of the mean ± standard error of the mean (SEM). 
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els of pERK 1/2 were analysed in healthy and T. cruzi-
infected mice. T. cruzi infection induced ERK1/2 activa-
tion that was noticed by up-regulation of pERK with a 
significantly higher level of approximately 3-folds (p < 
0.05) and 5.6-folds (p < 0.001) at 15 and 22 dpi when 
compared to noninfected mice (Fig. 2D). 

Immunofluorescence of VEGF in the cardiac tissue 
during T. cruzi infection – The distribution of VEGF 
at 15 dpi was also assessed in heart tissue. Uninfected 
mice displayed VEGF labelling in blood vessels, be-
tween cardiac fibres and in cardiomyocytes (Fig. 3A). 
A more expressive VEGF labelling was detected in the 
heart tissue of infected animals (Fig. 3B). The quan-
tification of fluorescence intensity revealed a 0.5-fold 
increase in VEGF levels (p < 0.001) in T. cruzi infected 
animal hearts (Fig. 3C).

Immunohistochemistry of Flk-1 – Thereafter, Flk-1 
content was investigated in cardiac tissue. The Flk-1 
detection showed strong labelling in the heart of in-
fected mice after 15 days of infection when compared 

to cardiac tissue of noninfected animals (Fig. 4A and 
4B). The quantification analysis revealed a 1.7-fold in-
crease in Flk-1 content at 15 dpi infected animals when 
compared to noninfected ones (p < 0.001 and p < 0.01, 
respectively) (Fig. 4C).

Angiogenesis and collagen deposition in the heart 
tissue – We further investigated the number of blood 
vessels in the heart under normal and pathological con-
ditions. Heart tissue stained with hematoxylin and eosin 
(H&E) demonstrated that the number of blood vessels 
remained unaltered at 8 dpi while a significant increase 
of 0.7-fold was evidenced at 15 dpi compared to age-
matched controls. The peak in the total number of blood 
vessels at 15 dpi reduced 0.4-fold at 22 dpi, returning to 
levels similar to control (Fig. 5E). Since CD31 [platelet 
endothelial cell adhesion molecule (PECAM)] has been 
utilized as an angiogenesis marker, we also performed 
immunohistochemical analysis to evaluate blood vessel 
distribution in the cardiac tissue of both healthy and T. 
cruzi infected mice (Fig. 5F and 5G). Our analysis re-
vealed an elevated number of CD31 reactive vessels (1.3-

Fig. 3: immunofluorescence of vascular endothelial growth factor (VEGF) in cardiac tissue. VEGF distribution (green) in noninfected (NI) (A) 
and Trypanosoma cruzi infected (B). NI mice displaying VEGF in blood vessels among cardiac fibres (thin arrows) and arterioles (&) (A). In T. 
cruzi infected tissues, VEGF can be observed in blood vessels (thin arrows), in areas of connective tissue (thick arrows) and diffuse in the cyto-
plasm of cardiomyocytes (B). Notice the VEGF striated staining pattern in myofibrils (#). Bar graph shows the quantification of fluorescence in-
tensity (C). Mean ± standard error of the mean (SEM). Unpaired t test, p < 0.001***. Bars = 20 µm. N = 3 for each group. dpi: days post-infection. 
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fold the control level; p < 0.001) in the cardiac tissue of 
infected mice at 15 dpi (Fig. 5J), supporting the quantita-
tive data obtained with H&E-stained tissue.

Next, we analysed the presence of α-SMA positive 
cells in the cardiac tissue of noninfected and T. cruzi-
infected mice (Fig. 5H-I). Vascular maturation is the last 
step of the angiogenesis process. It occurs through the 
covering of the external vascular surface with α-SMA 
positive pericytes and vascular smooth muscle cells.(20) At 
15 dpi, immunohistochemical analysis revealed a higher 
number of α-SMA positive blood vessels in the cardiac 
tissue of infected mice (Fig. 5I) when compared to nonin-
fected mice (Fig. 5H). Quantification revealed a 2.8-fold 
increase in infected animals (p < 0.0001) (Fig. 5K). At 
15 and 22 dpi, we observed α-SMA+ cells scattering near 
vascular structures and infiltrating into the myocardium 
(Fig. 6B and 6C). Additionally, Masson’s trichrome stain-
ing of T. cruzi-infected myocardium (15 and 22 dpi) dem-
onstrated an intense deposit of collagen fibres compared 
to cardiac tissue of noninfected mice, near blood vessels 
and infiltrating the cardiac tissue (Fig. 7B and 7C).

