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Abstract: Chronic manifestations of Chagas disease present as disabling and life-threatening condi-
tions affecting mainly the cardiovascular and gastrointestinal systems. Although meaningful research
has outlined the different molecular mechanisms underlying Trypanosoma cruzi’s infection and the
host-parasite interactions that follow, prompt diagnosis and treatment remain a challenge, particu-
larly in developing countries and also in those where the disease is considered non-endemic. This
review intends to present an up-to-date review of the parasite’s life cycle, genetic diversity, virulence
factors, and infective mechanisms, as well as the epidemiology, clinical presentation, diagnosis, and
treatment options of the main chronic complications of Chagas disease.

Keywords: Chagas disease; Trypanosoma cruzi; vector-borne disease; heart failure; cardiomyopathy;
achalasia; megacolon

1. Introduction

Chagas disease (CD) is a parasitic infection caused by Trypanosoma cruzi, a protozoan
mainly endemic to South and Central America. Although its exact prevalence is unknown,
it is estimated that approximately 6–8 million people are infected with this parasite. While
most cases resolve after the acute phase of the disease, a subgroup of patients develop a
chronic phase in which many organs, including the heart, esophagus, colon, and nervous
system, can be affected. This review aims to present a thorough summary of the most
recent breakthroughs regarding the molecular aspects of the parasite’s interactions with
human hosts and an up-to-date summary of the clinical presentation and current practices
for the diagnosis and treatment of the chronic complications of CD.

2. Trypanosoma cruzi
2.1. Classification and Biology

Trypanosoma cruzi is an eukaryotic microorganism belonging to the protist kingdom.
Taxonomically, it is part of the Phylum Sarcomastigophora, Sub-phylum: Mastigophora,
Class: Kinetoplastea, Order: Trypanosomatida, Sub-order: Trypanosomatine, Family:
Trypanosomatidae, Genus: Trypanosoma, Species: Trypanosoma cruzi [1].

Pathogens 2021, 10, 1493. https://doi.org/10.3390/pathogens10111493 https://www.mdpi.com/journal/pathogens

https://www.mdpi.com/journal/pathogens
https://www.mdpi.com
https://orcid.org/0000-0003-2874-3669
https://orcid.org/0000-0003-4531-3783
https://orcid.org/0000-0002-1344-9312
https://orcid.org/0000-0001-7161-1587
https://doi.org/10.3390/pathogens10111493
https://doi.org/10.3390/pathogens10111493
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pathogens10111493
https://www.mdpi.com/journal/pathogens
https://www.mdpi.com/article/10.3390/pathogens10111493?type=check_update&version=1


Pathogens 2021, 10, 1493 2 of 32

Trypanosomes are part of the kinetoplastea class, a group of flagellated microor-
ganisms characterized by the presence of an organelle with a large DNA mass called
kinetoplast [2]. This unusual DNA-containing organelle is a specialized region of a single
mitochondrion located near the basal body of the flagellum, which contains a high con-
centration of extranuclear DNA, including approximately 16–30% of the mitochondrial
genome. It has been suggested that its primary function is to encode respiratory chain
proteins and guide RNAs for gene editing [3]. It is in close spatial relationship with the
parasite’s flagellum, which has a role in intracellular infection [4].

T. cruzi is a highly adaptable microorganism, which undergoes several metabolic and
structural variations in response to environmental stressors during its reproductive cycle.
These variations occur in the different stages of its life cycle and include changes in its
morphology, location of the kinetoplast, expression of surface proteins, mechanism of
evasion, and reproductive capacity [3,5].

T. cruzi has a complex life cycle that occurs between mammalian hosts and triatomine
vectors. Four well-differentiated stages have been described: epimastigotes, metacyclic
trypomastigotes (both taking place in the Reduviid insect), amastigotes, and cell-derived
trypomastigotes found in the host (Figure 1). The cycle begins when the vector ingests blood
infected with cell-derived trypomastigotes. Once inside the vector, the trypomastigotes
differentiate into epimastigotes that move across the intestine until they reach the rectal
ampulla, where they transform into metacyclic trypomastigotes (infective stage). The cycle
continues when the vector feeds from a mammal host. It then excretes the metacyclic
trypomastigote-containing feces that pass across the bite site, infect blood mononuclear
cells, and differentiate into amastigotes. After several rounds of replication, they transform
into cell-derived trypomastigotes that invade new cells [6].

T. cruzi constitutes an heterogeneous specie and genetic variability has been observed
within specimens. Currently, they are classified based on discrete typing units (DTUs),
which group strains with identical genetic properties. They are identified with different
immunological, biochemical, and molecular markers. Several DTUs have been described,
including Tc-I to Tc-VI, and TcBat, a new recently-described genotype found to be infectious
to humans through its identification in a 5-year old female living in a sylvan region in
Colombia [7,8]. The different DTUs have been related to specific epidemiological cycles,
transmission mechanisms, geographical distributions, vector dispersal, and CD clinical
manifestations. However, further studies have shown that these associations are not always
conclusive [7,9].

2.2. T. cruzi’s Genetic Diversity

A wide biochemical and genetic diversity has been described. Even inside a specific
geographic region, T. cruzi has variations in its molecular and pathophysiological properties
such as tissue tropism, replication rates, and infectivity. It has also been suggested that its
genetic plasticity could be related to the modulation of virulence among different strains,
impacting infectivity and clinical severity [10,11].
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Figure 1. Trypanosoma cruzi life cycle. T. cruzi’s life cycle consists of four stages: epimastigotes, 
amastigotes, metacyclic trypomastigotes, and cell-derived trypomastigotes. Its life cycle takes place 
in both vectors (e.g., Triatoma spp), and human hosts. 
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Despite intense discussion, T. cruzi is currently considered a clonal parasite. How-
ever, studies using different genetic approaches have suggested that T. cruzi has some 
degree of natural recombination [5,12]. Recently, genomic studies have found evidence of 
meiotic sex mechanisms in the genome of Ecuadorian and Peruvian T. cruzi clones [13]. 
Nevertheless, in vitro evidence suggesting sexual genetic recombination in this parasite is 
scarce and non-conclusive. For example, the presence of fused-hybrids after Vero cells 

Figure 1. Trypanosoma cruzi life cycle. T. cruzi’s life cycle consists of four stages: epimastigotes,
amastigotes, metacyclic trypomastigotes, and cell-derived trypomastigotes. Its life cycle takes place
in both vectors (e.g., Triatoma spp.), and human hosts.

Despite intense discussion, T. cruzi is currently considered a clonal parasite. However,
studies using different genetic approaches have suggested that T. cruzi has some degree of
natural recombination [5,12]. Recently, genomic studies have found evidence of meiotic sex
mechanisms in the genome of Ecuadorian and Peruvian T. cruzi clones [13]. Nevertheless,
in vitro evidence suggesting sexual genetic recombination in this parasite is scarce and
non-conclusive. For example, the presence of fused-hybrids after Vero cells infection
and overexpression of RAD51 (protein related with meiosis and recombination) in the
epimastigotes of hybrid strain CL-Brener (TcVI) has been described [14,15]. Some authors
suggest that recombination might occur between epimastigotes in the digestive tract of
the triatomines, considering the favorable conditions for genetic exchange secondary to
environmental stress. Moreover, the meiosis-like recombination observed in Leishmania,
and the complete meiosis in Trypanosoma brucei, which occurs in the salivary glands of
Tse-tse flies, further supports the possibility of genetic recombination in T. cruzi [16,17].
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While generally described as a diploid eukaryote, T. cruzi’s genetic information is
organized in homologous chromosomes that change in number and size between the
different strains [13,18]. The number of chromosomes changes depending on the strain and
DTUs; 43 to 48 chromosomes have been described so far. The length of each chromosome
is strain-specific and depends on different processes that involve insertions, deletions, and
duplications of individual genes or complete genome segments [18,19].

T. cruzi has a complex genomic architecture, described as “genome compartmen-
talization”. The core compartment contains the most conserved genes. The disrupted
compartment represents around 50% of all the genetic information and corresponds to
repetitive sequences, represented by multigene families, such as, transialidases, mucins,
mucin associated proteins (MASP), dispersed gene family proteins (DGF), and retrotrans-
poson hot spot (RHS) [20]. These components play an essential role during T. cruzi’s
life cycle [21] and the transcriptional and post-transcriptional processes modulating the
chromatin structure as can be seen in T. brucei [22].

Additionally, T. cruzi has an uncommon gene expression system in which gene tran-
scription is based on polycistronic transcriptional units, where a set of genes that are not
necessarily related are transcribed at the same time [23]. Transcriptomic studies have shown
differences between the gene expression across the parasite’s life cycle [24,25]. Each stage
has a specific transcriptomic profile related to replication, invasion, and immune response
escape demonstrating a high degree of adaptability in response to environmental stres-
sors [21,26]. Moreover, different DTUs and virulent and non-virulent strains have shown
specific repertoires of expressed genes that influence strain-specific biological properties
and clinical behavior [27,28].

2.3. Virulence Factors in T. cruzi

Several virulence mechanisms have been described in T. cruzi’s infectious process, and
the following section aims to provide a short description of them. For this purpose, the
main virulence factors will be described chronologically and following the usual course of
interaction with the host: resistance to oxidative damage and evasion of the host immune
response; and adhesion molecules, cell invasion and phagolysosomal escape.

2.4. Resistance to Oxidative Damage and Evasion of Host Immune Response

T. cruzi has adapted several antioxidant mechanisms to inactivate reactive oxygen
and nitrogen species released by the host at the early stage of the infection [29]. Using a
variety of enzymes such as peroxidases, the metacyclic trypomastigotes are able to evade
oxidative stress caused by phagocytic cells, such as macrophages and dendritic cells [30].
Glutathione peroxidase TcGPXI, which is located in the cytosol, inactivates exogenous
hydroperoxidades. Peroxidase TcGPXII present in the endoplasmic reticulum (ER), inac-
tivates lipid-hidroperoxidase, while TcAPX disables the binding of hydroxyl ions with
oxygen in conjunction with tryparedoxin peroxidases (TcCPX, TcMPX situated in cytosol
and mitochondria respectively) [31]. Additionally, T. cruzi has four types of iron superoxide
dismutases (FESOD) located in the cytosol, mitochondria and glycosomes, responsible for
detoxifying reactive oxygen species [32] (Figure 2). It has also been recognized that the
expression of these enzymes is strongly correlated with the parasite’s life cycle [33].
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Figure 2. Resistance to oxidative species. T. cruzi has several enzymes destined to deactivate reactive oxygen species, 
namely, peroxidases, iron superoxide dismutases, and hydroperoxidases. These enzymes allow for the parasite’s survival 
and decrease the efficacy of the host’s immune response. 

The trypomastigote decay accelerating factor (T-DAF) regulates the expression of C3 
convertase found in all three pathways of complement: classical, alternative, and lecithin-
activated. T. cruzi complement regulatory protein (CRP), also known as gp160, is unique 
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zation. CRIT (C2 receptor inhibitor trispanning protein) blocks the lecithin pathway and 
prevents the activation of complement. Also, TcCRT (Calreticulin), a surface molecule that 
inhibits the classical pathway, captures C1 and promotes parasite infectivity [33–35]. Of 
note, T. cruzi has proline racemases (PR) enzymes, TcPRACA and TcPRACB (T. cruzi pro-
line racemase A and B, respectively), essential for eluding an immune response. Molecules 
such as Tc52 which suppress T cell proliferation and activation, have been described [32]. 
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ing cell paralysis and cell lysis. As they are excreted in abundant quantities, it is difficult 
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ability to excrete transialidases in high quantities is associated with increased virulence of 
strains [39–41]. Additionally, within T. cruzi’s genome, large gene family diversification 
has been found. This genomic diversity evolved as a response to the intense immunolog-
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Figure 2. Resistance to oxidative species. T. cruzi has several enzymes destined to deactivate reactive oxygen species,
namely, peroxidases, iron superoxide dismutases, and hydroperoxidases. These enzymes allow for the parasite’s survival
and decrease the efficacy of the host’s immune response.

The trypomastigote decay accelerating factor (T-DAF) regulates the expression of
C3 convertase found in all three pathways of complement: classical, alternative, and
lecithin-activated. T. cruzi complement regulatory protein (CRP), also known as gp160, is
unique to trypomastigotes and has the ability to block complement pathways and escape
opsonization. CRIT (C2 receptor inhibitor trispanning protein) blocks the lecithin pathway
and prevents the activation of complement. Also, TcCRT (Calreticulin), a surface molecule
that inhibits the classical pathway, captures C1 and promotes parasite infectivity [33–35]. Of
note, T. cruzi has proline racemases (PR) enzymes, TcPRACA and TcPRACB (T. cruzi proline
racemase A and B, respectively), essential for eluding an immune response. Molecules
such as Tc52 which suppress T cell proliferation and activation, have been described [32].

2.5. Adhesion Molecules, Cell Invasion and Phagolysosomal Escape

Cell invasion by T. cruzi is essential for its survival inside the host. This protozoan has
developed surface proteins—such as transialidases, mucins, mucin-associated surface gly-
coproteins, and phospholipases—which allow the adhesion of metacyclic trypomastigotes
and extracellular amastigotes to host cells through carbohydrate interactions [36].

A wide variety of genes encoding surface proteins have been described in T. cruzi,
which in turn are recognized as virulence factors [21,37]. Recent molecular studies have
shown that coding families of these genes simultaneously express protein variants, a
phenomenon thought to confer the parasite an ability to evade the host’s immune re-
sponse [18,38].

Transialidase enzymes (TS) are virulence factors whose diversification and large
number of coding genes are well known. TS’s function is the acquisition of sialic acid from
host cells to modify trypomastigote’s surface proteins, rendering them capable of inducing
cell paralysis and cell lysis. As they are excreted in abundant quantities, it is difficult
for the host to mount a neutralizing humoral response. Therefore, it is thought that the
ability to excrete transialidases in high quantities is associated with increased virulence of
strains [39–41]. Additionally, within T. cruzi’s genome, large gene family diversification has
been found. This genomic diversity evolved as a response to the intense immunological
pressure exerted by the parasite’s hosts [18].
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Surface glycoproteins expressed by metacyclic trypomastigotes such as Gp82
(transialidases-like protein) aid host cell invasion by activating intracellular Ca2+ sig-
naling cascades [32,42]. This has also been described as a critical step in the union to gastric
mucin in the oral route of infection [33,43]. Notably, it has a conserved FLY domain, which
helps the parasite activate host extracellular signals that facilitate infection with a tropism
for endothelial cells, such as heart vessels [32,33,44] (Figure 3).
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Figure 3. Adhesion molecules, cell invasion, and phagolysosomal escape. T. cruzi is able to invade
host cells and phagolysosomal mechanics through specialized proteins such as mucins, mucin-
associated proteins, transialidases, and phospholipases; allowing for carbohydrate and peptidic
interactions increasing infectivity and dwindling immune response.

Mucins, another surface protein family is in charge of providing protection from the
vector’s and human host’s immune mechanisms and enhance the invasion of specialized
tissue cells [45]. They are classified in two groups: one of them is present in only mam-
malian hosts known as TcMUC, protecting T. cruzi against the host immune system and
helping the adhesion by using sialic acid from the transialidases. The second one, known
as TcSMUG, protects T. cruzi against digestive proteases from the vector [46] (Figure 3).

MASPs (Mucin–associated surface proteins) found in metacyclic trypomastigotes and
bloodstream trypomastigotes promote T. cruzi’s invasion, replication, and survival [47,48].
Gp35/50, a protein complex that belongs to the mucins family, is essential for the in-
ternalization of the parasite through calcium-mediated pathways (Figure 3). Similarly,
surface antigen TSSA (Trypomastigote small surface antigen) is a T. cruzi antigenic poly-
morphic mucin-like molecule involved in the parasite’s adhesion to host cell surfaces.
Recently, TcMUC, O-glycosylated Thr/Ser/Pro-rich mucin molecules located on the T.
cruzi surface have been associated with different host-pathogen interactions. They act as
adhesion molecules that vary across the different DTUs. In addition, two different forms
of TSSA have been reported, including TSSA-CL (mainly with adhesive properties) and
TSSA-Sy [37,38,49].

Additionally, cysteine endopeptidases are essential in the infection process [50]. When
T. cruzi invades host cells, it escape from the phagolysosome of phagocytic cells. To rupture
the membrane of the phagolysosome T. cruzi uses a protein known as Tc-Tox, which forms
a pore in the vacuole membrane, releasing the parasite and facilitating its invasion and
replication [32].
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The plasticity of T. cruzi’s genome to generate multiple variants of these proteins
through gene duplication, mutation, and recombination confers great antigenic diversity.
In addition, having a genetic structure rich in repetitions and retrotransposons facilitates
these processes by dispersing these genes throughout the genome [18,51]. These factors
increase its fitness and survival, promoting evation of the host immune response by creating
several antigens. Thus, mounting a solid immune response against this huge repertoire of
antigens is not easy and usually results in immune evasion by the parasite.

