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Abstract

Megacolon is one of the main late complications of Chagas disease, affecting approximately

10% of symptomatic patients. However, studies are needed to understand the mechanisms

involved in the progression of this condition. During infection by Trypanosoma cruzi (T.

cruzi), an inflammatory profile sets in that is involved in neural death, and this destruction is

known to be essential for megacolon progression. One of the proteins related to the mainte-

nance of intestinal neurons is the type 2 bone morphogenetic protein (BMP2). Intestinal

BMP2 homeostasis is directly involved in the maintenance of organ function. Thus, the aim

of this study was to correlate the production of intestinal BMP2 with immunopathological

changes in C57Bl/6 mice infected with the T. cruzi Y strain in the acute and chronic phases.

The mice were infected with 1000 blood trypomastigote forms. After euthanasia, the colon

was collected, divided into two fragments, and a half was used for histological analysis and

the other half for BMP2, IFNγ, TNF-α, and IL-10 quantification. The infection induced

increased intestinal IFNγ and BMP2 production during the acute phase as well as an

increase in the inflammatory infiltrate. In contrast, a decreased number of neurons in the

myenteric plexus were observed during this phase. Collagen deposition increased gradually

throughout the infection, as demonstrated in the chronic phase. Additionally, a BMP2

increase during the acute phase was positively correlated with intestinal IFNγ. In the

same analyzed period, BMP2 and IFNγ showed negative correlations with the number of

neurons in the myenteric plexus. As the first report of BMP2 alteration after infection by

T. cruzi, we suggest that this imbalance is not only related to neuronal damage but may also

represent a new route for maintaining the intestinal proinflammatory profile during the acute

phase.
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Introduction

Bone morphogenetic proteins (BMPs), included in the transforming growth factor beta (TGF-

β) superfamily, are involve from embryogenesis to adult organ cell homeostasis [1–5]. Initially

described in bone formation [6], this protein group is divided into at least four subgroups with

similar functions and biochemical structures [2]. One of the first reports of BMP2 was studied

for its osteoinductive capacity. In addition, this protein is directly involved in intestinal

homeostasis [7], intestine organogenesis, epithelial cell renovation, and myenteric plexus (MP)

neuronal homeostasis [1, 7–9]. There is a network in the MP from which a muscular macro-

phage subpopulation (MMS) releases basal levels of BMP2 to neurons of this structure [7]. In

response, these neurons produce the maintenance factor for the macrophage colony to regu-

late this MMS [7, 9]. This communication results in homeostasis of the gastrointestinal tract,

and, when the MMS is depleted, BMP2 is not produced, leading to abnormal motility of the

intestine [7].

BMP2 expression may be altered in diseases characterized by enteric nervous system

(ENS) disturbances and altered intestinal motility. In Hirschsprung’s disease, BMP2 expres-

sion is upregulated compared to that in the normal gut [10]. In rats with induced diabetes,

BMP2 expression is downregulated and returns to normal levels after insulin administration

[11]. Despite differences in pathophysiology, both diseases are related to inflammation, neu-

ronal loss, and intestinal dysmotility [7, 10–12]. It is reasonable that in infectious diseases

that have neuronal damage, alterations in BMP2 levels could be associated with the progres-

sion of enteric nervous system pathophysiology, but there are no reports investigating this

issue.

Three to ten percent of patients with chronic Chagas disease (CD) develop the digestive

form, in which disturbances in the ENS lead to megacolon [13]. Currently, it is accepted that

the progression of this form is related to neuronal loss due to infection, mainly due to the

inflammatory process caused by Trypanosoma cruzi [14]. Observed differences in the inflam-

matory intestinal microenvironment between infected individuals without megacolon and

those with megacolon suggest that inflammation effects the progression of the intestinal

form. In the megacolon, the increases in eosinophils, mast cells, and macrophages are

directly correlated with fibrosis in the organ, indicating they are participants in tissue dam-

age [15]. Other cells, such as natural killer cells and cytotoxic T lymphocytes, have also been

suggested as mediators of damage to ENS components [16]. In an experimental model, these

same relationships have already been reported [17–19], including those regarding the partic-

ipation of pro-inflammatory cytokines in the acute phase [20]. Thus, the inflammatory

response generated by the host against T. cruzi needs to be extremely controlled, since in

infected individuals without megacolon, there is less intestinal involvement and fewer tissue

inflammatory cells [15, 16].