DISCUSSION

In this study, we investigated the effect of T. cruzi in-
fection on cardiac angiogenesis. Our experiments show, 
for the first time, that experimental acute T. cruzi infec-
tion alters the regulation of angiogenic proteins includ-
ing HIF-1α, VEGF-A and Flk-1 in the heart tissue and 
induces exacerbated transient angiogenesis. We also ob-
served, in T. cruzi infected animals, α-SMA+ cells (myo-
fibroblasts) near blood vessels and spreading through 
cardiac tissue. It may suggest the vascular origin of these 
cells as described in other diseases, in which fibrosis has 
a vascular component. Chagas cardiomyopathy has an 
important inflammatory component(21-26) and, currently, 
there are several indicators that angiogenesis is involved 
in fibrogenesis in inflammatory disorders.(15,16)

VEGF-A regulates the growth and survival of endo-
thelial cells, playing a critical role in both physiological 
and pathological angiogenesis.(20) The effects of VEGF-
A occur mainly through its receptor Flk-1 and involve 
the activation of multiple signalling pathways, including 

Fig. 4: immunohistochemistry of cardiac Flk-1. Flk-1 content (green) in noninfected (NI) (A) and Trypanosoma cruzi infected (B) heart. NI mice 
heart reveals weak labelling for Flk-1 in the blood vessel (thin arrows) located between cardiac fibres (A), whereas 15 days post-infection (dpi) 
infected animals exhibit intense Flk-1 staining in the blood vessel (thin arrows) (B). Bar graph shows the percentage of stained area quantifica-
tion (C). Mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) test, p < 0.05*. Bars = 20 µm. N = 3 for each group. 
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Fig. 5: evaluation of cardiac angiogenesis. Hematoxylin and eosin (H&E) staining of noninfected (NI) (A) and Trypanosoma cruzi infected at 8 
(B), 15 (C) and 22 days post-infection (dpi) (D), showing blood vessels (arrow). By immunofluorescence of NI (left panel) and T. cruzi infected 
cardiac tissues (right panel) (E), we can observe an increase in CD31 (F, G and J) and α-smooth muscle actin (α-SMA) positive blood vessel 
(arrow) in infected tissue (H, I and K), indicating angiogenesis and vascular maturation. Mean ± standard error of the mean (SEM). Unpaired t 
test, p < 0.001***. N = 5 for each group. Bar = 10 µm. 
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Fig. 6: confocal microscopy analysis of α-smooth muscle actin 
(α-SMA) positive cells. Immunostaining (green) of α-SMA shows the 
mural cells in arterioles of cardiac tissue (A-C). A continuous staining 
pattern can be observed in the controls (A), while in infected hearts 
the α-SMA staining is clearly delimited around individuals myofibro-
blasts near blood vessels 15 and 22 days post-infection (dpi) (arrow) 
(B and C). Bar = 10 µm. N = 5 for each group. NI: noninfected.

ERK, which regulates the proliferation of endothelial 
cells.(20) VEGF-A is also implicated in the increase of 
vascular permeability.(12) This protein is up-regulated by 
hypoxia, via induction of the transcription factor HIF-
1α.(19,27-30) Moreover, inflammation also contributes to 
VEGF up-regulation.(31) Indeed, cytokines such as inter-
leukin (IL)-1 and IL-6, which are present at high lev-
els during acute Chagas cardiomyopathy,(32)

 also induce 
VEGF production.(31)

We verified higher levels of this transcription factor 
in parallel with parasitemia peak, suggesting the occur-
rence of hypoxia in the cardiac tissue when a high num-
ber of parasites is observed in blood and few inflamma-
tory cells are present in cardiac tissue. Higher levels of 
HIF-1α positive cells were also observed in the cardiac 
sample from patients with chronic Chagas cardiomyopa-
thy.(33) At 15 dpi, when we observed vascular growth and 
peak of inflammation, the levels of HIF-1α were reduced 
in comparison to the levels at 8 dpi, when the quantity 
of inflammatory infiltrate is similar to noninfected con-
trols, suggesting that inflammation is not the inducer of 
HIF-1α in acute CD.