2.6. T. cruzi Infection Models to Understand Tissue Tropism

Since T. cruzi strains were described, several studies have been aimed to describe and
explain the parasite’s tissue tropism. Tissue distribution of protozoa has been characterized
in different models to understand the pathogenesis of the inflammatory processes and
the host-parasite interactions. T. cruzi murine models have shown distinct aspects of CD.
Chronically infected mice reveal preferential patterns of tissue distribution. Studies by
Andrade et al. showed a differential parasitic tissue load between the different strains used
in murine infection models (Col1.7G2 and JG, which belong to T. cruzi I and T. cruzi II
lineages). Parasites were detected in cardiac tissue when mice were infected with either
lineage of T. cruzi. Notwithstanding, when mice were infected with both strains, only
the JG strain was found to invade the heart [52–54]. These results suggested that several
factors, including the parasite’s intracellular activity, the host’s immune system (such as
the Major Histocompatibility complex –MHC- locus), and the host-parasite interactions,
are pivotal for determining preferential tissue colonization [55]. Myocardial tropism might
be influenced by peptidic interactions conserved in transialidases such as gp85, which
maintains interplay with the vascular endothelium [54].

Likewise, de Castro et al. [28] described the factors that drive the parasite to remain
in some organs chronically. They used the same strains, JG and Col1.7G2, to infect mice.
mRNA sequencing was performed in mouse hearts, and showed transcriptional changes in
parasites, which also altered gene expression in host myocardial tissue. JG strain and mixed
infections of both DTUs were associated with the downregulation of various genes related
to oxidative metabolism. Col1.7G2 and mixed DTUs, showed activation of immune system-
related genes denoting differences between strains in organs such as the heart [28,54].

On the other hand, Santi-Rocca and colleges, studied the parasite tropism in syngeneic
mice infected with six parasite strains representing each DTU. q-PCR was performed to
find the parasitic load in each organ. During the acute phase, the parasite load was diverse,
and the protozoans were found in the spleen, gut, heart, and skeletal muscle (quadriceps);
no protozoa were found in the brain or liver. In contrast, there was no evidence of parasites
in the spleen, liver, esophagus, and brain during the chronic phase. Of note, VFRA strain
representatives were not completely cleared during the chronic phase; as a result, all
animals had a significant parasitic load in the heart during this phase. In this case, these
findings highlight the association of strain determinants and the stage of infection with
organ tropism and the degree of tissue damage [56].

T. cruzi also has a high affinity for adipose tissue, demonstrated in vivo and in vitro,
by Combs et al. [57] and Ferreira et al. [58] Adipose tissue is a crucial target for parasite
invasion and disease progression [57]. This protozoan can modify adipokine secretion
and alter the host’s metabolic profile [54]. It has been shown in murine models that
hyperglycemia increases parasitemia and mortality, and it is plausible that the parasite
may cause it [58,59].

Using a FAT-ATTAC murine model, in which mice were inoculated intra-peritoneally
with trypomastigotes to cause acute and chronic disease, Lizardo et al. [60] demonstrated
the correlation of Chronic Ch-CMP progression to lose adipose tissue. During the acute
phase, increased lipid accumulation in myocardial cells, infiltration of immune cells and
elevated number of parasites was reported. Moreover, results on T. cruzi infection in chronic
disease suggest that adipose ablation elevates adipogenic signaling and lipids levels in
myocardial tissue in early stages. Also, cell infiltration and maintenance of the protozoan
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in adipose tissue modifies processes such as adipogenesis and lipolysis, which may cause
adipose cell apoptosis and necrosis in infected mice. The loss of adipose cells throughout
infection contributes to the progression of cardiac pathophysiology and allows an increased
parasite load with further invasion of immune system cells [60].

3. Epidemiology and Genetic Variability Implications

CD is primarily endemic to tropical and subtropical countries, even though it has been
reported worldwide. As for most vector-borne diseases, people in low socioeconomic strata
are at greater risk of contracting the disease and suffering its chronic complications [61].
The most important risk factors linked to CD include rural or countryside residency, low
educational status, and advanced age. Although it was initially believed that there was
an increased disease burden in males, there is no epidemiological evidence of a gender-
associated risk [62,63].

CD carries a high morbidity and mortality burden, which has a profound impact on
developing countries in which healthcare access is not universal and where hindrances
preventing proper diagnosis and management are present [61]. In light of these facts, CD is
considered a neglected tropical disease by the World Health Organization [64]. The highly
morbid chronic complications associated with the disease have been estimated to cost
over USD 7.19 billions/year on healthcare-related expenses and over 806,170 disability-
adjusted life-years (DALYs) [65]. The authors of the above-mentioned study attribute a
significant proportion of the burden to cardiovascular disease-induced early mortality. The
countries with the highest prevalence of CD are located in South America and include
Bolivia, Argentina, Paraguay, and Ecuador (Table 1).

Table 1. CD estimated prevalence in Latin and Central American countries and the United States of America based on
several sources.

Country
Estimated Prevalence (in %)

WHO [66] PAHO [67] Guerri-Gutenberg et al. [68] Schmunis et al. [69]

Argentina 3.61 4.13 4.90 8.20

Belize - 0.74 - -

Bolivia 6.10 6.75 14.80 15.40

Brazil 0.61 1.02 0.80 1.30

Chile 0.7 0.99 1.20 2.80

Colombia 0.95 0.96 1.20 0.48

Costa Rica 0.2 0.53 11.70 4.30

Ecuador 1.38 1.74 0.20 1.20

El Salvador 1.3 3.37 1.50 6.10

Guatemala 1.2 1.98 - 7.89

Guyana - 1.29 - -

Honduras 0.9 3.05 - 5.80

Mexico 0.78 1.03 0.50 to 6.80 0.70

Nicaragua 0.5 1.14 - 1.70

Panama 0.5 0.006 - 9.02

Paraguay 2.1 0.69 4.50 9.30

Peru 0.4 2.54 0.20 3.00

Suriname - - - 0.10

Uruguay 0.2 0.66 0.60 1.20

USA 0.089 to 0.1 *

Venezuela 0.7 1.16 1.30 4.00

* Estimated from: [70,71].
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While most cases of CD are vector-borne, oral transmission has been drawing attention
in recent years, mainly due to its high fatality rate secondary to an increased association
with acute fulminant myocarditis and meningoencephalitis [72–74]. This type of infection
usually presents as an acute and life-threatening condition that has been mostly tied to
outbreaks of contaminated food or beverages [75–77]. It is thought that an overproduction
of INF-gamma-inducible cytokines that promote a pro-inflammatory environment suitable
for the parasite is the main reason for the oral transmitted CD to be linked with higher acute
disease severity [72,77]. The majority of these outbreaks have been reported in Venezuela,
Colombia, and Brazil [72,73,75–78].

In previous years, CD outside of Central or Latin America was considered a rare
event and was primarily seen in travelers visiting endemic countries; nevertheless, the
increase in migration seen in the last three decades has had a critical impact in the overall
prevalence of CD in countries outside of Latin America, mainly in the United States of
America (USA) [79]. While there is a lack of data regarding the exact prevalence of CD in the
USA, various studies have suggested that from 2009 up to 2016, between 0.09 to 0.1% of the
USA population was infected with CD [70,71,80]. Moreover, since blood donor screening
for CD was only introduced in the USA since 2007, it is thought that many patients may
have been infected and are currently asymptomatic due to blood-borne acquisition of the
parasite related to blood transfusions [80].

On the other hand, there have been several reports of domestic infection of CD in
the USA and, in many of them, Triatoma have been found in the surrounding areas of
the patients who contracted the disease [81–83]. It should be noted, however, that some
studies have failed to provide insights regarding the direct route through which native
Triatoma species in the USA pass on CD. Particularly, Triatoma gerstaeckeri, T. protracta,
and T. sanguisuga, which are native species of the USA, have not been linked with the
classical route of infection mediated by immediate defecation after a blood meal in human
hosts [84–87].

In Europe, CD is an even stranger condition [88,89]. Only Spain, France, Switzerland,
Belgium, and the United Kingdom have implemented blood donor screening tests for
T. cruzi [88,90]. In other countries, blood donor screening for CD is rare and not done
routinely. A study performed in Geneva and Florence, aimed to estimate the prevalence of
T. cruzi infection in blood donors considered high-risk in spite of their country of origin;
both centers screened a large population considered at risk with 1.012 patients from Geneva
and 867 from Florence. In donors migrating from Latin America, a prevalence of 12.8% and
11.3% was found, respectively [91,92]. Basile et al. [93] reported a total of 4290 documented
cases of CD in Europe. In this cohort, the highest prevalence was seen in Spain with 3821
cases. Switzerland, Italy, and France followed with over 100 cases each [93]. While not
systematically, other studies have also estimated the prevalence of subclinical infection
in Latin American blood donors. The most remarkable ones were done in Barcelona and
Milan. An estimated prevalence of 2.9% and 8.8% were found, respectively [94,95]. While
CD remains a relatively infrequent disease in Europe, some authors consider the lack of
systematic screening a problem for public health mainly because of globalization and the
increase of solid organ transplant rates in recent years [88,96].

Though not significant enough to be considered a public health issue, it should also
be noted that reports have been published regarding cases of CD described in Canada,
Australia, and New Zealand [90]. Particularly in Australia, by 2011, a total of 1928 patients
were diagnosed with CD, while in New Zealand as of 2006, only 98 patients had a confirmed
diagnosis [97].

As mentioned above, there have been 7 major genetic lineages of T. cruzi discovered,
being named TcI (for Trypanosoma cruzi–I) up to TcVI, while the last and recently discovered
seventh strain named TcBat [7,98]. The most extensively studied strain is TcI which has been
further subdivided into TcIa up to TcIe; furthermore, it appears that geographic clustering
is an important phenomenon with regard to genetic heterogeneity and variance amongst
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TcI subgroups, a fact that is thought to impact clinically regarding phenotype of chronic
forms [19,99–101].

Additionally, it has been shown that genetic heterogeneity between lineages of T.
cruzi plays a key role in serodiagnosis, particularly, North and Central America have less
accurate tests since most of the antigens used in serologic kits are used based on South
America strains. This further suggests the importance of a widespread research of genetic
behavior of T. cruzi [102,103]. Moreover, genetic variability and low degree of genome
conservation across all T. cruzi strains may in fact result in false negative diagnostic tests in
regions where genetically diverse strain clusters are prevalent [104].

Finally, most studies investigating the effect of T. cruzi strains and chronic phenotypes
have been done with clinical reports instead of quantitative epidemiological studies based
on population data. Nevertheless, there are some clear associations that have been further
studied in vivo and that are the foundation for future research of host-parasite interac-
tions [25,105]. First and foremost, the TcI strain is mostly associated with the indeterminate
and cardiac phenotype of CD, whereas gastro-intestinal (GI) involvement is rather strange.
Also, it should be noted that it is mostly seen in North, Central, and the northern coun-
tries of South America [25]. On the other hand, Central and southern countries in South
America exhibit a different endemicity of T. cruzi strains, where TcII, TcIII, TcV, and TcVI are
prevalent, with TcII being the most common. In fact, countries such as Argentina, Brazil,
Bolivia, Uruguay, Paraguay, and Chile have higher rates of GI megasyndromes given their
higher prevalence of the latter strains of T. cruzi [101,106,107]. Nevertheless, it is worth
mentioning that in most surveys and studies, TcII is the strain with the strongest association
with GI involvement [108,109].

4. Chagas Cardiomyopathy (Ch-CMP)
4.1. Epidemiology and Pathobiology

One of the most dreadful chronic complications of CD is Ch-CMP, the most common
non-ischemic cardiomyopathy in Latin America [110]. It is estimated to affect approxi-
mately 20–35% of patients with the chronic form of CD [62,111]. It is a widely variable
heart disease, with multiple manifestations including heart failure, supra-ventricular and
ventricular arrhythmias, heart blocks, ventricular aneurysms, ventricular thrombi, stroke,
and sudden cardiac death (SCD) [62,111,112].

Several pathophysiological processes have been identified to impact the development
of Ch-CMP. However, four cornerstone mechanisms play a crucial role: cardiac autonomic
dysfunction, microvascular disturbances, parasite-dependent myocardial damage, and T.
cruzi immune-mediated cardiac tissue injury (Figure 4) [113,114].

Cardiac autonomic dysfunction, the first of the pathophysiological mechanisms, im-
pairs the parasympathetic nervous system’s ability to keep a fine-tuned control of the heart
rate and rhythm [113,114]. This process is mainly caused by direct damage to intramural
neurons and ganglionic damage to neuronal somas and peripheral axonal projections;
moreover, parasite-induced autoimmune damage caused through CD4+ and CD8+ T-
cells also contributes to the autonomic abnormalities seen in Ch-CMP [115,116]. These
abnormalities are thought to cause catecholamine-induced cardiomyopathy, resulting in
contractility imbalance because most of the intramural neuronal fibers are parasympathetic.
Consequently, a loss of the physiologic homeometric compensation mechanisms ensues
this autonomic disarray [115,116]. Additionally, the loss of parasympathetic input has been
associated with the generation of malignant ventricular arrhythmias, which are the leading
cause of SCD in this population [115–117].
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Figure 4. Pathophysiologic mechanisms of Chagas Cardiomyopathy. Three main mechanisms have been described: (1) au-
tonomic dysfunction, through catecholamine excess; (2) microvascular disturbances, caused by microthrombi formation;
and (3) parasite-dependent with immune mediated tissue injury, in which cytokines and inflammatory mediators exert
direct tissue damage to the heart.

Microvascular disturbances are another highly contributing factor in the complex
patho-physiology of Ch-CMP. The hallmarks of this mechanism are the formation of micro-
thrombi in small penetrating vessels, peri-vascular immune damage, intimal fibrosis, and
myocardial “patch” micronecrosis. These factors contribute to an imbalance in blood
flow caused by the disruption of the precise control of coronary blood flow, leading to
micro-infarctions and, eventually, the formation of ventricular wall aneurysms [115,118].

An increased endothelin production and unopposed sympathetic stimulation are
the main current theories supporting the microvascular disturbances seen in Ch-CMP.
Moreover, the lack of diffuse epicardial histopathological evidence of necrosis further
indicates that all of the abnormalities take place at the coronary microcirculation [114,119].
Given that these phenomena occur at the microcirculation, the most affected areas are
distal or “watershed” perfusion areas, in particular, localized at the apex and at the basal
inferolateral wall. These segments are the most commonly affected with focal fibrosis and
aneurysm formation [113,119,120].

The last mechanisms responsible for the pathogenesis of Ch-CMP are a parasite-
mediated myocardial injury and an immune-mediated damage elicited by the host response
towards T. cruzi. Both of these mechanisms are deeply intertwined and share multiple
molecular grounds [114]. Although many factors modify the severity of the disease and its
clinical phenotype, the T. cruzi strain, the degree of parasitemia, the tropism for myocardial
tissue, host comorbidities, and intrinsic factors of the host, including genetic susceptibility,
are the main elements affecting the presentation and course of the infection [114].
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The main entrance route of T. cruzi to myocardial cells appears to be mediated by
saccharide residues on membrane proteins, most importantly, the family of galectins,
of which Galectin-1 has been shown to modulate the entrance of T. cruzi to myocardial
cells. [114,121]. Correspondingly, immune-mediated myocardial injury is mainly caused
by a delayed (type IV) hypersensitivity reaction with a pleomorphic tissue infiltrate and
myocardial cytolysis elicited by the parasite’s immunogenicity [122–124]. Given these facts,
more emphasis is given towards the importance of parasitemia, since a higher level is
associated with a greater cellular and humoral immune response [122,125]. Lastly, it is
worth mentioning that in patients with Ch-CMP, autoantibodies have been found directed
towards adrenergic, and muscarinic receptors, as well as to myocyte structural proteins;
this data further supports the hypothesis of catecholamine-induced cardiomyopathy and
the impairment of the autonomous nervous system control over the heart’s rate and
contractility [126,127].

4.2. Clinical Manifestations, Diagnosis, and Treatment

Cardiac involvement has a significant heterogeneity regarding its onset, presentation,
progression, and severity. While many factors and triggers have been described, the most
important ones are age, parasite strain, innate genetic susceptibility, African ancestry,
nutritional and health status, and both the degree and clearance rate of parasitemia [128].

Approximately 3 months after the resolution of the acute phase, some patients may
exhibit electrocardiographic changes including sinus tachycardia, variable degree heart
blocks, prolonged QT and/or PR interval, repolarization abnormalities, and increased inci-
dence of premature ventricular contractions [129,130]. Moreover, the most typical cardiac
electric abnormalities are right-bundle branch block (RBBB) accompanied by a left ante-
rior fascicular block, both of which are highly specific yet not sensitive findings [129,130].
Clinically, patients present with a highly variable array of symptoms including, but not
limited to, dyspnea, orthopnea, fatigue, dizziness, chest pain, palpitations, syncope, nau-
sea, vomiting, diaphoresis, and SCD [131,132]. Upon examination, non-specific findings
are usually detected, including extra heart sounds (S3 and S4), mitral murmurs due to
functional regurgitation, and wide splitting of S2 secondary to RBBB [132–134].