However, the molecular mechanisms underlying megacolon progression have not been elu-

cidated. The intestinal myenteric plexus is the structure that is most affected by T. cruzi infec-

tion [21–23], with a broadly documented reduction of neuron cells [16, 23–26]. Since one of

the most important functions of this structure is intestinal peristalsis regulation [27], neuronal

damage leads to loss of intestinal homeostasis. It is known that neuropeptides, growth factors,

and cytokines are directly involved in intestinal homeostasis, but so far little has been investi-

gated in chagasic megacolon [28]. Since BMP2 can modulate and be modulated by the

immune system and control intestinal homeostasis, the aim of this study was to correlate the

production of intestinal BMP2 with cytokines and histopathological changes in mice infected

with T. cruzi in different phases of experimental infection.
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Material and methods

Animals

In the present study, male C57Bl/6 mice, aged 6 to 8 weeks, were used. Mice were either

infected with the Y strain of T. cruzi or not infected, as a control. The animals were supplied

by and maintained at the Bioterium of the Institute of Tropical Pathology and Public Health of

the Federal University of Goias under controlled and known conditions: in plastic cages of 414

mm × 168 mm, temperature between 20 and 25˚C, humidity between 45 and 55%, and with

constant renewal of air and with a 12h photoperiod. They were fed with feed of known compo-

sition (Nuvilab-CR1, NUVITAL, Brazil) and were offered water ad libitum. All components of

the cage, such as water, wood shavings, and feed, were autoclaved before use and exposure to

the animals. The project was submitted to the Animal Use Ethics Committee of the Federal

University of Goias and was approved under identification 051/19. The animals were moni-

tored weekly until the date of euthanasia to minimize suffering as much as possible.

Parasites and experimental infection

Blood trypomastigotes, maintained through serial passage in Balb/C mice, were inoculated in

the mice destined for the experiment. Male C57Bl/6 mice were infected with 1000 trypomasti-

gote forms of the Y strain of T. cruzi. After infection, mice were maintained for 30 days (acute

phase) (n = 6) or 90 days (chronic phase) (n = 10). The chronic phase was characterized by

blood parasitemia equal to zero and intestinal fibrosis. Non-infected control groups were

maintained for the same amounts of time and under the same experimental conditions (30

days for acute phase with n = 5 and 90 days for chronic phase with n = 7). After acute or

chronic phase development, mice were euthanized through cervical dislocation after confirma-

tion of anesthetic status, induced by intraperitoneal administration of anesthetic solution at

5% xylazine hydrochloride and 10% ketamine. For all mice, two fragments of the colon were

collected: the distal fragment for histological analysis and the proximal fragment for cytokine

dosage. Throughout the study, there was no mortality. The experiment was repeated twice.

Determination of parasitemia

The parasitemia of infected mice was carried out until no more circulating blood trypomasti-

gotes were found. Through the caudal vein, 5 μL of blood was taken from the mice to assess

the level of parasitemia. Under a slide and coverslip, parasites were counted in 50 random

fields under an optical microscope at 400× magnification [29]. This observation was made

every 3 days after the inoculum. The parasitemia result was normalized by the area of the slide

and the area observed under the microscope according to the magnification used [30].

Histopathological evaluations

The distal segment of the colon (comparable to the proximal two-thirds of the transverse

colon in humans) of all groups was collected (approximately 1 cm), washed in cold saline solu-

tion, and fixed in 4% paraformaldehyde for 48 hours. Then, the material was dehydrated in an

increasing series of ethyl alcohols, transferred to xylol, and then embedded in paraffin. The

fragment was positioned on the longitudinal axis perpendicular to the microtomy plane. Serial

5 μm-thick sections were cut (e. g., every fifth section, with a gap of 25 μm between cuts) and

selected sections were stained using H&E, Giemsa, and picrosirius red for intestinal analysis.