We observed that, when compared to noninfected 
controls, a VEGF level was significantly higher, when the 
peak of inflammatory infiltrate and cardiac parasitism 
occurred (at 15 dpi). It has been reported that tissue over-
expression of VEGF disturbs angiogenesis and induces 
vascular hyperpermeability,(34) which could contribute to 
the entrance of inflammatory cells in the cardiac tissue. 
Cardiac muscle cells are the major source of VEGF in 
the heart and this protein can be up-regulated in injury 
situations.(35) A systematic review was conducted and the 
meta-analysis also demonstrated that important VEGF 
levels were higher in patients with glioma, which play a 
crucial role in angiogenesis.(36) Another study described 
that VEGF levels were significantly higher in the severe 
group of coronavirus disease 2019 (COVID-19). Kong et 
al. (37) also suggested VEGF as a potential biomarker for 
detecting the progression of COVID-19.

Here, we also investigated the expression of Flk-1 
and pERK. Flk-1 responds to VEGF stimulation through 
the activation of multiple signalling pathways involved 
in the regulation of essential steps for proper angiogen-
esis.(38) Such steps include an increase in cellular migra-
tion, survival and cellular proliferation, vasodilatation 
and vascular permeability. Flk-1 expression increases 
concomitantly with VEGF-A increase and parallels 
an active angiogenesis process.(39) Western blotting re-
vealed an unexpected reduction on Flk-1 expression fol-
lowed by a striking increase in this protein. Not only 
endothelial cells express Flk-1, but also inflammatory 
cells, specifically. T cells exhibit VEGF receptor 2 and 
also are capable of producing VEGF that acts autocrin-
ally. VEGF acts in T cells inducing interferon (IFN)-γ 
and inhibiting IL-10 secretion.(40)

ERK1/2 activation is also involved in endothelial cell 
proliferation.(11,41) Immunoblot analysis revealed induction 
of ERK1/2 activation when compared to noninfected con-
trols, concomitant with the VEGF-A and Flk-1 higher lev-
els. These results are in accordance with previous studies 
by our group showing increased levels of pERK in heart 
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Fig. 7: analysis of fibrosis by histochemistry. Masson’s trichrome 
staining shows the collagen distribution in noninfected (NI) (A) and 
in T. cruzi infected hearts at 15 (B) and 22 (C) days post-infection 
(dpi). Notice the strong collagen staining around blood vessels infil-
trating through the cardiac tissues in infected animals. Bar = 10 µm. 
N = 5 for each group.

of CD-1 mice infected with the Brazil T. cruzi strain when 
compared to noninfected controls, concomitant with the 
reduction on caveolin-3 expression.(42)

Since our data demonstrated alteration in molecular 
mechanisms involved in angiogenesis in acutely T. cru-
zi-infected animals, we further examined the number of 
blood vessels in cardiac tissue of noninfected and T. cruzi-
infected mice. Our results showed transient exacerbated 
angiogenesis in the heart tissue of T. cruzi-infected mice. 
Additionally, immunohistochemical analysis revealed an 
increase in CD31 staining at 15 dpi in the T. cruzi infected 
cardiac tissue, when compared to noninfected mice, sup-
porting the occurrence of angiogenesis at this time point. 
CD31 can also stain inflammatory and endothelial pro-
genitor cells.(43) Further, this molecule is also involved in 
cellular migration and platelet aggregation.(44)

During the vascular maturation process, the α-SMA+ 
cells – pericytes and vascular smooth muscle cells – adhere 
to the abluminal vascular surface, providing stability to 
the newly formed blood vessel.(20) By immunohistochem-
istry, we showed an increase in the number of α-SMA+ 
blood vessels in the cardiac tissue of T. cruzi-infected 
mice, when compared to noninfected mice. However, at 
22 dpi, when the number of blood vessels decreased, even 
when there were higher levels of VEGF, at this time, we 
observed α-SMA+ cells covering blood vessels, close to 
them, and scattering among cardiac fibres, suggesting a 
vascular origin of myofibroblasts in T. cruzi infected car-
diac tissue. Although α-SMA work as a vessel stabiliser, 
in the present work this role was not observed. 