Chagas disease manifestations can be broadly divided into three main categories: car-
diac rhythm abnormalities, ventricular dysfunction, and thrombo-embolic events. The first
of them is characterized by rate and rhythm abnormalities including both bradyarrhythmia
and tachyarrhythmia, being ventricular arrhythmias the most common and life threat-
ening [135]. It is estimated that 50 to 65% of patients with cardiac involvement will
develop ventricular arrhythmias [136,137]. These patients frequently present with either
monomorphic or polymorphic ventricular tachycardia in the setting of chest pain, dizzi-
ness, confusion, palpitations, or dyspnea [138,139]. In some of these patients, autonomic
symptoms may be absent due to the destruction of sympathetic and parasympathetic
nerve endings. Finally, SCD is one of the leading causes of death in patients with a cardiac
phenotype of chronic CD, accounting for almost 60% of all deaths [140–142].

Regarding ventricular dysfunction, most of the patients eventually develop low left
ventricular systolic function quantified through left ventricular ejection fraction (LVEF),
usually preceded by segmental wall motion abnormalities in the left ventricle; additionally,
a smaller subset of patients may develop biventricular dysfunction with left ventricular
remodeling preceding right ventricular involvement [143,144]. Symptoms due to right and
left ventricle failure include, fatigue, dizziness, chest pain, dyspnea, palpitations, cough,
peripheral edema, ascites, and hepatomegaly [62]. Ch-CMP is currently classified from
stages A to D upon the severity of symptoms and the evaluation of structural abnormalities
through imaging studies (Table 2) [145].
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Table 2. Stages of Ch-CMP based on current guidelines.

A B C D

Patients without symptoms of
overt heart failure who are at
risk of developing Ch-CMP.
No structural evidence of

cardiac disease.

Asymptomatic patients:
B1: Mild structural changes

B2: Decreased LVEF

Patients with heart failure
symptoms due to severely

decreased LVEF

Patients with heart failure
refractory to therapy and in

need of advanced
interventions

Ch-CMP: Chagas cardiomyopathy. LVEF: Left ventricle ejection fraction. Adapted from Pino-Marín et al. [113].

Lastly, thrombo-embolic events are a frequent cause of disability and/or death in
patients with Ch-CMP. In CD-endemic areas, Ch-CMP-related strokes constitute 18%
of all cases [146]. Additionally, pulmonary emboli, although uncommon, have also been
documented. Thromboembolic events are thought to be caused by a sum of both ventricular
thrombi—caused due to wall motion abnormalities and aneurysm formation—and atrial
thrombi—caused by chamber enlargement and non-laminar flow [147–149]. While most
of Ch-CMP stroke patients present with anterior circulation syndromes with cortical
motor and sensory deficits, up to 30% of patients may present with posterior circulation
syndromes, affecting the occipital lobe, cerebellum, and brainstem [150,151].

The diagnosis of Ch-CMP in patients with confirmed CD is done through a multi-
modal approach including clinical examination and imaging stratification. In patients
with a clear history of CD, a positive serological test and an unequivocal clinical presen-
tation, the diagnosis of Ch-CMP can be presumed, and medical care established, aiming
at identifying possible complications, diminishing disease progression, and treating the
most clinically significant symptoms [145]. This is mainly done using ECG, a trans-thoracic
echocardiogram (TTE), and a 24-h Holter analysis if any abnormality is seen in the standard
ECG, or if there is any suggestion of atrial fibrillation or ventricular tachycardia [145,152].

Finally, cardiac magnetic resonance imaging (CMR) has recently shown promising
results in the study of Ch-CMP [153]. This imaging modality has proven to assess with
high precision and accuracy the systolic function of the both ventricles in patients with
Ch-CMP with equal or even superior results compared to TTE [154,155]. Moreover, recent
studies conducted in tertiary care centers have shown that late gadolinium enhancement
analysis (LGE) can be used for optimal assessment of disease severity and can also act as a
surrogate for prognosis in patients with overt Ch-CMP depending on the amount of scar
found [113,156–160]. For over 20 years, tissular edema identified both by traditional black
blood imaging sequencing and more recently using T1 and T2 mapping, has also been
described in Ch-CMP although its clinical application is still to be determined [161–164].
Nonetheless, an important limitation for CMR wide use of Ch-CMP evaluation is its
availability in Latin America and the high costs it entails for healthcare systems when
compared with TTE. In Figure 5, panel A and B represent the cine and LGE images of the
same patient with an apical ventricular micro-aneurysm with scar in the same location. Of
note, there is also transmural scar in the basal inferolateral wall. Panel C and D represent a
larger apical aneurysm in a different patient in cine images with corresponding scar during
LGE.



Pathogens 2021, 10, 1493 14 of 32
Pathogens 2021, 10, x 14 of 33 
 

 

 
Figure 5. Cardiac Magnetic Resonance Imaging in Chagas disease. (CINE: Steady state free preces-
sion sequence. LGE: Late gadolinium enhancement). 

As with any other chronic cardiac condition, treatment of Ch-CMP is mainly done 
through an interdisciplinary approach in which lifestyle modifications summed with 
pharmacological treatment constitute the foundations of management. A remark is due 
respecting the use of anti-trypanosomal agents in Ch-CMP. Currently, there is a lack of 
evidence supporting the use of these medications as part of the integral treatment of car-
diac involvement in CD. One of the most relevant trials assessing this clinical question 
was the BENEFIT trial. In this multicenter, international, controlled clinical trial, 2854 pa-
tients with Ch-CMP were randomized to receive either benznidazole or placebo between 
2004 and 2011. While a clear reduction in parasite load was seen in the benznidazole 
group, there were no changes in the clinical outcomes, including mortality, SCD, require-
ment of pacemaker or implantable defibrillator insertion, heart transplant, onset of heart 
failure, and stroke. In light of these findings, excluding very few exceptions, anti-trypa-
nosomal agents are not recommended as part of the mainstay treatment for Ch-CMP [165]. 

Currently, the main pharmacological agents used in Ch-CMP are derived from evi-
dence extrapolated from studies done in broader population samples with congestive 
heart failure and no CD. Mainstay therapy for these patients is based on neuro-hormonal 
blockade and SCD prevention [166]. As such, patients should be initiated on an angioten-
sin-converting enzyme inhibitor (ACE-I) or angiotensin II receptor blocker (ARB), a β-
blocker, and a mineralocorticoid receptor antagonist (MRA) for patients with NYHA III 
or IV functional class, or on the basis of LVEF assessment [166]. Although evidence is scant 
regarding the use of dual angiotensin receptor and neprilysin inhibitors (ARNI) and so-
dium-glucose transporter 2 inhibitors (SGLT-2), clinical trials are currently ongoing given 

Figure 5. Cardiac Magnetic Resonance Imaging in Chagas disease. (CINE: Steady state free precession
sequence. LGE: Late gadolinium enhancement).

As with any other chronic cardiac condition, treatment of Ch-CMP is mainly done
through an interdisciplinary approach in which lifestyle modifications summed with
pharmacological treatment constitute the foundations of management. A remark is due
respecting the use of anti-trypanosomal agents in Ch-CMP. Currently, there is a lack of
evidence supporting the use of these medications as part of the integral treatment of cardiac
involvement in CD. One of the most relevant trials assessing this clinical question was
the BENEFIT trial. In this multicenter, international, controlled clinical trial, 2854 patients
with Ch-CMP were randomized to receive either benznidazole or placebo between 2004
and 2011. While a clear reduction in parasite load was seen in the benznidazole group,
there were no changes in the clinical outcomes, including mortality, SCD, requirement of
pacemaker or implantable defibrillator insertion, heart transplant, onset of heart failure,
and stroke. In light of these findings, excluding very few exceptions, anti-trypanosomal
agents are not recommended as part of the mainstay treatment for Ch-CMP [165].

Currently, the main pharmacological agents used in Ch-CMP are derived from ev-
idence extrapolated from studies done in broader population samples with congestive
heart failure and no CD. Mainstay therapy for these patients is based on neuro-hormonal
blockade and SCD prevention [166]. As such, patients should be initiated on an angiotensin-
converting enzyme inhibitor (ACE-I) or angiotensin II receptor blocker (ARB), a β-blocker,
and a mineralocorticoid receptor antagonist (MRA) for patients with NYHA III or IV func-
tional class, or on the basis of LVEF assessment [166]. Although evidence is scant regarding
the use of dual angiotensin receptor and neprilysin inhibitors (ARNI) and sodium-glucose
transporter 2 inhibitors (SGLT-2), clinical trials are currently ongoing given the fact that
approximately 7.6% of patients enrolled in the PARADIGM-HF, and the ATMOSPHERE
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trials, were diagnosed with Ch-CMP. Both medications are promising options for the
treatment of Ch-CMP, an otherwise often refractory and highly morbid cause of heart
failure [167–170]. Likewise, SCD prevention is based in the insertion of an implantable
cardiac defibrillator and amiodarone therapy [171–173]. This strategy has proven to be
effective and safe, reducing all-cause mortality in up to 72%, and the incidence of SCD in
up to 95% when compared with amiodarone therapy alone [172].

Finally, given the high morbidity and mortality of patients with advanced heart failure
secondary to CD, advanced interventions should be considered in patients with refractory
symptoms. Although very few studies have been conducted, some experimental evidence
suggests that the use of mitral clip in Ch-CMP as well as left ventricular assistance devices
might prove valuable for the management of end-stage heart failure due to CD [174–176].
On the other hand, heart transplantation remains another option for the treatment of
advanced Ch-CMP [177–179]. Nevertheless, the risk of infection reactivation in the context
of immunosuppression lingers and evidence regarding its prevention, diagnosis, and
treatment is scarce [180–183].

5. Gastrointestinal and Visceral Involvement
5.1. Epidemiology and Host-Parasite Interaction

Gastrointestinal (GI) involvement is typical of CD. Although, the esophagus and colon
are the most commonly involved segments, virtually any portion can be affected [184].
Approximately 30% of patients with the chronic indeterminate form of CD will eventually
develop cardiac involvement, GI involvement, or both [185]. However, GI involvement
remains a less frequent complication in patients suffering from reactivation after a solid
organ transplant or in immuno-suppressed patients, with around 10 to 21% of patients
developing GI complications [186,187].

The incidence of GI involvement in CD is highly dependent on the geographic location.
It is thought that the distribution of different genotypes of T. cruzi accounts for its variability
in patients with chronic CD in endemic regions [188]. Also, opposite to Ch-CMP, GI
involvement is not associated with higher mortality rates although it entails a profound
impact upon the quality of life.

The hallmark finding of T. cruzi’s damage to the GI tract is the denervation of both
the myenteric and sub-mucosal plexus through a parasite and immune-mediated neuronal
destruction [189,190]. Other findings include focal areas of fibrosis and an inflammatory
infiltrate consisting of lymphocytes and eosinophils mainly. Additionally, as a compen-
satory mechanism, tissue samples of affected areas are remarkable for hypertrophy of the
muscularis mucosa [184,190].

While not completely understood, the pathophysiology of GI involvement in chronic
CD encompasses a wide array of factors both from the host and the parasite. A current
hypothesis supports the fact that denervation of the GI tract is mostly due to an abnormally
exaggerated immune response elicited against the parasite. It has been shown that an
inverse correlation exists between the number of cytotoxic cells (natural killer cells, CD8+
T-cells, and macrophages) and the number of viable neurons in patients with chagasic
megaesophagus [191]. Also, a direct relationship has been described regarding the presence
of megaesophagus and the presence of parasitic kDNA, with 100% of samples from patients
with megaesophagus being positive for kDNA, while only 60% of patients with chronic
CD but without overtly clinical GI involvement had a positive result for kDNA [191].
Similarly, a higher parasite load has been associated with a higher progression rate of the
GI involvement, as well as with a higher degree of inflammation evidenced by an increase
in inflammatory infiltrates of affected tissues and higher concentrations of inflammatory
cytokines including TNF-alpha, INF-gamma, IL-2, IL-17, and IL-6 [192]. The main theory
behind the inflammatory-eliciting activity of the parasite, lies behind a cross-reactivity
between parasite antigens, and neuronal surface proteins from the enteric nervous system, a
theory supported by the fact that certain strains of T. cruzi are linked with a higher strength
to the development of gastrointestinal disease [192,193]. Additionally, recent research has
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shown that the NOD2 receptor may be protective against GI involvement in CD, given the
fact that in murine animal models, NOD2 deficient specimens exhibited reduced intestinal
motility, and chronic increase in bowel thickness as well as higher inflammatory mediator
concentrations in sampled tissues when compared with wildtype animals without NOD2
receptor mutations [194].

Another interesting factor that has drawn attention of researchers in the past decade
is the gut dysbiosis caused by CD. It has been hypothesized that a relationship between
the patient’s microbiome and the phenotype of the chronic form of CD exists [195,196]. For
instance, De Souza-Basqueira et al. [196] performed a stool microbiome analysis in 104
chronic CD patients with differing phenotypes (including cardiac, GI, and indeterminate)
and compared them with that of 31 controls. While no statistically significant differences
were found amongst the CD groups and the controls, a remarkably lower representation of
Verrucomicrobia, particularly, of the Akkermansia genus, was found in the Chagas groups
and even more so, in the cardiac phenotype group [196].

Further evidence from a study conducted in Bolivia through oral, skin, and stool
microbiome analysis both, before and after treatment with benznidazole of 20 infected
children with CD, resulted in similar results [195]. In this study, the cases were selected
from a 543-patient screening sample of which 3.7% (the 20 cases) were positive. The
comparison was made with 35 control children, which were seronegative for CD. Results
showed that patients infected with T. cruzi, had fecal Firmicutes and lower Bacteroidetes
compared to controls. Furthermore, microbiome analysis would become similar after
infected patients were treated with benznidazole. Nonetheless, oral and skin microbiomes
remain altered after the treatment with anti-trypanosomal therapy. These findings support
the thesis that an altered microbiome could play a role in the pathogenesis and phenotype
of the chronic forms of CD [195].

Finally, although it escapes the scope of the current review, a remark is due regarding
recent research upon vector-parasite-microbiota interactions [197]. This tripartite approach
points towards a better understanding of all the molecular aspects that play a role in
the pathogenicity and clinically relevant phenotype variation that has been thoroughly
reported thus far. One of these compelling findings was recently published by Díaz
et al. [198] showing that the microbiome of six different species of T. cruzi vectors (P. megistus,
R. prolixus, T. brasiliensis, T. infestans, T. juazeirensis, and T. sherlocki), was dramatically
different and exhibited a species-specific variation when infected with T. cruzi strain 0354
epimastigotes [198].

5.2. Clinical Manifestations, Diagnosis, and Treatment

Gastrointestinal manifestations in CD are primarily seen in the chronic phase of
the disease. Nevertheless, patients during the acute phase have been shown to present
temporary and nonspecific symptoms such as dysphagia, diarrhea, abdominal pain, and
a retrosternal burning sensation [199]. In the chronic form, patients develop symptoms
between the third and fifth decades of life, and as previously mentioned, the esophagus
and colon (remarkably, the rectum, sigmoid colon, and descending colon) are the most
commonly affected portions [184,200].

5.3. Salivary Glands

An ubiquitous symptom found in patients with gastrointestinal involvement is sial-
orrhea [201]. As with other esophageal disorders like idiopathic achalasia and eating
disorders such as bulimia and anorexia nervosa, the parotid gland undergoes hypertrophy,
probably as a compensatory mechanism for the dysfunctional motility [202,203].

5.4. Esophagus

More than half of patients that course with CD in the indeterminate phase and that are
apparently asymptomatic have impaired esophageal motility. When not actively suspected,
esophageal involvement in CD is often confused with idiopathic achalasia, given the
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clinical similarities between both conditions. The most often described symptoms include
dysphagia, odynophagia, epigastric pain, and regurgitation [200,204]. In severe cases of
megaesophagus, malnutrition and weight loss are frequently present. A critical distinction
between idiopathic achalasia and chagasic megaesophagus is the resting pressure of the
lower esophageal sphincter, measured through high resolution esophageal manometry. In
achalasia, the loss of inhibitory innervation creates a higher resting pressure compared
to that of healthy subjects. In chagasic megaesophagus, however, both excitatory and
inhibitory stimuli are lost; thus, the resting pressure of the lower esophageal sphincter is
even lower than that of healthy subjects. This pathophysiological component will provide
insight into how treatment effectiveness, although similar in nature and approach, may
differ in both conditions [205,206].

The diagnosis of chagasic megaesophagus is usually made in a multi-step manner,
with barium esophagogram, upper endoscopy, and esophageal manometry being the
mostly used diagnostic tools. Usual findings upon barium esophagogram include dilation
of the esophagus, “bird-beak” or “hummingbird” appearance of the lower esophageal
sphincter, and delayed emptying of barium contrast [207]. Additionally, four stages of
severity have been proposed for the evaluation of megaesophagus (Table 3).