Inflammatory infiltrate quantification. Hematoxylin-eosin (HE)-stained slides were

used to analyze the inflammatory infiltrate. From a light microscope attached to the camera,

10 micrographs (30 micrographs per animal) of each of the three serial fragments (100 μm
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apart) were captured under 400× magnification for further analysis. The intensity of the

inflammatory process was assessed in the submucosal and muscular layers and classified as 0

(normal), 1 (discrete), 2 (moderate), and 3 (accentuated). After categorizing the photos, the

mean of each case obtained was classified according to the following score: 0–0.3 = normal;

0.4–1.0 = discrete; 1.1–2 = moderate; 2.1–3 = accentuated (adapted from [31]).

Myenteric plexus neuron quantification. Giemsa-stained slides were used to quantify

neurons. Four serial sections with 100 μm between each were evaluated under light micros-

copy at 400× magnification. This distance was selected so that a larger area could be analyzed.

Neurons were counted in 30 random fields at 400× magnification in each cut (120 fields per

animal). The result was expressed as the number of neurons/field.

Fibrous connective tissue quantification. Sirius-Red stained slides were used for mor-

phometric evaluation of the deposition of connective tissue in the mucosa, submucosa, and

intestinal muscle layers, except for the serous layer. Collagen analyses were carried out under

polarized light and quantified using the Axion Vision software (ZEISS). For each intestinal

fragment, 20 fields were analyzed at 400× magnification. The results were expressed as collagen

(%) per unit area [32].

Intestinal homogenates and cytokine measurements

The colon proximal fragment (approximately 1 cm) was transferred to an Eppendorf tube con-

taining 1× Phosphate Buffered Saline solution and Complete ™ protease inhibitor (SIGMA,

USA). Then, the fragments were subjected to homogenization in a homogenizer (DREMEL,

EUA). The homogenates obtained were centrifuged at 12000 × g for 30 min, and the respective

supernatants were stored at -80˚C for quantification of BMP2, cytokines, and total proteins.

The levels of BMP2, IFNγ, TNF-α, and IL-10 in the proximal intestine homogenates were mea-

sured by an enzyme-linked immunosorbent assay (ELISA). For BMP2, the commercial kit

PEPROTECH (Lot # 0614T255) was used. For IFNγ (Lot # P209723) and TNF-α (Lot #

P210424), the kit used was from the R&D System. Meanwhile, for IL-10, we used the BD

OptEIA™ kit (Lot # 9164829). The methodologies were carried out according to the manufac-

turers’ instructions. For the colorimetric reaction, 3, 3, 5, 5-tetramethylbenzidine (TMB) (BD

Pharmingen, USA) was used as a peroxidase substrate and the reading was made on a 450 nm

filter in a microplate reader (Bio-Rad 2550 READER EIA, USA). The concentration of total

proteins in the intestinal homogenate was determined using a NanoDrop spectrophotometer

(Thermo Fisher Scientific, USA) and was used to normalize the concentrations of BMP2 and

cytokines. The final concentration was given in pg/mg of tissue.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software—USA).

The verification of the normal distribution of the quantitative variables was assessed by the

Shapiro-Wilk test. For comparisons between two groups, an unpaired t-test was used for data

with a normal distribution, and the Mann-Whitney test was used for data with a non-normal

distribution. Correlations were made using the Spearman test with a 95% confidence interval.

The results were considered statistically significant at p<0.05.

Results

Parasitemia

In order to monitor the infection by the T. cruzi Y strain in C57Bl/6 mice, parasitemia mea-

surements were performed every three days after the inoculum. The analysis was carried out
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until the circulating blood trypomastigote forms were no longer found. Here, we observed a

sustainable parasitemia in the acute phase, with detectable blood trypomastigote forms from

the 5th to 32nd days (Fig 1A). Peak parasitemia was observed at 8 days of infection (Fig 1A).