It is possible that other molecules involved in vas-
cular stabilization, including PDGF, TGF-β and Ang-1, 
for example,(45) could be changed at 22 dpi. Studies of 
fibrogenesis in the liver(46,47) and kidney(48) suggest that 
mural cells can be a source of myofibroblast progenitors, 
strongly supporting the role of angiogenesis in fibrosis.
(47,49) Finally, we assessed the presence of fibrosis in the 
cardiac tissue of acutely infected mice. We observed 
collagen-positive staining in the perivascular region and 
infiltrating the cardiac tissue. Since, mural cells can ac-
quire a myofibroblast phenotype and actively produce 
ECM proteins, including collagen, the angiogenesis 
process can contribute to tissue remodelling in chronic 
inflammatory disorders.(15) Interestingly, an increase of 
α-SMA staining in cardiac tissue was also observed in a 
murine model of chronic CD.(50)

Patients treated with the antibody anti-TNFα inflix-
imab presented a reduction in VEGF expression and im-
provement of the symptoms of psoriatic arthritis.(51) In-
terestingly, in the experimental model of chronic CD in 
C57BL/6 mice infected by the Colombian T. cruzi strain, 
the inhibition of TNF by treatment with infliximab re-
versed the immunological unbalance, the cardiac electri-
cal alterations, and did not reactivate cardiac parasitism.
(24) Additionally, in an experimental model of rheumatoid 
arthritis in mice, the treatment with antibody anti-VEG-
FR-1 reduced synovial neovascularization and inflam-
matory infiltrates.(52) In this context, we can speculate 
that the protective effect of infliximab during the CD(24) 

can also be associated with VEGF modulation.
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How much angiogenesis is beneficial or deleterious 
in Chagas cardiomyopathy still needs to be investigated. 
The observations in the current report demonstrate that 
acute CD alters molecules involved in the regulation 
of vascular growth and causes exacerbated and tran-
sient angiogenesis. Transient angiogenesis is observed 
in inflammatory diseases contributing to tissue fibro-
sis through the α-SMA positive cells detachment from 
the vascular wall also resulting in vessel destabiliza-
tion.(15,46-49) In this study, the presence of α-SMA+ cells 
(myofibroblasts) near blood vessels in T. cruzi infected 
animals suggests a vascular origin of these cells. Thus, 
given our findings, we should consider the possibility 
that angiogenesis contributes to the genesis of cardiac fi-
brosis in acute T. cruzi infection, and future studies need 
to be addressed to confirm this issue.

In conclusion, our data demonstrated that T. cruzi 
acute infection in mice induces exacerbated angiogen-
esis, which can contribute to cardiac remodelling in 
Chagas cardiomyopathy. Thus, we strongly believe that 
in the future the angiogenic signalling pathway may be a 
promising chemotherapeutic target in CD.

ACKNOWLEDGEMENTS

To Alanderson da Rocha Nogueira and Samuel Iwao Maia 
Horita, by technical support. 

AUTHOR´S CONTRIBUTION

LRG conceived and designed the work, LMN, RRF, LLC, 
BMG, PMF and LBM collected the data, LMN, RRF, LLC, 
BMG, PMF, MCW, MCSP, OCM, JLV and LRG performed the 
data analysis and LMN, RRF, LLC, EMS, BMG, PMF, MCW, 
MCSP, OCMM, JLV and LRG wrote the manuscript.

REFERENCES

1. WHO - World Health Organization. Chagas disease (also known 
as American trypanosomiasis). [updated 2021 Apr 1; cited 2021 
Oct 28]. Available from: https://www.who.int/en/news-room/fact-
sheets/detail/chagas-disease-(american-trypanosomiasis)

2. Rossi MA, Tanowitz HB, Malvestio LM, Celes MR, Campos EC, 
Blefari V et al. Coronary microvascular disease in chronic Cha-
gas cardiomyopathy including an overview on history, pathology, 
and other proposed pathogenic mechanisms. PLoS Negl Trop Dis. 
2010; 4(8): e674.

3. Carod-Artal FJ. Trypanosomiasis, cardiomyopathy and the risk of 
ischemic stroke. Expert Rev Cardiovasc Ther. 2010; 8(5): 717-28.

4. Nisimura LM, Estato V, de Souza EM, Reis PA, Lessa MA, Cas-
tro-Faria-Neto HC, et al. Acute Chagas disease induces cerebral 
microvasculopathy in mice. PLoS Negl Trop Dis. 2014; 8(7): 
e2998.