Table 3. Severity staging scale for the evaluation of chagasic megaesophagus.

Stage Description

I Normal esophageal diameter with minimal contrast retention.

II Moderate esophageal dilation with mild contrast retention and moderate uncoordinated activity of the lower
esophageal sphincter.

III Large increase in esophageal diameter with an important contrast retention with low or absent esophageal
motor activity.

IV Profound, atonic dilation of the esophagus with a large increase in volume. The esophagus lies on the right
diaphragmatic dome.

As mentioned above, the use of upper endoscopy has also been proposed as a tool
for evaluating chagasic megaesophagus and a staging system has also been established.
However, given the fact that it has a low sensitivity and high specificity, other techniques
are preferred such as esophagography are preferred [208].

Lastly, the treatment of chagasic megaesophagus is based on decreasing the lower
esophageal sphincter pressure mainly through direct inhibition of smooth muscle contrac-
tion. This can be achieved with pharmacological agents or surgery. The most commonly
used medications are isosorbide and nifedipine, both of which have shown to be effective
in decreasing symptoms. Although isosorbide has a higher effectiveness, its side effect
profile decreases patients’ adherence, making nifedipine the usual first-line alternative
for these patients [209]. Stage I, II, and III megaesophagus can be directly managed with
pneumatic dilation or surgery. Stage IV, however, carries with itself a high risk of rup-
ture and thus contraindicates mechanical dilation procedures; in this subset of patients,
a Heller myotomy or an esophagectomy might be the only interventions able to relieve
symptoms [184,210,211].

5.5. Stomach

Though “megastomach” has been described, it represents a rare and for the most part,
clinically insignificant condition. Moreover, gastric motile and secretory abnormalities have
also been reported [212]. For instance, gastric acid secretion upon stimulation and at rest has
been shown to be decreased compared with healthy subjects [213,214]. Regarding motility,
gastric dysrhythmias seen through electrogastrography studies have been proven to present
more often in patients with CD compared to controls [215]. Moreover, gastric emptying is
delayed after solid meals, while liquid meals appear to have a faster emptying [212,216].
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The pathophysiology behind these findings is thought to be the damage of excitatory
neurons in the stomach and the impairment of inhibitory neuronal impulses. The excitatory
tone is responsible for food transit following a solid meal, in conjunction with finely tuned
secretor functions of the stomach’s parietal and chief cells. Consequently, the impairment
of excitatory impulses is, for the most part, responsible for the delayed emptying after solid
meal ingestion [217]. Inhibitory tone accounts for gastric accommodation after the entrance
of meal contents, and thus, given the impairment of inhibitory impulses, the stomach is
unable to relax, and liquid meals are rapidly emptied [212,216].

5.6. Gallbladder and Biliary Tract

A fascinating finding has been demonstrated upon histopathological examination of
the gallbladder of patients with gastrointestinal involvement in chronic CD. A reduced
neuronal count on the gallbladder wall has been shown when compared with healthy
controls [218,219]. Additionally, the prevalence of cholelithiasis is increased in patients
with CD, given the motility impairment of the gallbladder [220,221]. Moreover, the lack of
inhibitory neurons in the gallbladder wall has been associated with an increased sensitivity
to cholecystokinetic agents through scintigraphy gallbladder emptying studies in which
earlier, more intense, and longer-lasting gallbladder contractions [219].

5.7. Small Bowel

While exceedingly uncommon, megasyndromes affecting the small bowel have also
been described in patients with CD and are associated with a profound impact in the quality
of life [216,222]. Particularly, megaduodenum and megajejunum have been described in
some case series and reports [222,223]. The most noticeable physiologic abnormality has
been shown to be motility delaying, a finding that was evidenced through manometric
studies, which revealed a substantial slowing of the propagation of motor impulses [224].

The most frequent complications are bacterial overgrowth, steatorrhea, chronic di-
arrhea, and malabsorptive syndromes [222,223]. Moreover, an increase in carbohydrate
absorption has also been described as chagasic enteropathy [225,226].

5.8. Colon and Rectum

The colon, more specifically, the descending and sigmoid colon, and the rectum, are the
second most common segments of the gastrointestinal tract, after the esophagus, affected by
CD. The most common presentation of colonic involvement of CD is chronic constipation.
However, other symptoms such as diarrhea, bloating, colicky abdominal pain, and rectal
tenesmus are also frequent [227]. In terms of pathophysiology, colonic neuronal plexuses
(submucosal and myenteric) are destroyed, thus, decreasing both excitatory and inhibitory
impulses in the affected segments [189,228–230]. This process decreases basal motility in
the sigmoid and rectum areas as well as decreased wave frequency propagation evaluated
using manometry [189,231]. This denervation has also been associated with a lack of
relaxation of the internal anal sphincter, both findings contribute to chronic constipation
seen in the most patients with colonic involvement [227,232].

An interesting finding in patients with colonic involvement is the decreased risk of
developing diverticular disease. While patients with megacolon did have diverticula,
the vast majority of them were located in non-affected segments, further suggesting that
dilated areas of the colon are inimical to the development of diverticula [233].

Diagnosis of chagasic megacolon is mainly clinical. However, when a confirmatory
test is needed, plain abdominal radiography may show dilated intestinal shadows with
increased luminal air. In contrast, enhanced imaging such as contrast-enhanced computed
tomography or barium enema, decreased bowel haustra and dilated colonic segments
might be visualized [234]. Other diagnostic tests such as colonoscopy and anorectal
manometry have been used. However, they have been unable to yield clinically relevant
information and thus are not recommended for evaluating megacolon. This condition is
defined as a sigmoid or descending colon with a diameter >6.5 cm, an ascending colon
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with a diameter > 8 cm, or a cecum > 12 cm in diameter (Figure 6) [234]. Since dilation may
also occur in a longitudinal dimension, the term dolichocolon has been created to define a
length greater than 70 cm from the splenic flexure to the anus [234]. A staging system has
been proposed evaluating for key radiographic characteristics (Table 4).
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Table 4. Radiographic staging system for chagasic megacolon.

Stage Radiographic Description

0 No apparent alterations on barium enema.

I Dolichocolon: longitudinal dilation >70 cm from the splenic flexure to the anus.

II Dolichomegacolon: longitudinal dilation >70 cm from the splenic flexure to the anus; AND a transverse diameter at
the sigmoid or descending colon >6.5 cm, >8 cm at the ascending colon, OR > 12 cm at the cecum.

Management of chagasic megacolon is usually done through lifestyle modifications
that improve colonic transit, such as high-fiber diets, high water intake, and exercise. Phar-
macological agents such as osmotic laxatives are also used. Surgical management is only
considered in cases of chronic refractory constipation (1 to 2 bowel movements per month,
referred to as colonic inertia) or in the case of important complication such as volvulus,
stercoral ulcer, or recurrent bacterial infection requiring in-hospital treatment [235].
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5.9. Chagas Disease and Gastrointestinal Cancer

It has long been hypothesized that CD involvement of the esophagus, stomach, and
colon was associated with cancer development [236,237]. Thorough research has been
done and a clear association has been found regarding chagasic megaesophagus and the
development of esophageal cancer [236,238,239]. Between 3.9% up to 10% of patients
with chagasic megaesophagus develop esophageal cancer related to their underlying
disease, conceding them a risk 33 times greater than healthy subjects [238,240,241]. Most
of these neoplasms are squamous cell carcinomas (88%), while the minority of them are
adenocarcinomas (12%) [236].

GI CD involvement has also been associated with an increased risk of developing
gastric carcinoma [242,243]. While this observation has been frequent, the pathophysiology
behind this presents itself as a complex process given the fact that a higher prevalence of
Helicobacter pylori infection is also seen in patients with CD, both in rural and non-rural
populations [236,244–246]. Moreover, this finding has been revisited and also, a higher
frequency of peptic ulcers has been observed in patients with CD when compared with
healthy controls [244,247]. While the complex nature of the relationship between CD and
the infection of H. pylori remains to be discovered, a clear association exists between CD
and an increased risk of developing gastric carcinoma.

Finally, despite equivocal initial reports and associations drawn upon a relationship
between CD and an increased risk of colon cancer [237], evidence has rejected a causal
association [248,249]. The analysis of over 4690 necropsies and about 24,209 surgical
pathology specimens showed no differences between chagasic and non-chagasic tissue
as for the prevalence of malignant colonic lesions [250]. Nevertheless, it remains an area
of early research, and molecular models are still under analysis to better understand the
effects and pathophysiology behind chagasic megacolon [229,251,252].

6. Central Nervous System Involvement

Rarely, CD presents with neurological involvement. Although uncommon, both the
acute and chronic presentations of CD in the nervous system usually entail high morbidity
and mortality [253]. In the acute form, CD most often affects children under 2–3 years of age
and presents with a clinical picture similar to that of a viral or bacterial meningoencephalitis,
including seizures, headache, confusion, irritability, vomiting, and hypertonia [254]. On
occasions, focal deficits might be seen. The estimated frequency of this type of presentation
is around 0.8% [253]. Curiously, when there is central nervous system involvement, it
usually remains the unique organ system involved in up to 60% of patients. However, a
clear association has also been seen in patients with severe acute cardiac forms, in which
a high level of parasitemia correlates with the severity of the disease; in these patients, T.
cruzi has also been found in cerebrospinal fluid samples [253,255,256]. In these patients,
histopathological analysis of the cerebral tissue demonstrates encephalitis with foci of
glial and microglial granuloma-like nodules called chagomas. Also, amastigotes can be
identified in microglial cells. It remains unknown whether the parasite directly invades
neurons or if damage to these cells is only immune-mediated and secondary to reactive
gliosis [254].

Despite extensive research on chronic alterations in the nervous system secondary
to the chronic phase of T. cruzi’s infection, there is a lack of evidence suggesting a causal
relationship [257]. Most histopathological studies agree that the changes seen in the
brain caused mainly by residual anatomical changes following the acute phase [256,258].
Moreover, the array of symptoms is unspecific and lacks uniformity amongst different
reports, without definite evidence of organic sequelae secondary to the severe acute form
with profound immune-mediated damage [253,257].

In patients presenting with an acute central nervous system involvement, a lumbar
puncture should be performed as well as the routine diagnostic tests already mentioned for
detection of T. cruzi infection [253,255]. Cerebrospinal fluid analysis might reveal increased
white blood cell count, predominantly with lymphocytes and increased protein levels.
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Centrifugation might reveal trypomastigotes [255]. Although not necessarily required,
neuroimaging might reveal inflammatory changes, and, in severe cases, calcifications in
periventricular areas. Chagomas are mostly observed in immunosuppressed patients with
an acute form that follows reactivation [251].

Treatment with anti-trypanosomal agents like benznidazole or nifurtimox is manda-
tory at doses of 5–7 mg/kg and 8–10 mg/kg, respectively, for 60 to 90 days, depending on
clinical judgment [253,259]. Despite the lack of studies evaluating the penetrance of these
drugs through the brain-blood barrier, improvement in symptoms is usually seen after
2 to 3 days of treatment. In severe cases of meningoencephalitis, higher doses might be
required.

7. Conclusions

Chagas disease remains a highly prevalent disease with a profound impact in mor-
bidity and mortality in endemic and non-endemic countries. Chronic complications of
CD occur in a highly complex tripartite host-vector-pathogen interaction environment in
which vector endemicity, genetic factors of the parasite, and immune regulations create a
clinically variable phenotype which may involve several organ systems in different degrees
of severity. An interdisciplinary patient-centered approach is needed in order to adequately
address the multiple clinical features present in chronic CD and, in particular, those with
a higher degree of impact in the patient’s quality of life. Furthermore, future research
efforts should be focused towards controlling vector reservoirs, untangling the complex
pathophysiologic phenomena of chronic complications, promoting prompt diagnosis and
secondary prevention programs, and identifying as well as targeting potential therapeu-
tic molecules with higher effectiveness and safety profiles than the currently available
treatment regimes.
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ACE-I Angiotensin-converting enzyme inhibitor
ARB Angiotensin II receptor blocker
ARNI Dual angiotensin receptor and neprilysin inhibitor
CD Chagas disease
Ch-CMP Chagasic cardiomyopathy
CINE Steady state free precession sequence
CMR Cardiac magnetic resonance
CRIT C2 receptor inhibitor trispanning protein
CRP Complement regulatory protein
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DALY Disability-adjusted life-years
DGF Dispersed gene family proteins
DTU Discrete typing unit
ER Endoplasmic reticulum
FESOD Iron superoxide dismutases
GI Gastrointestinal
INF Interferon
LGE Late gadolinium enhancement
LVEF Left ventricle ejection fraction
MASP Mucin associated surface proteins
MHC Major histocompatibility complex
MRA Mineralocorticoid receptor antagonist
NYHA New York Heart Association
PCR Polymerase chain reaction
PR Proline racemase
RBBB Right-bundle branch block
RHS Retrotransposon hot spot
SCD Sudden cardiac death
SGLT-2 Sodium-glucose transporter 2
TcCRT Trypanosoma cruzi calreticulin
TcGP Trypanosoma cruzi glutathione peroxidase
TcPRACA Trypanosoma cruzi proline racemase A
TcPRACB Trypanosoma cruzi proline racemase B
T-DAF Trypomastigote decay accelerating factor
TSSA Trypomastigote small surface antigen
TTE Transthoracic echocardiogram

References
1. Schoch, C.L.; Ciufo, S.; Domrachev, M.; Hotton, C.L.; Kannan, S.; Khovanskaya, R.; Leipe, D.; McVeigh, R.; O’Neill, K.; Robbertse,

B.; et al. NCBI Taxonomy: A comprehensive update on curation, resources and tools. Database 2020, 2020, baaa021. [CrossRef]
[PubMed]

2. Simpson, A.G.B.; Stevens, J.R.; Lukes, J. The evolution and diversity of kinetoplastid flagellates. Trends Parasitol. 2006, 22, 168–174.
[CrossRef] [PubMed]

3. Vianna Martins, A.; Patrícia Gomes, A.; de Mendonça, E.G.; Rangel Fietto, J.L.; Alberto Santana, L.; de Almeida Oliveira, M.G.;
Geller, M.; Freitas Santos, R.; Roger Vitorino, R.; Siqueira-Batista, R. Biology of Trypanosoma cruzi: An update. Infectio 2012, 16,
45–58. [CrossRef]

4. Arias-del-Angel, J.A.; Santana-Solano, J.; Santillán, M.; Manning-Cela, R.G. Motility patterns of Trypanosoma cruzi trypomastigotes
correlate with the efficiency of parasite invasion in vitro. Sci. Rep. 2020, 10, 15894. [CrossRef] [PubMed]

5. Messenger, L.A.; Miles, M.A.; Bern, C. Between a bug and a hard place: Trypanosoma cruzi genetic diversity and the clinical
outcomes of Chagas disease. Expert Rev. Anti-Infect. Ther. 2015, 13, 995–1029. [CrossRef]

6. Teixeira, D.E.; Benchimol, M.; Crepaldi, P.H.; de Souza, W. Interactive Multimedia to Teach the Life Cycle of Trypanosoma cruzi,
the Causative Agent of Chagas Disease. PLoS Neglected Trop. Dis. 2012, 6, e1749. [CrossRef]

7. Zingales, B.; Miles, M.A.; Campbell, D.A.; Tibayrenc, M.; Macedo, A.M.; Teixeira, M.M.; Schijman, A.G.; Llewellyn, M.S.; Lages-
Silva, E.; Machado, C.R.; et al. The revised Trypanosoma cruzi subspecific nomenclature: Rationale, epidemiological relevance and
research applications. Infect. Genet. Evol. 2012, 12, 240–253. [CrossRef]

8. Jansen, A.M.; Xavier, S.C.; Roque, A.L.R. Landmarks of the Knowledge and Trypanosoma cruzi Biology in the Wild Environment.
Front. Cell. Infect. Microbiol. 2020, 10, 10. [CrossRef]

9. Guhl, F.; Ramírez, J.D. Retrospective molecular integrated epidemiology of Chagas disease in Colombia. Infect. Genet. Evol. 2013,
20, 148–154. [CrossRef]

10. Arroyo-Olarte, R.D.; Martínez, I.; Lujan, E.; Mendlovic, F.; Dinkova, T.; Espinoza, B. Differential gene expression of virulence
factors modulates infectivity of TcI Trypanosoma cruzi strains. Parasitol. Res. 2020, 119, 3803–3815. [CrossRef]

11. Tibayrenc, M.; Ayala, F.J. The population genetics of Trypanosoma cruzi revisited in the light of the predominant clonal evolution
model. Acta Trop. 2015, 151, 156–165. [CrossRef]

12. Ramírez, J.D.; Tapia-Calle, G.; Guhl, F. Genetic structure of Trypanosoma cruzi in Colombia revealed by a High-throughput Nuclear
Multilocus Sequence Typing (nMLST) approach. BMC Genet. 2013, 14, 96. [CrossRef] [PubMed]