At the 29th day after infection, 93% of the animals showed reduced parasitemia. As expected,

infected mice were able to control the blood parasite circulation at the end of the acute phase.

Intestinal inflammation scores, neuronal quantification, and fibrosis

deposition

To assess the extent of intestinal commitment in infected mice, the inflammatory infiltrate,

neuronal loss, and collagen deposition were evaluated. The intestinal inflammatory infiltrate

in the acute phase was more intense than that in the chronic phase (p = 0.0043) (Fig 1B). Most

animals (approximately 80%) in the acute phase of infection showed a moderate inflammatory

process (score: 1.1–1.5), whereas in the chronic phase, the inflammatory process decreased,

showing a mild infiltrate for all animals (score: 0.3–0.6) (Fig 1B). The number of neurons was

quantitated in the myenteric plexus to evaluate intestinal neural damage. A significant decrease

in the number of neurons was detected in the acute phase of infection (30 days) (p = 0.0043),

which was maintained during the chronic phase (90 days) (Fig 1C). No difference was found

in the number of neurons between the acute and chronic phases (p = 0.0649). The same result

was observed in the comparison between the controls (p = 0.2222). The last criterion for evalu-

ating intestinal lesion progression was collagen deposition. As expected, no significant alter-

ation in intestinal collagen deposition was observed in the acute phase; however, chronic

infection induced a significant increase in collagen deposition when compared to the control

group (p = 0.0001) and the acute phase group (p = 0.0017) (Fig 1D). No T. cruzi intestinal

nests were found in either phase of the experimental infection in the HE intestinal sections.

Experimental T. cruzi infection induces intestinal IFNγ and BMP2

upregulation in the acute phase

In order to evaluate the immune response, the intestinal expression of cytokines was quantified

at both experimental times. T. cruzi infection induced a significant increase in IFNγ produc-

tion in both the acute phase (p = 0.0043) and the chronic phase (p = 0.0185) (Fig 2A). No sta-

tistical differences were found in the levels of intestinal TNF-α between infected and

uninfected mice (Fig 2B). In addition, for both phases, no differences between the intestinal

IL-10 levels of infected and uninfected mice were observed (Fig 2C), showing that infection

was not regulated in this tissue. After confirming that the experimental model causes relevant

histopathological and immunological changes, favoring intestinal inflammation, we evaluated

whether BMP2 levels had also changed in the infected intestine. In the acute phase of infection,

a significant increase in BMP2 production was observed compared to the control (p = 0.0303)

(Fig 2D). In addition, the amount of BMP2 present in the intestine decreased in the chronic

phase when compared to the acute phase (p = 0.0420), reaching the same level as that of the

control basal production (Fig 2D).

BMP2 is related to immunopathological changes only in the acute phase of

experimental Chagas disease

Since we observed, in the acute phase of the infection, significant BMP2, and IFNγ increases,

we asked if IFNγ production could be correlated with the BMP2 increase. Interestingly, there

was a strong, positive, and significant correlation between these two cytokines (Fig 3A)

(p = 0.0039 and r = 0.8091, respectively). In the chronic phase, intestinal BMP2 returned to
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Fig 1. Blood parasitemia and intestinal histopathological differences between the acute and chronic phases of T. cruzi infected C57Bl/

6 mice. C57Bl/6 mice were subcutaneously infected with 1000 blood trypomastigote forms of T. cruzi Y strain. (A) Parasitemia was

determined by counting the number of trypomastigotes in 5 μl of blood collected from the caudal vein. (B) Intensity score of the intestinal

inflammatory infiltrate. Intestinal photomicrographs of mice at the (B1) acute phase and (B2) chronic phase. (C) Number of neurons in the

myenteric plexus. Intestinal photomicrographs of uninfected mice at 30 days (C1) and infected mice at the acute phase (C2). Neurons of the
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basal levels, abrogating the positive correlation (p = 0.1338 and r = 0.3789) (Fig 3B). For the

next step, we asked whether these cytokines could be correlated with intestinal neuronal loss.