5. Kasal DAB, Britto A, Verri V, De Lorenzo A, Tibirica E. Sys-
temic microvascular endothelial dysfunction is associated with 
left ventricular ejection fraction reduction in chronic Chagas 
disease patients. Microcirculation. 2021; 41(2): e12664. http://doi.
org/10.1111/micc.12664

6.  Tanowitz HB, Burns ER, Sinha AK, Kahn NN, Morris SA, Factor 
SM, et al. Enhanced platelet adherence and aggregation in Cha-
gas’ disease: a potential pathogenic mechanism for cardiomyopa-
thy. Am J Trop Med Hyg. 1990; 43(3): 274-81.

7. Wittner M, Christ GJ, Huang H, Weiss LM, Hatcher VB, Morris 
SA, et al. Trypanosoma cruzi induces endothelin release from en-
dothelial cells. J Infect Dis. 1995; 171(2): 493-7.

8. Ashton AW, Mukherjee S, Nagajyothi FN, Huang H, Braunstein 
VL, Desruisseaux MS, et al. Thromboxane A2 is a key regulator 
of pathogenesis during Trypanosoma cruzi infection. J Exp Med. 
2007; 204(4): 929-40.

9. Factor SM, Cho S, Wittner M, Tanowitz H. Abnormalities of the 
coronary microcirculation in acute murine Chagas’ disease. Am J 
Trop Med Hyg. 1985; 34(2): 246-53.

10. Higuchi ML, Fukasawa S, de Brito T, Parzianello LC, Bellotti G, 
Ramires JA. Different microcirculatory and interstitial matrix 
patterns in idiopathic dilated cardiomyopathy and Chagas’ dis-
ease: a three dimensional confocal microscopy study. Heart. 1999; 
82(3): 279-85.

11. Carmeliet P, Jain RK. Molecular mechanisms and clinical applica-
tions of angiogenesis. Nature. 2011; 473(7347): 298-307.

12. Okutani D, Lodyga M, Han B, Liu M. Src protein tyrosine kinase 
family and acute inflammatory responses. Am J Physiol Lung 
Cell Mol Physiol. 2006; 291(2): L129-L41.

13. Heinke J, Patterson C, Moser M. Life is a pattern: vascular assem-
bly within the embryo. Front Biosci (Elite Ed). 2012; 4: 2269-88.

14. Frangogiannis NG. The immune system and cardiac repair. Phar-
macol Res. 2008; 58(2): 88-111.

15. Marrelli A, Cipriani P, Liakouli V, Carubbi F, Perricone C, Per-
ricone R, et al. Angiogenesis in rheumatoid arthritis: a disease 
specific process or a common response to chronic inflammation? 
Autoimmun Rev. 2011; 10(10): 595-8.

16. Fligny C, Duffield JS. Activation of pericytes. Recent insights into 
kidney fibrosis and microvascular rarefaction. Curr Opin Rheu-
matol. 2013; 25(1): 78-86.

17. Brener Z. Therapeutic activity and criterion of cure on mice ex-
perimentally infected with Trypanosoma cruzi. Rev Inst Med 
Trop Sao Paulo. 1962; 4: 389-96.

18. Wang GL, Semenza GL. General involvement of hypoxia-induc-
ible factor 1 in transcriptional response to hypoxia. PNAS USA. 
1993; 90(9): 4304-8.

19. Yamakawa M, Liu LX, Date T, Belanger AJ, Vincent KA, Akita 
GY, et al. Hypoxia-inducible factor-1 mediates activation of cul-
tured vascular endothelial cells by inducing multiple angiogenic 
factors. Circulation research. 2003; 93(7): 664-73.

20. Jain RK. Molecular regulation of vessel maturation. Nat Med. 
2003; 9(6): 685-93.

21. Abel LC, Rizzo LV, Ianni B, Albuquerque F, Bacal F, Carrara D, 
et al. Chronic Chagas’ disease cardiomyopathy patients display an 
increased IFN-gamma response to Trypanosoma cruzi infection. J 
Autoimmun. 2001; 17(1): 99-107.

22. Marino AP, da Silva A, dos Santos P, Pinto LM, Gazzinelli RT, 
Teixeira MM, et al. Regulated on activation, normal T cell ex-
pressed and secreted (RANTES) antagonist (Met-RANTES) con-
trols the early phase of Trypanosoma cruzi-elicited myocarditis. 
Circulation. 2004; 110(11): 1443-9.