13. Schwabl, P.; Imamura, H.; Broeck, F.V.D.; Costales, J.A.; Maiguashca-Sánchez, J.; Miles, M.A.; Andersson, B.; Grijalva, M.J.;
Llewellyn, M.S. Meiotic sex in Chagas disease parasite Trypanosoma cruzi. Nat. Commun. 2019, 10, 3972. [CrossRef] [PubMed]

http://doi.org/10.1093/database/baaa062
http://www.ncbi.nlm.nih.gov/pubmed/32761142
http://doi.org/10.1016/j.pt.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16504583
http://doi.org/10.1016/S0123-9392(12)70057-7
http://doi.org/10.1038/s41598-020-72604-4
http://www.ncbi.nlm.nih.gov/pubmed/32985548
http://doi.org/10.1586/14787210.2015.1056158
http://doi.org/10.1371/journal.pntd.0001749
http://doi.org/10.1016/j.meegid.2011.12.009
http://doi.org/10.3389/fcimb.2020.00010
http://doi.org/10.1016/j.meegid.2013.08.028
http://doi.org/10.1007/s00436-020-06891-1
http://doi.org/10.1016/j.actatropica.2015.05.006
http://doi.org/10.1186/1471-2156-14-96
http://www.ncbi.nlm.nih.gov/pubmed/24079755
http://doi.org/10.1038/s41467-019-11771-z
http://www.ncbi.nlm.nih.gov/pubmed/31481692


Pathogens 2021, 10, 1493 23 of 32

14. Alves, C.L.; Repolês, B.M.; Da Silva, M.S.; Mendes, I.C.; Marin, P.A.; Aguiar, P.H.N.; Santos, S.D.S.; Franco, G.R.; Macedo, A.M.;
Pena, S.D.J.; et al. The recombinase Rad51 plays a key role in events of genetic exchange in Trypanosoma cruzi. Sci. Rep. 2018, 8,
13335. [CrossRef]

15. Gaunt, M.W.; Yeo, M.; Frame, I.A.; Stothard, R.; Carrasco, H.J.; Taylor, M.; Mena, S.S.; Veazey, P.; Miles, G.A.J.; Acosta, N.; et al.
Mechanism of genetic exchange in American trypanosomes. Nat. Cell Biol. 2003, 421, 936–939. [CrossRef] [PubMed]

16. Inbar, E.; Shaik, J.; Iantorno, S.A.; Romano, A.; Nzelu, C.; Owens, K.; Sanders, M.J.; Dobson, D.; Cotton, J.A.; Grigg, M.E.; et al.
Whole genome sequencing of experimental hybrids supports meiosis-like sexual recombination in Leishmania. PLoS Genet. 2019,
15, e1008042. [CrossRef]

17. Peacock, L.; Bailey, M.; Carrington, M.; Gibson, W. Meiosis and Haploid Gametes in the Pathogen Trypanosoma brucei. Curr. Biol.
2014, 24, 181–186. [CrossRef]

18. Wang, W.; Peng, D.; Baptista, R.P.; Li, Y.; Kissinger, J.C.; Tarleton, R.L. Strain-specific genome evolution in Trypanosoma cruzi, the
agent of Chagas disease. PLoS Pathog. 2021, 17, e1009254. [CrossRef] [PubMed]

19. Talavera-López, C.; Messenger, L.A.; Lewis, M.D.; Yeo, M.; Reis-Cunha, J.L.; Matos, G.M.; Bartholomeu, D.C.; Calzada, J.E.;
Saldaña, A.; Ramírez, J.D.; et al. Repeat-Driven Generation of Antigenic Diversity in a Major Human Pathogen, Trypanosoma cruzi.
Front. Cell. Infect. Microbiol. 2021, 11, 614665. [CrossRef] [PubMed]

20. Sandri, T.L.; Lidani, K.C.F.; Andrade, F.A.; Carvalho, L.P.; Fontana, P.D.; de Melo, E.J.T.; Messias-Reason, I.J. Trypanosoma cruzi. In
Reference Module in Biomedical Sciences; Elsevier: Amsterdam, The Netherlands, 2021. Available online: https://www.sciencedirect.
com/science/article/pii/B9780128187319000422 (accessed on 10 August 2021).

21. Berná, L.; Rodriguez, M.; Chiribao, M.L.; Parodi-Talice, A.; Pita, S.; Rijo, G.; Alvarez-Valin, F.; Robello, C. Expanding an expanded
genome: Long-read sequencing of Trypanosoma cruzi. Microb. Genom. 2018, 4, e000177. [CrossRef] [PubMed]

22. Bernardo, W.P.; Souza, R.T.; Costa-Martins, A.G.; Ferreira, E.R.; Mortara, R.A.; Teixeira, M.M.G.; Ramirez, J.L.; Da Silveira, J.F.
Genomic Organization and Generation of Genetic Variability in the RHS (Retrotransposon Hot Spot) Protein Multigene Family in
Trypanosoma cruzi. Genes 2020, 11, 1085. [CrossRef] [PubMed]

23. Franzén, O.; Ochaya, S.; Sherwood, E.; Lewis, M.D.; Llewellyn, M.S.; Miles, M.A.; Andersson, B. Shotgun Sequencing Analysis of
Trypanosoma cruzi I Sylvio X10/1 and Comparison with T. cruzi VI CL Brener. PLoS Negl. Trop. Dis. 2011, 5, e984. [CrossRef]

24. Berry, A.S.F.; Salazar-Sánchez, R.; Castillo-Neyra, R.; Borrini-Mayorí, K.; Arevalo-Nieto, C.; Chipana-Ramos, C.; Vargas-Maquera,
M.; Ancca-Juarez, J.; Náquira-Velarde, C.; Levy, M.Z.; et al. Dispersal patterns of Trypanosoma cruzi in Arequipa, Peru. PLoS
Neglected Trop. Dis. 2020, 14, e0007910. [CrossRef]

25. Zingales, B. Trypanosoma cruzi genetic diversity: Something new for something known about Chagas disease manifestations,
serodiagnosis and drug sensitivity. Acta Trop. 2018, 184, 38–52. [CrossRef]

26. Cruz-Saavedra, L.; Vallejo, G.A.; Guhl, F.; Ramírez, J.D. Transcriptomic changes across the life cycle of Trypanosoma cruzi II. PeerJ
2020, 8, e8947. [CrossRef] [PubMed]

27. Callejas-Hernández, F.; Rastrojo, A.; Poveda, C.; Gironès, N.; Fresno, M. Genomic assemblies of newly sequenced Trypanosoma
cruzi strains reveal new genomic expansion and greater complexity. Sci. Rep. 2018, 8, 14631. [CrossRef]

28. De Castro, T.B.R.; Canesso, M.C.C.; Boroni, M.; Chame, D.F.; Souza, D.L.; de Toledo, N.E.; Tahara, E.B.; Pena, S.D.; Machado, C.R.;
Chiari, E.; et al. Differential Modulation of Mouse Heart Gene Expression by Infection with Two Trypanosoma cruzi Strains: A
Transcriptome Analysis. Front. Genet. 2020, 11. Available online: https://www.frontiersin.org/articles/10.3389/fgene.2020.01031
/full (accessed on 10 August 2021).

29. Koo, S.-J.; Szczesny, B.; Wan, X.; Putluri, N.; Garg, N.J. Pentose Phosphate Shunt Modulates Reactive Oxygen Species and Nitric
Oxide Production Controlling Trypanosoma cruzi in Macrophages. Front. Immunol. 2018, 9, 202. [CrossRef]

30. Mesías, A.C.; Garg, N.J.; Zago, M.P. Redox Balance Keepers and Possible Cell Functions Managed by Redox Homeostasis in
Trypanosoma cruzi. Front. Cell. Infect. Microbiol. 2019, 9, 435. [CrossRef] [PubMed]

31. Piacenza, L.; Peluffo, G.; Alvarez, M.N.; Martínez, A.; Radi, R. Trypanosoma cruzi Antioxidant Enzymes as Virulence Factors in
Chagas Disease. Antioxid. Redox Signal. 2013, 19, 723–734. [CrossRef]

32. Osorio, L.; Ríos, I.; Gutiérrez, B.; González, J. Virulence factors of Trypanosoma cruzi: Who is who? Microbes Infect. 2012, 14,
1390–1402. [CrossRef]

33. De Castro Neto, A.L.; da Silveira, J.F.; Mortara, R.A. Comparative Analysis of Virulence Mechanisms of Trypanosomatids
Pathogenic to Humans. Front. Cell Infect. Microbiol. 2021, 11, 669079. [CrossRef] [PubMed]

34. Lidani, K.C.F.; Bavia, L.; Ambrosio, A.R.; De Messias-Reason, I.J. The Complement System: A Prey of Trypanosoma cruzi. Front.
Microbiol. 2017, 8, 607. [CrossRef]

35. Shao, S.; Sun, X.; Chen, Y.; Zhan, B.; Zhu, X. Complement Evasion: An Effective Strategy That Parasites Utilize to Survive in the
Host. Front. Microbiol. 2019, 10, 532. [CrossRef]

36. Bonfim-Melo, A.; Ferreira, É.R.; Florentino, P.T.V.; Mortara, R.A. Amastigote Synapse: The Tricks of Trypanosoma cruzi Extracellular
Amastigotes. Front. Microbiol. 2018, 9, 1341. [CrossRef]

37. Balouz, V.; Melli, L.J.; Volcovich, R.; Moscatelli, G.; Moroni, S.; González, N.; Ballering, G.; Bisio, M.; Ciocchini, A.E.; Buscaglia,
C.A.; et al. The Trypomastigote Small Surface Antigen from Trypanosoma cruzi Improves Treatment Evaluation and Diagnosis in
Pediatric Chagas Disease. J. Clin. Microbiol. 2017, 55, 3444–3453. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-018-31541-z
http://doi.org/10.1038/nature01438
http://www.ncbi.nlm.nih.gov/pubmed/12606999
http://doi.org/10.1371/journal.pgen.1008042
http://doi.org/10.1016/j.cub.2013.11.044
http://doi.org/10.1371/journal.ppat.1009254
http://www.ncbi.nlm.nih.gov/pubmed/33508020
http://doi.org/10.3389/fcimb.2021.614665
http://www.ncbi.nlm.nih.gov/pubmed/33747978
https://www.sciencedirect.com/science/article/pii/B9780128187319000422
https://www.sciencedirect.com/science/article/pii/B9780128187319000422
http://doi.org/10.1099/mgen.0.000177
http://www.ncbi.nlm.nih.gov/pubmed/29708484
http://doi.org/10.3390/genes11091085
http://www.ncbi.nlm.nih.gov/pubmed/32957642
http://doi.org/10.1371/journal.pntd.0000984
http://doi.org/10.1371/journal.pntd.0007910
http://doi.org/10.1016/j.actatropica.2017.09.017
http://doi.org/10.7717/peerj.8947
http://www.ncbi.nlm.nih.gov/pubmed/32461822
http://doi.org/10.1038/s41598-018-32877-2
https://www.frontiersin.org/articles/10.3389/fgene.2020.01031/full
https://www.frontiersin.org/articles/10.3389/fgene.2020.01031/full
http://doi.org/10.3389/fimmu.2018.00202
http://doi.org/10.3389/fcimb.2019.00435
http://www.ncbi.nlm.nih.gov/pubmed/31921709
http://doi.org/10.1089/ars.2012.4618
http://doi.org/10.1016/j.micinf.2012.09.003
http://doi.org/10.3389/fcimb.2021.669079
http://www.ncbi.nlm.nih.gov/pubmed/33937106
http://doi.org/10.3389/fmicb.2017.00607
http://doi.org/10.3389/fmicb.2019.00532
http://doi.org/10.3389/fmicb.2018.01341
http://doi.org/10.1128/JCM.01317-17
http://www.ncbi.nlm.nih.gov/pubmed/28978686


Pathogens 2021, 10, 1493 24 of 32

38. Cámara, M.M.; Cánepa, G.E.; Lantos, A.B.; Balouz, V.; Yu, H.; Chen, X.; Campetella, O.; Mucci, J.; Buscaglia, C.A. The
Trypomastigote Small Surface Antigen (TSSA) regulates Trypanosoma cruzi infectivity and differentiation. PLoS Negl. Trop. Dis.
2017, 11, e0005856. [CrossRef] [PubMed]

39. San Francisco, J.; Barría, I.; Gutiérrez, B.; Neira, I.; Muñoz, C.; Sagua, H.; Araya, J.E.; Andrade, J.C.; Zailberger, A.; Catalán, A.; et al.
Decreased cruzipain and gp85/trans-sialidase family protein expression contributes to loss of Trypanosoma cruzi trypomastigote
virulence. Microbes Infect. 2017, 19, 55–61. [CrossRef]

40. Da Fonseca, L.M.; da Costa, K.M.; Chaves, V.S.; Freire-de-Lima, C.G.; Morrot, A.; Mendonça-Previato, L.; Previato, J.O.; Freire-
de-Lima, L. Theft and Reception of Host Cell’s Sialic Acid: Dynamics of Trypanosoma cruzi Trans-sialidases and Mucin-Like
Molecules on Chagas’ Disease Immunomodulation. Front Immunol. 2019, 10, 164. [CrossRef]

41. Campetella, O.; Buscaglia, C.A.; Mucci, J.; Leguizamón, M.S. Parasite-host glycan interactions during Trypanosoma cruzi infection:
Trans-Sialidase rides the show. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2020, 1866, 165692. [CrossRef]

42. Maeda, F.Y.; Cortez, C.; Yoshida, N. Cell signaling during Trypanosoma cruzi invasion. Front. Immunol. 2012, 3, 361. [CrossRef]
[PubMed]

43. Yoshida, N. Molecular mechanisms of Trypanosoma cruzi infection by oral route. Memórias Inst. Oswaldo Cruz 2009, 104, 101–107.
[CrossRef]

44. Freitas, L.M.; Dos Santos, S.L.; Rodrigues-Luiz, G.F.; Mendes, T.A.D.O.; Rodrigues, T.S.; Gazzinelli, R.; Teixeira, S.M.R.; Fuji-
wara, R.; Bartholomeu, D.C. Genomic Analyses, Gene Expression and Antigenic Profile of the Trans-Sialidase Superfamily of
Trypanosoma cruzi Reveal an Undetected Level of Complexity. PLoS ONE 2011, 6, e25914. [CrossRef]

45. Freire-de-Lima, L.; Fonseca, L.M.; Oeltmann, T.; Mendonça-Previato, L.; Previato, J.O. The trans-sialidase, the major Trypanosoma
cruzi virulence factor: Three decades of studies. Glycobiology 2015, 25, 1142–1149. [CrossRef]

46. Herreros-Cabello, A.; Callejas-Hernández, F.; Gironès, N.; Fresno, M. Trypanosoma cruzi Genome: Organization, Multi-Gene
Families, Transcription, and Biological Implications. Genes 2020, 11, 1196. [CrossRef]

47. Dos Santos, S.L.; Freitas, L.M.; Lobo, F.P.; Rodrigues-Luiz, G.F.; Mendes, T.A.O.; Oliveira, A.C.S.; Andrade, L.O.; Chiari, E.;
Gazzinelli, R.T.; Teixeira, S.M.R.; et al. The MASP Family of Trypanosoma cruzi: Changes in Gene Expression and Antigenic Profile
during the Acute Phase of Experimental Infection. PLoS Negl. Trop. Dis. 2012, 6, e1779. [CrossRef] [PubMed]

48. Bartholomeu, D.C.; Cerqueira, G.C.; Leão, A.C.A.; DaRocha, W.D.; Pais, F.; Macedo, C.; Djikeng, A.; Teixeira, S.M.R.; El-Sayed,
N.M. Genomic organization and expression profile of the mucin-associated surface protein (masp) family of the human pathogen
Trypanosoma cruzi. Nucleic Acids Res. 2009, 37, 3407–3417. [CrossRef]

49. Ferri, G.; Edreira, M.M. All Roads Lead to Cytosol: Trypanosoma cruzi Multi-Strategic Approach to Invasion. Front. Cell. Infect.
Microbiol. 2021, 11. [CrossRef] [PubMed]

50. Alvarez, V.; Niemirowicz, G.; Cazzulo, J.J. The peptidases of Trypanosoma cruzi: Digestive enzymes, virulence factors, and
mediators of autophagy and programmed cell death. Biochim. Biophys. Acta (BBA) Proteins Proteom. 2012, 1824, 195–206.
[CrossRef]

51. Müller, L.S.; Cosentino, R.O.; Förstner, K.U.; Guizetti, J.; Wedel, C.; Kaplan, N.; Janzen, C.J.; Arampatzi, P.; Vogel, J.; Steinbiss, S.;
et al. Genome organization and DNA accessibility control antigenic variation in trypanosomes. Nat. Cell Biol. 2018, 563, 121–125.
[CrossRef] [PubMed]