There was a significant and strong and a moderate negative correlation between the number of

neurons and the intestinal concentration of IFNγ (Fig 3C) and BMP2 (Fig 3D), respectively

(p = 0.0162, r = -0.7182 and p = 0.0277, r = -0.6727) in the acute phase. No significant correla-

tion was found between BMP2 and the number of intestinal neurons in the chronic phase

(p = 0.6870, r = -0.1321) (Fig 3E).

myenteric plexus are highlighted within black lines and highlighted by the black arrow. The white arrow represents an inflammatory

infiltrate located close to the neurons of infected group mice during the acute phase. (D) Percentage of collagen deposited in the intestine.

Intestinal photomicrographs of uninfected mice at (D1) 30 and (D2) 90 days and of infected mice during the (D3) acute and (D4) chronic

phases. Mann-Whitney test. � Significant statistical differences at p< 0.05.

https://doi.org/10.1371/journal.pone.0246692.g001

Fig 2. Intestinal immunological differences between the acute and chronic phases of T. cruzi infected C57Bl/6 mice. Quantification of the intestinal

levels of (A) IFNγ, (B) TNF-α, (C) IL-10, and (D) BMP2 in picograms/mg. Data are presented for C57Bl/6 mice that were either not infected or infected

with 1000 blood trypomastigote forms of the T. cruzi Y strain in the acute and chronic experimental phases of the disease. Mann-Whitney test. �

Significant statistical differences at p<0.05.

https://doi.org/10.1371/journal.pone.0246692.g002
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Fig 3. Correlations between intestinal IFNγ, BMP2, and myenteric neurons in the acute and chronic phases of T. cruzi-infected C57Bl/6 mice.

Correlations between the intestinal IFNγ and BMP2 levels at the (A) acute and (B) chronic phases. Correlations between the number of neurons and the
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Discussion

This study aimed to investigate BMP2 intestinal production in C57Bl/6 mice infected with the

Y strain of T. cruzi as well as to correlate this production with parameters related to the immu-

nopathogenesis of the experimental infection. Our results demonstrate that infection induces

the production of BMP2 differently in acute and chronic infections. A significant intestinal

BMP2 increase was observed at 30 days of infection, and this was closely related to the intesti-

nal IFNγ increment and neuronal loss. As this is the first report on intestinal BMP2 production

in a protozoan disease, it is possible that there is a relationship between the imbalance we

observed in the levels of this protein and the acute pathophysiology of intestinal CD.

It is already well established that strain Y parasitemia in experimental animals occurs

quickly and in the first days after infection [20, 33], as observed in our study. The C57BL/6

mice is also well established in experiments related to an experimental CD, including in the

study of intestinal changes [20, 34–37]. The intensity of the inflammatory infiltrate differs

among infections caused by different strains and among different inocula of T. cruzi [20, 32,

38]. Independent of the strain used for murine infection, the acute phase is characterized by an

intense inflammatory infiltrate when compared with the chronic phase [17, 31, 39], as was

observed in our study. The inflammatory infiltrate was observed to be of greater intensity in

the acute phase (moderate) than in the chronic phase (mild), which may be related to the fact

that increased BMP2 levels were only observed at the beginning of the infection. In the stom-

achs of patients infected with Helicobacter pylori, it was observed that the inflammatory infil-

trate induced by the infection produced BMP2, which was related to the increase of this

protein in the organ [12]. In our study, the inflammatory infiltrate and BMP2 levels increased

concomitantly. We believe that the inflammatory cells may influence the amount of BMP2

produced in the intestine during the acute phase. In vitro, BMP2 is able to induce chemotaxis,

adhesion, and inhibit monocyte differentiation to the macrophage-M2 profile of human

monocytes, which inhibits tissue repair and promotes the maintenance of the pro-inflamma-

tory M1 profile, with an increase in pro-inflammatory molecules [40].