23. Silverio JC, Pereira IR, Cipitelli M da C, Vinagre NF, Rodrigues 
MM, Gazzinelli RT, et al. CD8+ T-cells expressing interferon 
gamma or perforin play antagonistic roles in heart injury in ex-
perimental Trypanosoma cruzi-elicited cardiomyopathy. PLoS 
Pathog. 2012; 8(4): e1002645.

24. Pereira IR, Vilar-Pereira G, Silva AA, Moreira OC, Britto C, Sar-
mento ED, et al. Tumor necrosis factor is a therapeutic target for 
immunological unbalance and cardiac abnormalities in chronic 
experimental Chagas’ heart disease. Mediators Inflamm. 2014.

25. Ferreira RR, de Souza EM, de Oliveira FL, Ferrao PM, Gomes 
LH, Mendonca-Lima L, et al. Proteins involved on TGF-beta path-
way are up-regulated during the acute phase of experimental Cha-
gas disease. Immunobiology. 2016; 221(5): 587-94.

https://www.who.int/en/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
https://www.who.int/en/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
http://doi.org/
http://doi.org/


Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 117, 2022 11|11

26. Ferreira RR, Abreu RS, Vilar-Pereira G, Degrave W, Meuser-Ba-
tista M, Ferreira NVC, et al. TGF-β inhibitor therapy decreases 
fibrosis and stimulates cardiac improvement in a pre-clinical 
study of chronic Chagas’ heart disease. PLoS Negl Trop Dis. 2019; 
13(7): e0007602. http://doi.org/10.1371/journal.pntd.0007602

27. Ortmann BM, Burrows N, Lobb IT, Arnaiz E, Wit N, Bailey PSJ, 
et al. The HIF complex recruits the histone methyltransferase 
SET1B to activate specific hypoxia-inducible genes. Nat Genet. 
2021; 53(7): 1022-35. http://doi.org/10.1038/s41588-021-00887-y

28. Korbecki J, Simińska D, Gąssowska-Dobrowolska M, Listos J, 
Gutowska I, Chlubek D, et al. Chronic and cycling hypoxia: driv-
ers of cancer chronic inflammation through HIF-1 and NF-κB 
activation: a review of the molecular mechanisms. Int J Mol Sci. 
2021; 22(19): 10701. http://doi.org/10.3390/ijms221910701

29. Smith KA, Waypa GB, Dudley VJ, Budinger GRS, Abdala-
Valencia H, Bartom E, et al. Role of hypoxia-inducible factors 
in regulating right ventricular function and remodeling dur-
ing chronic hypoxia-induced pulmonary hypertension. Am J 
Respir Cell Mol Biol. 2020; 63(5): 652-64. http://doi.org/10.1165/
rcmb.2020-0023OC

30. Thévenod F, Schreiber T, Lee WK. Renal hypoxia-HIF-PHD-EPO 
signaling in transition metal nephrotoxicity: friend or foe? Arch 
Toxicol. 2022;9 6(6): 1573-1607. http://doi.org/10.1007/s00204-
022-03285-3

31. Neufeld G, Kessler O. Pro-angiogenic cytokines and their role in 
tumor angiogenesis. Cancer Metastasis Rev. 2006; 25(3): 373-85.

32. Chandrasekar B, Melby PC, Troyer DA, Colston JT, Freeman GL. 
Temporal expression of pro-inflammatory cytokines and induc-
ible nitric oxide synthase in experimental acute Chagasic cardio-
myopathy. Am J Pathol. 1998; 152(4): 925-34.

33. Eberhardt N, Sanmarco LM, Bergero G, Favaloro RR, Vigliano 
C, Aoki MP. HIF-1α and CD73 expression in cardiac leukocytes 
correlates with the severity of myocarditis in end-stage Chagas 
disease patients. J Leukoc Biol. 202; 109(1): 233-44. 

34. Larcher F, Murillas R, Bolontrade M, Conti CJ, Jorcano JL. 
VEGF/VPF overexpression in skin of transgenic mice induces 
angiogenesis, vascular hyperpermeability and accelerated tumor 
development. Oncogene. 1998; 17(3): 303-11.