52. Andrade, S.G. Trypanosoma cruzi: Clonal structure of parasite strains and the importance of principal clones. Memórias Inst.
Oswaldo Cruz 1999, 94, 185–187. [CrossRef]

53. Andrade, L.O.; Machado, C.R.; Chiari, E.; Pena, S.D.; Macedo, A.M. Trypanosoma cruzi: Role of host genetic background in the
differential tissue distribution of parasite clonal populations. Exp. Parasitol. 2002, 100, 269–275. [CrossRef]

54. Silva Pereira, S.; Trindade, S.; De Niz, M.; Figueiredo, L.M. Tissue tropism in parasitic diseases. Open Biol. 2019, 9, 190036.
[CrossRef]

55. Andrade, L.O.; Galvão, L.; Meirelles, M.D.N.S.L.; Chiari, E.; Pena, S.D.J.; Macedo, A.M. Differential tissue tropism of Trypanosoma
cruzi strains: An in vitro study. Memórias Inst. Oswaldo Cruz 2010, 105, 834–837. [CrossRef]

56. Santi-Rocca, J.; Fernandez-Cortes, F.; Chillón-Marinas, C.; González-Rubio, M.-L.; Martin, D.; Gironès, N.; Fresno, M. A multi-
parametric analysis of Trypanosoma cruzi infection: Common pathophysiologic patterns beyond extreme heterogeneity of host
responses. Sci. Rep. 2017, 7, 8893. [CrossRef] [PubMed]

57. Combs, T.P.; Mukherjee, S.; de Almeida, C.J.G.; Jelicks, L.A.; Schubert, W.; Lin, Y.; Jayabalan, D.S.; Zhao, D.; Braunstein, V.L.;
Landskroner-Eiger, S.; et al. The Adipocyte as an Important Target Cell for Trypanosoma cruzi Infection. J. Biol. Chem. 2005, 280,
24085–24094. [CrossRef]

58. Ferreira, A.; Segatto, M.; Menezes, Z.; Macedo, A.M.; Gelape, C.; Andrade, L.D.O.; Nagajyothi, F.; Scherer, P.E.; Teixeira, M.M.;
Tanowitz, H.B. Evidence for Trypanosoma cruzi in adipose tissue in human chronic Chagas disease. Microbes Infect. 2011, 13,
1002–1005. [CrossRef] [PubMed]

59. Cruz, L.; Vivas, A.; Montilla, M.; Hernández, C.; Flórez, C.; Parra, E.; Ramírez, J.D. Comparative study of the biological properties
of Trypanosoma cruzi I genotypes in a murine experimental model. Infect. Genet. Evol. 2015, 29, 110–117. [CrossRef]

60. Lizardo, K.; Ayyappan, J.P.; Oswal, N.; Weiss, L.M.; Scherer, P.E.; Nagajyothi, J.F. Fat tissue regulates the pathogenesis and severity
of cardiomyopathy in murine chagas disease. PLoS Neglected Trop. Dis. 2021, 15, e0008964. [CrossRef] [PubMed]

61. Molyneux, D.H.; Savioli, L.; Engels, D. Neglected tropical diseases: Progress towards addressing the chronic pandemic. Lancet
2017, 389, 312–325. [CrossRef]

http://doi.org/10.1371/journal.pntd.0005856
http://www.ncbi.nlm.nih.gov/pubmed/28800609
http://doi.org/10.1016/j.micinf.2016.08.003
http://doi.org/10.3389/fimmu.2019.00164
http://doi.org/10.1016/j.bbadis.2020.165692
http://doi.org/10.3389/fimmu.2012.00361
http://www.ncbi.nlm.nih.gov/pubmed/23230440
http://doi.org/10.1590/S0074-02762009000900015
http://doi.org/10.1371/journal.pone.0025914
http://doi.org/10.1093/glycob/cwv057
http://doi.org/10.3390/genes11101196
http://doi.org/10.1371/journal.pntd.0001779
http://www.ncbi.nlm.nih.gov/pubmed/22905275
http://doi.org/10.1093/nar/gkp172
http://doi.org/10.3389/fcimb.2021.634793
http://www.ncbi.nlm.nih.gov/pubmed/33747982
http://doi.org/10.1016/j.bbapap.2011.05.011
http://doi.org/10.1038/s41586-018-0619-8
http://www.ncbi.nlm.nih.gov/pubmed/30333624
http://doi.org/10.1590/S0074-02761999000700026
http://doi.org/10.1016/S0014-4894(02)00024-3
http://doi.org/10.1098/rsob.190036
http://doi.org/10.1590/S0074-02762010000600018
http://doi.org/10.1038/s41598-017-08086-8
http://www.ncbi.nlm.nih.gov/pubmed/28827716
http://doi.org/10.1074/jbc.M412802200
http://doi.org/10.1016/j.micinf.2011.06.002
http://www.ncbi.nlm.nih.gov/pubmed/21726660
http://doi.org/10.1016/j.meegid.2014.11.012
http://doi.org/10.1371/journal.pntd.0008964
http://www.ncbi.nlm.nih.gov/pubmed/33826636
http://doi.org/10.1016/S0140-6736(16)30171-4


Pathogens 2021, 10, 1493 25 of 32

62. Nunes, M.C.P.; Beaton, A.; Acquatella, H.; Bern, C.; Bolger, A.F.; Echeverría, L.E.; Dutra, W.O.; Gascon, J.; Morillo, C.A.; Oliveira-
Filho, J.; et al. Chagas Cardiomyopathy: An Update of Current Clinical Knowledge and Management: A Scientific Statement
From the American Heart Association. Circilation 2018, 138, e169–e209. [CrossRef]

63. Puerta, C.J.; Cucunubá, Z.M.; Ríos, L.C.; Villamizar, K.; Aldana, R.; Montilla, M.; Pavía, P.; Cárdenas, A.; Nicholls, R.S.; Florez,
A.C. Prevalence and Risk Factors for Chagas Disease in Pregnant Women in Casanare, Colombia. Am. J. Trop. Med. Hyg. 2012, 87,
837–842.

64. World Health Organization. Investing to Overcome the Global Impact of Neglected Tropical Diseases: Third WHO Report on Neglected
Tropical Diseases; World Health Organization: Geneva, Switzerland, 2015; 191p.

65. Lee, B.Y.; Bacon, K.M.; Bottazzi, M.E.; Hotez, P. Global economic burden of Chagas disease: A computational simulation model.
Lancet Infect. Dis. 2013, 13, 342–348. [CrossRef]

66. Chagas disease in Latin America: An epidemiological update based on 2010 estimates. Releve Epidemiol. Hebd. 2015, 90, 33–43.
67. Jannin, J.; Salvatella, R. Estimación cuantitativa de la enfermedad de Chagas en las Américas. In Estimación Cuantitativa de la

Enfermedad de Chagas en las Américas; WHO: Geneva, Switzerland, 2006.
68. Guerri-Guttenberg, R.; Grana, D.R.; Ambrosio, G.; Milei, J. Chagas cardiomyopathy: Europe is not spared! Eur. Hear. J. 2008, 29,

2587–2591. [CrossRef] [PubMed]
69. Schmunis, G.A.; Yadon, Z.E. Chagas disease: A Latin American health problem becoming a world health problem. Acta Trop.

2010, 115, 14–21. [CrossRef] [PubMed]
70. Manne-Goehler, J.; Umeh, C.; Montgomery, S.P.; Wirtz, V.J. Estimating the Burden of Chagas Disease in the United States. PLoS

Negl. Trop. Dis. 2016, 10, e0005033. [CrossRef] [PubMed]
71. Bern, C.; Montgomery, S.P. An Estimate of the Burden of Chagas Disease in the United States. Clin. Infect. Dis. 2009, 49, e52–e54.

[CrossRef] [PubMed]
72. Villamil-Gómez, W.E.; Echeverría, L.E.; Ayala, M.S.; Muñoz, L.; Mejía, L.; Eyes-Escalante, M.; Venegas-Hermosilla, J.; Rodriguez-

Morales, A.J. Orally transmitted acute Chagas disease in domestic travelers in Colombia. J. Infect. Public Health 2017, 10, 244–246.
[CrossRef]

73. Benitez, J.A.; Araujo, B.; Contreras, K.; Rivas, M.; Ramírez, P.; Guerra, W.; Calderon, N.; Terren, C.A.; Barrera, R.; Rodriguez-
Morales, A.J. Urban outbreak of acute orally acquired Chagas disease in Táchira, Venezuela. J. Infect. Dev. Ctries. 2013, 7, 638–641.
[CrossRef]

74. Filigheddu, M.T.; Górgolas, M.; Ramos, J.M. Enfermedad de Chagas de transmisión oral. Med. Clín. 2017, 148, 125–131. [CrossRef]
75. Alarcón de Noya, B.; Díaz-Bello, Z.; Colmenares, C.; Ruiz-Guevara, R.; Mauriello, L.; Zavala-Jaspe, R.; Suárez, J.A.; Abante, T.;

Naranjo, L.; Paiva, M.; et al. Large Urban Outbreak of Orally Acquired Acute Chagas Disease at a School in Caracas, Venezuela. J.
Infect. Dis. 2010, 201, 1308–1315. [CrossRef] [PubMed]

76. Alarcón de Noya, B.; Colmenares, C.; Díaz-Bello, Z.; Ruiz-Guevara, R.; Medina, K.; Muñoz-Calderón, A.; Mauriello, L.; Cabrera,
E.; Montiel, L.; Losada, S.; et al. Orally-transmitted Chagas disease: Epidemiological, clinical, serological and molecular outcomes
of a school microepidemic in Chichiriviche de la Costa, Venezuela. Parasite Epidemiol. Control 2016, 1, 188–198. [CrossRef]
[PubMed]

77. Rueda, K.; Trujillo, J.E.; Carranza, J.C.; Vallejo, G.A. Transmisión oral de Trypanosoma cruzi: Un nuevo escenario epidemiológico
de la enfermedad de Chagas en Colombia y otros países suramericanos. Biomédica 2014, 34, 631–641. [CrossRef]

78. Souza-Lima, R.C.; Barbosa, M.G.V.; Coura, J.R.; Arcanjo, A.R.L.; Nascimento, A.S.; Ferreira, J.M.B.B.; Magalhaes, L.K.; Albu-
querque, B.C.; Araújo, G.A.N.; Guerra, J.A.O. Outbreak of acute Chagas disease associated with oral transmission in the Rio
Negro region, Brazilian Amazon. Rev. Soc. Bras. Med. Trop. 2013, 46, 510–514. [CrossRef] [PubMed]

79. Montgomery, S.P.; Starr, M.C.; Cantey, P.T.; Edwards, M.S.; Meymandi, S.K. Neglected Parasitic Infections in the United States:
Chagas Disease. Am. J. Trop. Med. Hyg. 2014, 90, 814–818. [CrossRef]

80. Montgomery, S.P.; Parise, M.E.; Dotson, E.M.; Bialek, S.R. What Do We Know About Chagas Disease in the United States? Am. J.
Trop. Med. Hyg. 2016, 95, 1225–1227. [CrossRef]

81. Garcia, M.N.; Rivera, H.; Rossmann, S.N.; Gorchakov, R.; Murray, K.O.; Montgomery, S.P.; Hotez, P.; Aguilar, D.; Woc-Colburn, L.
Evidence of Autochthonous Chagas Disease in Southeastern Texas. Am. J. Trop. Med. Hyg. 2015, 92, 325–330. [CrossRef]

82. Garcia, M.N.; Hotez, P.J.; Murray, K.O. Potential novel risk factors for autochthonous and sylvatic transmission of human Chagas
disease in the United States. Parasites Vectors 2014, 7, 311. [CrossRef] [PubMed]

83. Cantey, P.T.; Stramer, S.L.; Townsend, R.L.; Kamel, H.; Ofafa, K.; Todd, C.W.; Currier, M.; Hand, S.; Varnado, W.; Dotson, E.; et al.
The United States Trypanosoma cruzi Infection Study: Evidence for vector-borne transmission of the parasite that causes Chagas
disease among United States blood donors: Vector-borne T. cruzi in US donors. Transfusion 2012, 52, 1922–1930. [CrossRef]

84. Klotz, S.A.; Dorn, P.L.; Klotz, J.H.; Pinnas, J.L.; Weirauch, C.; Kurtz, J.R.; Schmidt, J. Feeding behavior of triatomines from the
southwestern United States: An update on potential risk for transmission of Chagas disease. Acta Trop. 2009, 111, 114–118.
[CrossRef] [PubMed]

85. Alvarado, R.; Zeledón, R.; Jirón, L. Observations on the feeding and defecation patterns of three triatomine species (Hemiptera:
Reduviidae). Acta Trop Mar. 1977, 34, 65–77. [CrossRef]

86. Pippin, W.F. The Biology and Vector Capability of Triatoma Sanguisuga Texana Usinger and Triatoma Gerstaeckeri (StÅL) Compared
with Rhodnius Prolixus (StÅL) (Hemiptera: Triatominae). J. Med Èntomol. 1970, 7, 30–45. [CrossRef]

http://doi.org/10.1161/CIR.0000000000000599
http://doi.org/10.1016/S1473-3099(13)70002-1
http://doi.org/10.1093/eurheartj/ehn424
http://www.ncbi.nlm.nih.gov/pubmed/18840880
http://doi.org/10.1016/j.actatropica.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19932071
http://doi.org/10.1371/journal.pntd.0005033
http://www.ncbi.nlm.nih.gov/pubmed/27820837
http://doi.org/10.1086/605091
http://www.ncbi.nlm.nih.gov/pubmed/19640226
http://doi.org/10.1016/j.jiph.2016.05.002
http://doi.org/10.3855/jidc.3620
http://doi.org/10.1016/j.medcli.2016.10.038
http://doi.org/10.1086/651608
http://www.ncbi.nlm.nih.gov/pubmed/20307205
http://doi.org/10.1016/j.parepi.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29988179
http://doi.org/10.7705/biomedica.v34i4.2204
http://doi.org/10.1590/0037-8682-1367-2013
http://www.ncbi.nlm.nih.gov/pubmed/23681429
http://doi.org/10.4269/ajtmh.13-0726
http://doi.org/10.4269/ajtmh.16-0213
http://doi.org/10.4269/ajtmh.14-0238
http://doi.org/10.1186/1756-3305-7-311
http://www.ncbi.nlm.nih.gov/pubmed/24996479
http://doi.org/10.1111/j.1537-2995.2012.03581.x
http://doi.org/10.1016/j.actatropica.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19524078
http://doi.org/10.5169/seals-312249
http://doi.org/10.1093/jmedent/7.1.30


Pathogens 2021, 10, 1493 26 of 32

87. Almeida, C.E.; Francischetti, C.N.; Pacheco, R.S.; Costa, J. Triatoma rubrovaria (Blanchard, 1843) (Hemiptera-Reduviidae-
Triatominae) III: Patterns of feeding, defecation and resistance to starvation. Memórias Inst. Oswaldo Cruz 2003, 98, 367–372.
[CrossRef] [PubMed]

88. Strasen, J.; Williams, T.; Ertl, G.; Zoller, T.; Stich, A.; Ritter, O. Epidemiology of Chagas disease in Europe: Many calculations, little
knowledge. Clin. Res. Cardiol. 2013, 103, 1–10. [CrossRef]

89. Lidani, K.C.F.; Andrade, F.A.; Bavia, L.; Damasceno, F.S.; Beltrame, M.H.; Messias-Reason, I.J.; Sandri, T.L. Chagas Disease: From
Discovery to a Worldwide Health Problem. Front. Public Health 2019, 7, 166. [CrossRef] [PubMed]

90. Gascon, J.; Bern, C.; Pinazo, M.J. Chagas disease in Spain, the United States and other non-endemic countries. Acta Trop. 2010,
115, 22–27. [CrossRef]

91. Angheben, A.; Anselmi, M.; Gobbi, F.; Marocco, S.; Monteiro, G.; Buonfrate, D.; Tais, S.; Talamo, M.; Zavarise, G.; Strohmeyer, M.;
et al. Chagas disease in Italy: Breaking an epidemiological silence. Eurosurveillance 2011, 16, 19969. [CrossRef]

92. Jackson, Y.; Getaz, L.; Wolff, H.; Holst, M.; Mauris, A.; Tardin, A.; Sztajzel, J.; Besse, V.; Loutan, L.; Gaspoz, J.-M.; et al.
Prevalence, Clinical Staging and Risk for Blood-Borne Transmission of Chagas Disease among Latin American Migrants in
Geneva, Switzerland. PLoS Negl. Trop. Dis. 2010, 4, e592. [CrossRef]

93. Basile, L.; Jansa, J.M.; Carlier, Y.; Salamanca, D.D.; Angheben, A.; Bartoloni, A.; Seixas, J.; Van Gool, T.; Canavate, C.; Florez-
Chavez, M.; et al. Chagas disease in European countries: The challenge of a surveillance system. Eurosurveillance 2011, 16, 19968.
[CrossRef] [PubMed]