It was observed that BMP2 expression demonstrated a positive and significant correlation

with IFNγ production in the intestine during the acute phase. Two mechanisms can be sug-

gested from this result: 1) the increase in BMP2 was induced by the pro-inflammatory cyto-

kines that increased in the acute phase and/or 2) BMP2 per se induced an increase in pro-

inflammatory cytokines. Studies on bone regeneration have shown that BMP2 increases the

production of pro-inflammatory cytokines in a dose-dependent manner [41–43]. In addition,

stimulation of human endothelial cells (HMEC-1) with TNF-α resulted in an increase in the

production of BMP2 [44]. The same authors also suggested a synergistic effect of these two

cytokines (TNF-α and BMP2) in the establishment of the inflammatory process to induce an

inflammatory phenotype in endothelial cells [44]. The ability of IFNγ and IL-1β to induce a

BMP2 increase has also been demonstrated in the pancreatic cells of humans and murine

models [45]. Although not evaluated in this study, the levels of pro-inflammatory cytokines,

such as IL-12, IL-6, IL-2, and IL-17, have been reported to be elevated in the intestine during

the acute experimental phase with the Y strain, in a manner that is dependent on the proto-

zoan inoculum concentration [20]. In addition, it is suggested that the lack of balance between

pro-inflammatory, regulatory, and anti-inflammatory cytokines results in the development

and progression of CD [46–49]. The role of these cytokines is important both in the control of

levels of intestinal (C) IFNγ in the acute phase, BMP2 in (D) the acute phase and (E) the chronic phase. The data presented are from C57Bl/6 mice

infected with 1000 blood trypomastigote forms of T. cruzi Y strain. Correlations were performed using the Spearman test. Significant statistical

differences at p< 0.05.

https://doi.org/10.1371/journal.pone.0246692.g003
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the protozoan [50–52] and in host tissue damage [34, 53]. Therefore, IFNγ and other pro-

inflammatory cytokines could induce intestinal BMP2 upregulation, and vice versa. The inter-

action between IFNγ and BMP2 in maintaining the intestinal inflammatory profile during the

acute phase of experimental T. cruzi infection, excludes the BMP2 participation in the chronic

phase, in which there is a decrease in the inflammatory infiltrate, which results in decreased

BMP2 production and no significant correlation with IFNγ in the intestine.

In experimental animals [54–56] and in humans [16, 21–23], T. cruzi infection decreases

the number of nerve cells, and the acute phase has a leading role in this intensity [34, 57], as

observed in our experimental model. The presence of inflammatory infiltrates together with

pro-inflammatory cytokines, such as IFNγ, represents a way to contain the parasite during the

initial events of T. cruzi infection [50]. In addition to attempting to control the infection, the

production of IFNγ is related to neuronal decrease by inducing the production of nitric oxide

via iNOS in an experimental model [34]. In our study, we found a strong negative correlation

between the intestinal IFNγ levels and the number of neurons in the myenteric plexus, espe-

cially in the acute phase of experimental infection. While lymphocytes have already been dem-

onstrated as a source of IFNγ [50, 51], natural killer cells and macrophages, which are at

elevated levels in the chagasic megacolon [16], may also be responsible for the response to

IFNγ (natural killer cells can produce IFNγ too) and produce NO, resulting in damage to the

ENS. In fact, in an in vitro co-culture model with macrophages and neurons, phagocytes

infected with T. cruzi and stimulated only with IFNγ induced neuronal death and neuritis by

producing NO via iNOS [53]. In addition, the pathway associated with neuronal death in this

model was attributed to necrosis of these cells [53]. Finally, when iNOS-/- macrophages and

NO blockers were used, neural death was mitigated by decreasing NO production, corroborat-

ing the neurotoxic action of this molecule [53]. Neurodegeneration has also been demon-

strated in vivo in C57BL/6 mice IL-12/IL-23 (IL-12p40KO) deficient mice [58]. In this model,

Bombeiro et al. (2010) suggested that IFNγ, together with the glia protein S100β, induces NO

overproduction by both the inflammatory infiltrate and resident glial cells in the spinal cord

[58]. In addition to necrosis, apoptosis and autophagy are also induced by NO in several neu-

rological pathological conditions [58]. Moreover, IFNγ by itself is also considered neurotoxic

because it induces neurons to produce NO via nNOS, an enzyme responsible for the produc-

tion of neuronal NO [59] and neuronal toxicity [60]. Thus, these data corroborate the negative

correlation between the IFNγ level and number of neurons found in our study, suggesting that

one of the neuronal death pathways is dependent on IFNγ production.