35. Giordano FJ, Gerber HP, Williams SP, van Bruggen N, Bunting 
S, Ruiz-Lozano P, et al. A cardiac myocyte vascular endothelial 
growth factor paracrine pathway is required to maintain cardiac 
function. PNAS USA. 2001; 98(10): 5780-5.

36. Seyedmirzaei H, Shobeiri P, Turgut M, Hanaei S, Rezaei N. VEGF 
levels in patients with glioma: a systematic review and meta-anal-
ysis. Rev Neurosci. 2020; 32(2): 191-202. http://doi.org/10.1515/
revneuro-2020-0062

37. Kong Y, Han J, Wu X, Zeng H, Liu J, Zhang H. VEGF-D: a novel 
biomarker for detection of COVID-19 progression. Crit Care. 
2020; 24: 373. http://doi.org/10.1186/s13054-020-03079-y

38. Carmeliet P, Lampugnani MG, Moons L, Breviario F, Comper-
nolle V, Bono F, et al. Targeted deficiency or cytosolic truncation 
of the VE-cadherin gene in mice impairs VEGF-mediated endo-
thelial survival and angiogenesis. Cell. 1999; 98(2): 147-57.

39. Kalita J, Chauhan PS, Mani VE, Bhoi SK, Misra UK. VEGF 
and its receptors in dengue virus infection. J Med Virol. 2015; 
87(9): 1449-55.

40. Mor F, Quintana FJ, Cohen IR. Angiogenesis-inflammation 
cross-talk: vascular endothelial growth factor is secreted by ac-
tivated T cells and induces Th1 polarization. J Immunol. 2004; 
172(7): 4618-23.

41. Zachary I. VEGF signalling: integration and multi-tasking in en-
dothelial cell biology. Biochem Soc Trans. 2003; 31(Pt 6): 1171-7.

42. Adesse D, Lisanti MP, Spray DC, Machado FS, Meirelles M de 
N, Tanowitz HB, et al. Trypanosoma cruzi infection results in the 
reduced expression of caveolin-3 in the heart. Cell Cycle. 2010; 
9(8): 1639-46.

43. Privratsky JR, Newman DK, Newman PJ. PECAM-1: conflicts of 
interest in inflammation. Life sciences. 2010; 87(3-4): 69-82.

44. Gu A, Shively JE. Angiopoietins-1 and -2 play opposing roles in 
endothelial sprouting of embryoid bodies in 3D culture and their 
receptor Tie-2 associates with the cell-cell adhesion molecule PE-
CAM1. Exp Cell Res. 2011; 317(15): 2171-82.

45. Nishishita T, Lin PC. Angiopoietin 1, PDGF-B, and TGF-beta 
gene regulation in endothelial cell and smooth muscle cell interac-
tion. J Cell Biochem. 2004; 91(3): 584-93.

46. Fabris L, Strazzabosco M. Epithelial-mesenchymal interactions in 
biliary diseases. Semin Liver Dis. 2011; 31(1): 11-32.

47. Lemos QT, Andrade ZA. Angiogenesis and experimental hepatic 
fibrosis. Mem Inst Oswaldo Cruz. 2010; 105(5): 611-4.

48. Lin SL, Kisseleva T, Brenner DA, Duffield JS. Pericytes and peri-
vascular fibroblasts are the primary source of collagen-producing 
cells in obstructive fibrosis of the kidney. Am J Pathol. 2008; 
173(6): 1617-27.

49. Andrade ZA, Santana TS. Angiogenesis and schistosomiasis. 
Mem Inst Oswaldo Cruz. 2010; 105(4): 436-9.

50. Ferrer E, Lares M, Viettri M, Medina M. Comparison between im-
munological and molecular techniques for the diagnosis of Chagas 
disease. Enferm Infecc Microbiol Clin. 2013; 31(5): 277-82.

51. Canete JD, Pablos JL, Sanmarti R, Mallofre C, Marsal S, Maymo 
J, et al. Antiangiogenic effects of anti-tumor necrosis factor alpha 
therapy with infliximab in psoriatic arthritis. Arthritis Rheum. 
2004; 50(5): 1636-41.

52. Choi ST, Kim JH, Seok JY, Park YB, Lee SK. Therapeutic ef-
fect of anti-vascular endothelial growth factor receptor I antibody 
in the established collagen-induced arthritis mouse model. Clin 
Rheumatol. 2009; 28(3): 333-7.

http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/
http://doi.org/