94. Roca, C.; Pinazo, M.J.; López-Chejade, P.; Bayó, J.; Posada, E.; López-Solana, J.; Gallego, M.; Portús, M.; Gascón, J. Chagas Disease
among the Latin American Adult Population Attending in a Primary Care Center in Barcelona, Spain. PLoS Negl. Trop. Dis. 2011,
5, e1135. [CrossRef]

95. Antinori, S.; Grande, R.; Bianco, R.; Traversi, L.; Cogliati, C.; Torzillo, D.; Repetto, E.; Corbellino, M.; Milazzo, L.; Galli, M.; et al.
High Frequency of Adverse Reactions and Discontinuation with Benznidazole Treatment for Chronic Chagas Disease in Milan,
Italy. Clin. Infect. Dis. 2015, 60, 1873–1875. [CrossRef]

96. Antinori, S.; Galimberti, L.; Bianco, R.; Grande, R.; Galli, M.; Corbellino, M. Chagas disease in Europe: A review for the internist
in the globalized world. Eur. J. Intern. Med. 2017, 43, 6–15. [CrossRef] [PubMed]

97. Jackson, Y.; Pinto, A.; Pett, S. Chagas disease in Australia and New Zealand: Risks and needs for public health interventions. Trop.
Med. Int. Health 2013, 19, 212–218. [CrossRef] [PubMed]

98. Marcili, A.; Lima, L.; Cavazzana, M.; Junqueira, A.C.V.; Veludo, H.H.; DA Silva, F.M.; Campaner, M.; Paiva, F.; Nunes, V.L.B.;
Teixeira, M.M.G. A new genotype of Trypanosoma cruzi associated with bats evidenced by phylogenetic analyses using SSU rDNA,
cytochrome b and Histone H2B genes and genotyping based on ITS1 rDNA. Parasitology 2009, 136, 641–655. [CrossRef]

99. Herrera, C.; Bargues, M.D.; Fajardo, A.; Montilla, M.; Triana, O.; Vallejo, G.A.; Guhl, F. Identifying four Trypanosoma cruzi I isolate
haplotypes from different geographic regions in Colombia. Infect. Genet. Evol. 2007, 7, 535–539. [CrossRef] [PubMed]

100. Falla, A.; Herrera, C.; Fajardo, A.; Montilla, M.; Vallejo, G.A.; Guhl, F. Haplotype identification within Trypanosoma cruzi I in
Colombian isolates from several reservoirs, vectors and humans. Acta Trop. 2009, 110, 15–21. [CrossRef]

101. Cura, C.I.; Mejía-Jaramillo, A.; Duffy, T.; Burgos, J.M.; Rodriguero, M.; Cardinal, M.V.; Kjos, S.; Gurgel-Gonçalves, R.; Blanchet,
D.; De Pablos, L.M.; et al. Trypanosoma cruzi I genotypes in different geographical regions and transmission cycles based on a
microsatellite motif of the intergenic spacer of spliced-leader genes. Int. J. Parasitol. 2010, 40, 1599–1607. [CrossRef] [PubMed]

102. Whitman, J.D.; Bulman, C.A.; Gunderson, E.L.; Irish, A.M.; Townsend, R.L.; Stramer, S.L.; Sakanari, J.A.; Bern, C. Chagas Disease
Serological Test Performance in U.S. Blood Donor Specimens. J. Clin. Microbiol. 2019, 57, e01217-19. [CrossRef] [PubMed]

103. Guzmán-Gómez, D.; López-Monteon, A.; Lagunes-Castro, M.D.L.S.; Álvarez-Martínez, C.; Hernández-Lutzon, M.J.; Dumonteil,
E.; Ramos-Ligonio, A. Highly discordant serology against Trypanosoma cruzi in central Veracruz, Mexico: Role of the antigen used
for diagnostic. Parasites Vectors 2015, 8, 466. [CrossRef]

104. Majeau, A.; Murphy, L.; Herrera, C.; Dumonteil, E. Assessing Trypanosoma cruzi Parasite Diversity through Comparative Genomics:
Implications for Disease Epidemiology and Diagnostics. Pathogens 2021, 10, 212. [CrossRef]

105. Baptista, C.S.; Vêncio, R.; Abdala, S.; Carranza, J.C.; Westenberger, S.J.; Silva, M.N.; Pereira, C.A.D.B.; Galvão, L.; Gontijo, E.D.;
Chiari, E.; et al. Differential transcription profiles in Trypanosoma cruzi associated with clinical forms of Chagas disease: Maxicircle
NADH dehydrogenase subunit 7 gene truncation in asymptomatic patient isolates. Mol. Biochem. Parasitol. 2006, 150, 236–248.
[CrossRef]

106. Cura, C.I.; Lucero, R.H.; Bisio, M.; Oshiro, E.; Formichelli, L.B.; Burgos, J.M.; Lejona, S.; Brusés, B.L.; Hernández, D.O.; Severini,
G.V.; et al. Trypanosoma cruzi Discrete Typing Units in Chagas disease patients from endemic and non-endemic regions of
Argentina. Parasitology 2012, 139, 516–521. [CrossRef]

107. Del Puerto, R.; Nishizawa, J.E.; Kikuchi, M.; Iihoshi, N.; Roca, Y.; Avilas, C.; Gianella, A.; Lora, J.; Gutierrez Velarde, F.U.; Renjel,
L.A.; et al. Lineage Analysis of Circulating Trypanosoma cruzi Parasites and Their Association with Clinical Forms of Chagas
Disease in Bolivia. PLoS Negl. Trop. Dis. 2010, 4, e687. [CrossRef] [PubMed]

108. Baptista, R.P.; D’Ávila, D.A.; Segatto, M.; Valle, Í.F.; Franco, G.R.; Valadares, H.M.S.; Gontijo, E.D.; Galvao, L.M.C.; Pena, S.D.J.;
Chiari, E.; et al. Evidence of substantial recombination among Trypanosoma cruzi II strains from Minas Gerais. Infect. Genet. Evol.
2014, 22, 183–191. [CrossRef]

http://doi.org/10.1590/S0074-02762003000300012
http://www.ncbi.nlm.nih.gov/pubmed/12886416
http://doi.org/10.1007/s00392-013-0613-y
http://doi.org/10.3389/fpubh.2019.00166
http://www.ncbi.nlm.nih.gov/pubmed/31312626
http://doi.org/10.1016/j.actatropica.2009.07.019
http://doi.org/10.2807/ese.16.37.19969-en
http://doi.org/10.1371/journal.pntd.0000592
http://doi.org/10.2807/ese.16.37.19968-en
http://www.ncbi.nlm.nih.gov/pubmed/21944556
http://doi.org/10.1371/journal.pntd.0001135
http://doi.org/10.1093/cid/civ230
http://doi.org/10.1016/j.ejim.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28502864
http://doi.org/10.1111/tmi.12235
http://www.ncbi.nlm.nih.gov/pubmed/24299280
http://doi.org/10.1017/S0031182009005861
http://doi.org/10.1016/j.meegid.2006.12.003
http://www.ncbi.nlm.nih.gov/pubmed/17287152
http://doi.org/10.1016/j.actatropica.2008.12.003
http://doi.org/10.1016/j.ijpara.2010.06.006
http://www.ncbi.nlm.nih.gov/pubmed/20670628
http://doi.org/10.1128/JCM.01217-19
http://www.ncbi.nlm.nih.gov/pubmed/31511333
http://doi.org/10.1186/s13071-015-1072-2
http://doi.org/10.3390/pathogens10020212
http://doi.org/10.1016/j.molbiopara.2006.08.008
http://doi.org/10.1017/S0031182011002186
http://doi.org/10.1371/journal.pntd.0000687
http://www.ncbi.nlm.nih.gov/pubmed/20502516
http://doi.org/10.1016/j.meegid.2013.11.021


Pathogens 2021, 10, 1493 27 of 32

109. Carranza, J.C.; Valadares, H.M.; D’Ávila, D.A.; Baptista, R.P.; Moreno, M.; Galvão, L.M.; Chiari, E.; Sturm, N.R.; Gontijo, E.D.;
Macedo, A.M.; et al. Trypanosoma cruzi maxicircle heterogeneity in Chagas disease patients from Brazil. Int. J. Parasitol. 2009, 39,
963–973. [CrossRef] [PubMed]

110. Gallo-Bernal, S.; Calixto, C.A.; Molano-González, N.; Moreno, M.P.D.; Tamayo, M.F.; Contreras, J.P.; Medina, H.M.; Rodríguez,
M.J. Impact of a pharmacist-based multidimensional intervention aimed at decreasing the risk of hyperkalemia in heart failure
patients: A Latin-American experience. Int. J. Cardiol. 2021, 329, 136–143. [CrossRef] [PubMed]

111. Stanaway, J.D.; Roth, G. The burden of Chagas disease: Estimates and challenges. Glob. Heart 2015, 10, 139–144. [CrossRef]
[PubMed]

112. Benziger, C.P.; do Carmo, G.A.L.; Ribeiro, A.L.P. Chagas Cardiomyopathy: Clinical Presentation and Management in the Americas.
Cardiol. Clin. 2017, 35, 31–47. [CrossRef] [PubMed]

113. Pino-Marín, A.; Medina-Rincón, G.; Gallo-Bernal, S.; Duran-Crane, A.; Álvaro, A.D.; Rodríguez, M.; Medina-Mur, R.; Manrique,
F.; Forero, J.; Medina, H. Chagas Cardiomyopathy: From Romaña Sign to Heart Failure and Sudden Cardiac Death. Pathogens
2021, 10, 505. [CrossRef]

114. Marin-Neto, J.A.; Cunha-Neto, E.; Maciel, B.C.; Simões, M.V. Pathogenesis of Chronic Chagas Heart Disease. Circulation 2007, 115,
1109–1123. [CrossRef]

115. Junqueira, L.F. Insights into the clinical and functional significance of cardiac autonomic dysfunction in Chagas disease. Rev. Soc.
Bras. Med. Trop. 2012, 45, 243–252. [CrossRef] [PubMed]

116. Bonney, K.M.; Luthringer, D.J.; Kim, S.A.; Garg, N.J.; Engman, D.M. Pathology and Pathogenesis of Chagas Heart Disease. Annu.
Rev. Pathol. Mech. Dis. 2019, 14, 421–447. [CrossRef]

117. Marino, V.S.P.; Dumont, S.M.; Mota, L.G.; Braga, D.S.; Freitas, S.S.; Moreira, M.C.V. Sympathetic Dysautonomia in Heart Failure
by 123I-MIBG: Comparison between Chagasic, non-Chagasic and heart transplant patients. Arq. Bras. Cardiol. 2018, 111, 182–190.
[CrossRef] [PubMed]

118. Rossi, M.A.; Tanowitz, H.B.; Malvestio, L.M.; Celes, M.R.; Campos, E.C.; Blefari, V.; Prado, C.M. Coronary Microvascular Disease
in Chronic Chagas Cardiomyopathy Including an Overview on History, Pathology, and Other Proposed Pathogenic Mechanisms.
PLoS Neg. Trop. Dis. 2010, 4, e674. [CrossRef]

119. Borges, J.P.; Mendes, F.S.N.S.; Lopes, G.O.; Sousa, A.S.; Mediano, M.F.F.; Tibiriçá, E. Is endothelial microvascular function equally
impaired among patients with chronic Chagas and ischemic cardiomyopathy? Int. J. Cardiol. 2018, 265, 35–37. [CrossRef]
[PubMed]

120. Rochitte, C.E.; Nacif, M.S.; Júnior, A.C.D.O.; Siqueira-Batista, R.; Marchiori, E.; Uellendahl, M.; Higuchi, M.D.L. Cardiac Magnetic
Resonance in Chagas’ Disease. Artif. Organs 2007, 31, 259–267. [CrossRef]

121. Benatar, A.F.; Garcia, G.; Bua, J.; Cerliani, J.P.; Postan, M.; Tasso, L.M.; Scaglione, J.; Stupirski, J.C.; Toscano, M.; Rabinovich, G.A.;
et al. Galectin-1 Prevents Infection and Damage Induced by Trypanosoma cruzi on Cardiac Cells. PLoS Negl. Trop. Dis. 2015, 9,
e0004148. [CrossRef] [PubMed]

122. De Bona, E.; Lidani, K.C.F.; Bavia, L.; Omidian, Z.; Gremski, L.H.; Sandri, T.L.; de Messias Reason, I.J. Autoimmunity in Chronic
Chagas Disease: A Road of Multiple Pathways to Cardiomyopathy? Front. Immunol. 2018, 9, 1842. [CrossRef] [PubMed]

123. Gironès, N.; Cuervo, H.; Fresno, M. Trypanosoma cruzi-Induced Molecular Mimicry and Chagas’ Disease. Curr. Top. Microbiol.
Immunol. 2005, 296, 89–123. [CrossRef]

124. Chevillard, C.; Nunes, J.P.S.; Frade, A.F.; Almeida, R.R.; Pandey, R.P.; Nascimento, M.S.; Kalil, J.; Cunha-Neto, E. Disease Tolerance
and Pathogen Resistance Genes May Underlie Trypanosoma cruzi Persistence and Differential Progression to Chagas Disease
Cardiomyopathy. Front. Immunol. 2018, 9, 2791. [CrossRef]

125. Chaves, A.T.; Menezes, C.A.S.; Costa, H.; Nunes, M.C.P.; Rocha, M.O.C. Myocardial fibrosis in chagas disease and molecules
related to fibrosis. Parasite Immunol. 2019, 41, e12663. [CrossRef]

126. Sterin-Borda, L.; Borda, E. Role of neurotransmitter autoantibodies in the pathogenesis of chagasic peripheral dysautonomia.
Ann. N. Y. Acad. Sci. 2006, 917, 273–280. [CrossRef] [PubMed]

127. Thiers, C.A.; Barbosa, J.L.; Pereira, B.B.; Nascimento, E.M.; Nascimento, J.H.; Medei, E.H.; Pedrosa, R.C. Autonomic dysfunction
and anti-M2 and anti-β1 receptor antibodies in Chagas disease patients. Arq. Bras. Cardiol. 2012, 99, 732–739. [CrossRef]

128. Hasslocher-Moreno, A.M.; Xavier, S.S.; Saraiva, R.M.; Sangenis, L.H.C.; De Holanda, M.T.; Veloso, H.H.; Da Costa, A.R.; Mendes,
F.D.S.N.S.; Brasil, P.E.A.A.D.; Da Silva, G.M.S.; et al. Progression Rate from the Indeterminate Form to the Cardiac Form in
Patients with Chronic Chagas Disease: Twenty-Two-Year Follow-Up in a Brazilian Urban Cohort. Trop. Med. Infect. Dis. 2020, 5,
76. [CrossRef] [PubMed]

129. Brito, B.O.F.; Ribeiro, A.L.P. Electrocardiogram in Chagas disease. Rev. Soc. Bras. Med. Trop. 2018, 51, 570–577. [CrossRef]
[PubMed]

130. Rojas, L.Z.; Glisic, M.; Pletsch-Borba, L.; Echeverría, L.E.; Bramer, W.M.; Bano, A.; Stringa, N.; Zaciragic, A.; Kraja, B.; Asllanaj, E.;
et al. Electrocardiographic abnormalities in Chagas disease in the general population: A systematic review and meta-analysis.
PLoS Negl. Trop. Dis. 2018, 12, e0006567. [CrossRef]

131. Marcolino, M.S.; Palhares, D.M.; Ferreira, L.R.; Ribeiro, A.L. Electrocardiogram and Chagas Disease: A Large Population Database
of Primary Care Patients. Glob. Heart 2015, 10, 167–172. [CrossRef] [PubMed]

132. Bestetti, R.B.; Restini, C.B.A. Precordial chest pain in patients with chronic Chagas disease. Int. J. Cardiol. 2014, 176, 309–314.
[CrossRef]

http://doi.org/10.1016/j.ijpara.2009.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19504756
http://doi.org/10.1016/j.ijcard.2020.12.081
http://www.ncbi.nlm.nih.gov/pubmed/33412183
http://doi.org/10.1016/j.gheart.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26407508
http://doi.org/10.1016/j.ccl.2016.08.013
http://www.ncbi.nlm.nih.gov/pubmed/27886788
http://doi.org/10.3390/pathogens10050505
http://doi.org/10.1161/CIRCULATIONAHA.106.624296
http://doi.org/10.1590/S0037-86822012000200020
http://www.ncbi.nlm.nih.gov/pubmed/22535000
http://doi.org/10.1146/annurev-pathol-020117-043711
http://doi.org/10.5935/abc.20180124
http://www.ncbi.nlm.nih.gov/pubmed/30088556
http://doi.org/10.1371/journal.pntd.0000674
http://doi.org/10.1016/j.ijcard.2018.04.133
http://www.ncbi.nlm.nih.gov/pubmed/29753516
http://doi.org/10.1111/j.1525-1594.2007.00373.x
http://doi.org/10.1371/journal.pntd.0004148
http://www.ncbi.nlm.nih.gov/pubmed/26451839
http://doi.org/10.3389/fimmu.2018.01842
http://www.ncbi.nlm.nih.gov/pubmed/30127792
http://doi.org/10.1007/3-540-30791-5_6
http://doi.org/10.3389/fimmu.2018.02791
http://doi.org/10.1111/pim.12663
http://doi.org/10.1111/j.1749-6632.2000.tb05393.x
http://www.ncbi.nlm.nih.gov/pubmed/11270349
http://doi.org/10.1590/S0066-782X2012005000067
http://doi.org/10.3390/tropicalmed5020076
http://www.ncbi.nlm.nih.gov/pubmed/32408570
http://doi.org/10.1590/0037-8682-0184-2018
http://www.ncbi.nlm.nih.gov/pubmed/30304260
http://doi.org/10.1371/journal.pntd.0006567
http://doi.org/10.1016/j.gheart.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26407512
http://doi.org/10.1016/j.ijcard.2014.07.112