In addition to the correlation involving IFNγ, a moderate, negative, and significant correla-

tion was observed between the BMP2 level and the number of myenteric plexus neuron cells

but only during the acute phase of the experimental infection. In fact, the imbalance in the pro-

duction of this protein has already been observed to be related to changes in intestinal func-

tionality and neuronal loss in a rat model of diabetes and in Hirschsprung’s disease [10, 11].

Furthermore, previous studies have demonstrated that an increase in BMP2 in neurons of the

hippocampus of rats exposed to arsenic induced neuronal apoptosis via SMADs [61]. In addi-

tion, a high concentration of BMP2 in vitro has been shown to increase the proportion of apo-

ptotic cells in primary cortical neurons [62]. Thus, we speculate that the BMP2 increase

represents a new pathway for neuronal death, along with IFNγ, in the intestinal form of experi-

mental CD during the acute phase, a determining moment for the decrease of nerve cells.

Although there is a reduction in the inflammatory process in the chronic phase, tissue dam-

age continues to progress, as observed in our model, through the increasing deposition of

intestinal collagen after 90 days of infection. The mechanisms involved in the progression of

CD are still debated. The parasitic load at the beginning of the infection, integration of kDNA

into the host cells, (auto)immune response, and the persistence of the protozoans are factors
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that are collectively related to tissue damage, which over long time periods results in cell

destruction, followed by fibrosis, and ultimately loss of tissue function in the most severe

forms of CD [31, 63–66]. Although it is accepted that T. cruzi infection induces an inflamma-

tory process associated with neuronal death, other components, such as the destruction of

Cajal cells, smooth muscle cells [67], and enteric glial cells [16], are also related to the progres-

sion of megacolon and loss of motility and intestinal function.

BMP2 can also represent another component related to the intestinal fibrotic process that

has not yet been evaluated in CD. In experimental models of chronic pancreatitis [68], renal

fibrosis [69], and pulmonary fibrosis [70], BMP2 has been reported to have anti-fibrotic prop-

erties, mainly related to inhibition of TGF-β-related pathways. Based on this information, we

speculate that, at the beginning of the infection, the increase in BMP2 is related to the inhibi-

tion of intestinal remodeling in our model. In the chronic phase, in which there is no BMP2,

collagen deposition occurs.

From the results obtained in this study, some hypotheses can be developed regarding the

role of BMP2 in experimental CD. This protein can act in several ways to participate in the

progression of intestinal changes observed during T. cruzi infection. Briefly, we propose that,

during the acute phase of infection, the increase in BMP2 is related to 1) the increase in inflam-

matory cells producing BMP2, 2) the maintenance of the intestinal proinflammatory profile,

and 3) neuronal destruction. However, it is also plausible that, by inhibiting intestinal remod-

eling in the early stages of experimental infection, BMP2 plays a dual role. These findings may

represent a new mechanism of interaction between the immune and nervous systems in the

progression of Chagas disease.
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Project administration: José Rodrigues do Carmo Neto, Marcos Vinicius da Silva, Mara
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Visualization: José Rodrigues do Carmo Neto.

Writing – original draft: José Rodrigues do Carmo Neto.
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tı́nez JA. Gastrointestinal infection with Mexican TcI Trypanosoma cruzi strains: Different degrees of

colonization and diverse immune responses. Int J Biol Sci. 2011; 7(9):1357–70. https://doi.org/10.7150/

ijbs.7.1357 PMID: 22110387

39. Mateus J, Guerrero P, Lasso P, Cuervo C, González JM, Puerta CJ, et al. An animal model of acute
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