Pathogens 2021, 10, 1493 28 of 32

133. Bestetti, R.B. Chagas Heart Failure in Patients from Latin America. Card. Fail. Rev. 2016, 2, 90–94. [CrossRef]
134. Simões, M.V.; Ayres, E.M.; Santos, J.L.; Schmidt, A.; Pintya, A.O.; Maciel, B.C.; Marin-Neto, J.A. Detection of myocardial ischemia

in chronic Chagas disease patients with atypic precordial pain by exercise and Holter tests. Arq. Bras. Cardiol. 1993, 60, 315–319.
135. Rocha, A.L.L.; Lombardi, F.; Rocha, M.O.D.C.; Barros, M.V.L.; Barros, V.D.C.V.; Reis, A.M.; Ribeiro, A.L.P. Chronotropic

Incompetence and Abnormal Autonomic Modulation in Ambulatory Chagas Disease Patients. Ann. Noninvasive Electrocardiol.
2006, 11, 3–11. [CrossRef]

136. Ferreira Silva, N.C.; Reis, M.C.M.; Póvoa, R.M.D.S.; de Paola, A.A.V.; Luna, F.B. Ventricular arrhythmias in the Chagas disease
are not random phenomena: Long-term monitoring in Chagas arrhythmias. J. Cardiovasc. Electrophysiol. 2019, 30, 2370–2376.
[CrossRef]

137. Melendez-Ramirez, G.; Soto, M.E.; Alvarez, L.C.V.; Meave, A.; Juarez-Orozco, L.E.; Guarner-Lans, V.; Morales, J.L. Comparison of
the amount and patterns of late enhancement in Chagas disease according to the presence and type of ventricular tachycardia. J.
Cardiovasc. Electrophysiol. 2019, 30, 1517–1525. [CrossRef]

138. Miranda, C.H.; Figueiredo, A.B.; Maciel, B.C.; Marin-Neto, J.A.; Simões, M.V. Sustained Ventricular Tachycardia Is Associ-
ated with Regional Myocardial Sympathetic Denervation Assessed with 123I-Metaiodobenzylguanidine in Chronic Chagas
Cardiomyopathy. J. Nucl. Med. 2011, 52, 504–510. [CrossRef] [PubMed]

139. Gadioli, L.P.; Miranda, C.H.; Pintya, A.O.; de Figueiredo, A.B.; Schmidt, A.; Maciel, B.C.; Marin-Neto, J.A.; Simões, M.V. The
severity of ventricular arrhythmia correlates with the extent of myocardial sympathetic denervation, but not with myocardial
fibrosis extent in chronic Chagas cardiomyopathy. J. Nucl. Cardiol. 2018, 25, 75–83. [CrossRef]

140. Jr, A.R.; Rassi, S.G.; Rassi, A. Sudden death in Chagas’ disease. Arq. Bras. Cardiol. 2001, 76, 86–96. [CrossRef]
141. Keegan, R.; Yeung, C.; Baranchuk, A. Sudden Cardiac Death Risk Stratification and Prevention in Chagas Disease: A Non-

systematic Review of the Literature. Arrhythmia Electrophysiol. Rev. 2020, 9, 175–181. [CrossRef] [PubMed]
142. Mendoza, I.; Moleiro, F.; Marques, J. Sudden death in Chagas’ disease. Arq. Bras. Cardiol. 1992, 59, 3–4. [PubMed]
143. Pazin-Filho, A.; Romano, M.; Almeida-Filho, O.; Furuta, M.; Viviani, L.; Schmidt, A.; Marin-Neto, J.; Maciel, B. Minor segmental

wall motion abnormalities detected in patients with Chagas’ disease have adverse prognostic implications. Braz. J. Med Biol. Res.
2006, 39, 483–487. [CrossRef]

144. Hiss, F.C.; Lascala, T.F.; Maciel, B.C.; Marin-Neto, J.A.; Simões, M.V. Changes in myocardial perfusion correlate with deterioration
of left ventricular systolic function in chronic Chagas’ cardiomyopathy. JACC Cardiovasc. Imaging. 2009, 2, 164–172. [CrossRef]

145. Andrade, J.P.; Marin Neto, J.A.; Paola, A.A.V.; Vilas-Boas, F.; Oliveira, G.M.M.; Bacal, F.; Bocchi, E.A.; Almeida, D.R.; Fragata Filho,
A.A.; Moreira, M.C.V.; et al. I Latin American Guidelines for the diagnosis and treatment of Chagas’ heart disease: Executive
summary. Arq. Bras. Cardiol. 2011, 96, 434–442. [CrossRef] [PubMed]

146. Pereira Nunes, M.C.; Barbosa, M.M.; Ribeiro, A.L.P.; Amorim Fenelon, L.M.; Rocha, M.O.C. Predictors of mortality in patients
with dilated cardiomyopathy: Relevance of chagas disease as an etiological factor. Rev. Esp. Cardiol. 2010, 63, 788–797.

147. Nunes, M.C.P.; Barbosa, M.M.; Rocha, M.O.C. Peculiar aspects of cardiogenic embolism in patients with Chagas’ cardiomyopathy:
A transthoracic and transesophageal echocardiographic study. J. Am. Soc. Echocardiogr. 2005, 18, 761–767. [CrossRef]

148. Nunes, M.C.P.; Barbosa, M.M.; Ribeiro, A.L.P.; Barbosa, F.B.L.; Rocha, M.O. Ischemic cerebrovascular events in patients with
Chagas cardiomyopathy: A prospective follow-up study. J. Neurol. Sci. 2009, 278, 96–101. [CrossRef] [PubMed]

149. Nunes, M.C.P.; Kreuser, L.J.; Ribeiro, A.L.; Sousa, G.; Costa, H.; Botoni, F.A.; De Souza, A.C.; Marques, V.E.G.; Fernandez, A.B.;
Teixeira, A.L.; et al. Prevalence and Risk Factors of Embolic Cerebrovascular Events Associated with Chagas Heart Disease. Glob.
Heart 2015, 10, 151–157. [CrossRef]

150. Dias, J.O., Jr.; da Costa Rocha, M.O.; de Souza, A.C.; Kreuser, L.J.; de Souza Dias, L.A.; Tan, T.C.; Teixeira, A.L.; Nunes, M.C.P.
Assessment of the source of ischemic cerebrovascular events in patients with Chagas disease. Int. J. Cardiol. 2014, 176, 1352–1354.
[CrossRef] [PubMed]

151. Porcello Marrone, L.C.; Farina Brunelli, J.P.; Lutzky Saute, R.; Henrique Tomasi, G.; Cecchele Madeira, B.; Alves Martins, W.;
Dupont Rohr, R.; Hech, A.P.; Botton, L.R.; Martins de Castro, M.; et al. Cardioembolic sources in stroke patients in South of Brazil.
Thrombosis 2014, 2014, 753780. [CrossRef]

152. Acquatella, H. Echocardiography in Chagas Heart Disease. Circulation 2007, 115, 1124–1131. [CrossRef]
153. Romano, M.M.D.; Moreira, H.; Schmidt, A.; Maciel, B.C.; Marin-Neto, J.A. Imaging Diagnosis of Right Ventricle Involvement in

Chagas Cardiomyopathy. BioMed Res. Int. 2017, 2017, 1–14. [CrossRef] [PubMed]
154. Moreira, H.T.; Volpe, G.J.; Marin-Neto, J.A.; Ambale-Venkatesh, B.; Nwabuo, C.C.; Trad, H.S.; Romano, M.M.; Pazin-Filho, A.;

Maciel, B.C.; Lima, J.A.; et al. Evaluation of Right Ventricular Systolic Function in Chagas Disease Using Cardiac Magnetic
Resonance Imaging. Circ. Cardiovasc. Imaging 2017, 10, e005571. [CrossRef] [PubMed]

155. Moreira, H.T.; Volpe, G.J.; Marin-Neto, J.A.; Nwabuo, C.; Ambale-Venkatesh, B.; Gali, L.G.; Almeida-Filho, O.C.; Romano,
M.M.; Pazin-Filho, A.; Maciel, B.C.; et al. Right Ventricular Systolic Dysfunction in Chagas Disease Defined by Speckle-Tracking
Echocardiography: A Comparative Study with Cardiac Magnetic Resonance Imaging. J. Am. Soc. Echocardiogr. 2017, 30, 493–502.
[CrossRef]

156. Rochitte, C.E.; Oliveira, P.F.; Andrade, J.M.; Ianni, B.M.; Parga, J.R.; Ávila, L.F.; Kalil-Filho, R.; Mady, C.; Meneghetti, J.C.; Lima,
J.A.; et al. Myocardial Delayed Enhancement by Magnetic Resonance Imaging in Patients with Chagas’ Disease: A Marker of
Disease Severity. J. Am. Coll. Cardiol. 2005, 46, 1553–1558. [CrossRef] [PubMed]

http://doi.org/10.15420/cfr.2016:14:2
http://doi.org/10.1111/j.1542-474X.2006.00054.x
http://doi.org/10.1111/jce.14162
http://doi.org/10.1111/jce.14015
http://doi.org/10.2967/jnumed.110.082032
http://www.ncbi.nlm.nih.gov/pubmed/21441532
http://doi.org/10.1007/s12350-016-0556-6
http://doi.org/10.1590/s0066-782x2001000100008
http://doi.org/10.15420/aer.2020.27
http://www.ncbi.nlm.nih.gov/pubmed/33437484
http://www.ncbi.nlm.nih.gov/pubmed/1341144
http://doi.org/10.1590/S0100-879X2006000400008
http://doi.org/10.1016/j.jcmg.2008.09.012
http://doi.org/10.1590/S0066-782X2011000600002
http://www.ncbi.nlm.nih.gov/pubmed/21789345
http://doi.org/10.1016/j.echo.2005.01.026
http://doi.org/10.1016/j.jns.2008.12.015
http://www.ncbi.nlm.nih.gov/pubmed/19162278
http://doi.org/10.1016/j.gheart.2015.07.006
http://doi.org/10.1016/j.ijcard.2014.07.266
http://www.ncbi.nlm.nih.gov/pubmed/25131915
http://doi.org/10.1155/2014/753780
http://doi.org/10.1161/CIRCULATIONAHA.106.627323
http://doi.org/10.1155/2017/3820191
http://www.ncbi.nlm.nih.gov/pubmed/28929112
http://doi.org/10.1161/CIRCIMAGING.116.005571
http://www.ncbi.nlm.nih.gov/pubmed/28289020
http://doi.org/10.1016/j.echo.2017.01.010
http://doi.org/10.1016/j.jacc.2005.06.067
http://www.ncbi.nlm.nih.gov/pubmed/16226184


Pathogens 2021, 10, 1493 29 of 32

157. Lee-Felker, S.; Thomas, M.; Felker, E.; Traina, M.; Salih, M.; Hernandez, S.; Bradfield, J.; Lee, M.; Meymandi, S. Value of cardiac
MRI for evaluation of chronic Chagas disease cardiomyopathy. Clin. Radiol. 2016, 71, 618.e1–618.e7. [CrossRef] [PubMed]

158. Volpe, G.J.; Moreira, H.T.; Trad, H.S.; Wu, K.; Braggion-Santos, M.F.; Santos, M.K.; Maciel, B.C.; Pazin, A.T.; Marin-Neto, J.A.;
Lima, J.A.; et al. Presence of scar by late gadolinium enhancement is a strong predictor of events in Chagas Heart Disease. J.
Cardiovasc. Magn. Reson. 2014, 16, P343. [CrossRef]

159. Senra, T.; Ianni, B.M.; Costa, A.C.; Mady, C.; Filho, M.M.; Kalil-Filho, R.; Rochitte, C.E. Long-Term Prognostic Value of Myocardial
Fibrosis in Patients with Chagas Cardiomyopathy. J. Am. Coll. Cardiol. 2018, 72, 2577–2587. [CrossRef]

160. Duran-Crane, A.; Rojas, C.A.; Cooper, L.T.; Medina, H.M. Cardiac magnetic resonance imaging in Chagas’ disease: A parallel
with electrophysiologic studies. Int. J. Cardiovasc. Imaging 2020, 36, 2209–2219. [CrossRef]

161. Bocchi, E.A.; Kalil, R.; Bacal, F.; de Lourdes Higuchi, M.; Meneghetti, C.; Magalhães, A.; Belotti, G.; Ramires, J.A.F. Magnetic
Resonance Imaging in Chronic Chagas’ Disease: Correlation with Endomyocardial Biopsy Findings and Gallium-67 Cardiac
Uptake. Echocardiography 1998, 15, 279–288. [CrossRef]

162. Diaz, A.; Diaztagle, J.J.; Olaya, A.; Mora, G.; López-Lima, I.; Ayala, C.; Infante, G.P.P.; Galizio, N.; Manrique, F.T.; Forero, J.F.; et al.
Cardiovascular Magnetic Resonance Imaging Evidence of Edema in Chronic Chagasic Cardiomyopathy. Cardiol. Res. Pr. 2019,
2019, 1–8. [CrossRef]

163. Pinheiro, M.V.T.; Moll-Bernardes, R.J.; Camargo, G.C.; Siqueira, F.P.; Filho, C.D.A.; De Holanda, M.T.; Mendes, F.D.S.N.S.;
Sangenis, L.H.C.; Mediano, M.F.F.; De Sousa, A.S. Associations between Cardiac Magnetic Resonance T1 Mapping Parameters
and Ventricular Arrhythmia in Patients with Chagas Disease. Am. J. Trop. Med. Hyg. 2020, 103, 745–751. [CrossRef]

164. Sousa, A.S.; Derenne, M.E.; Hasslocher-Moreno, A.M.; Xavier, S.S.; Gottlieb, I. Myocardial Edema without Fibrosis by Magnetic
Resonance T2 Mapping in Acute Chagas’ Myocarditis. Arq. Bras. Cardiol. 2017, 109, 378–379. [CrossRef]

165. Morillo, C.; Marin-Neto, J.A.; Avezum, A.; Sosa-Estani, S.; Rassi, A.; Rosas, F.; Villena, E.; Quiroz, R.; Bonilla, R.; Britto, C.; et al.
Randomized Trial of Benznidazole for Chronic Chagas’ Cardiomyopathy. N. Engl. J. Med. 2015, 373, 1295–1306. [CrossRef]
[PubMed]

166. Bestetti, R.B.; Theodoropoulos, T.A.; Cardinalli-Neto, A.; Cury, P.M. Treatment of chronic systolic heart failure secondary to
Chagas heart disease in the current era of heart failure therapy. Am. Hear. J. 2008, 156, 422–430. [CrossRef] [PubMed]

167. Martinez, F.; Perna, E.; Perrone, S.V.; Liprandi, A.S. Chagas Disease and Heart Failure: An Expanding Issue Worldwide. Eur.
Cardiol. Rev. 2019, 14, 82–88. [CrossRef]

168. Mcmurray, J.J.V.; Packer, M.; Desai, A.S.; Gong, J.; Lefkowitz, M.P.; Rizkala, A.R.; Rouleau, J.L.; Shi, V.C.; Solomon, S.D.; Swedberg,
K.; et al. Angiotensin–Neprilysin Inhibition versus Enalapril in Heart Failure. N. Engl. J. Med. 2014, 371, 993–1004. [CrossRef]

169. Mcmurray, J.; Krum, H.; Abraham, W.T.; Dickstein, K.; Køber, L.V.; Desai, A.S.; Solomon, S.D.; Greenlaw, N.; Ali, M.A.; Chiang, Y.;
et al. Aliskiren, Enalapril, or Aliskiren and Enalapril in Heart Failure. N. Engl. J. Med. 2016, 374, 1521–1532. [CrossRef] [PubMed]

170. Martí-Carvajal, A.J.; Kwong, J.S.W. Pharmacological interventions for treating heart failure in patients with Chagas cardiomyopa-
thy. Cochrane Database Syst. Rev. 2016, 2016, CD009077. [CrossRef] [PubMed]

171. Martinelli, M.; Rassi, A.; Marin-Neto, J.A.; De Paola, A.A.V.; Berwanger, O.; Scanavacca, M.I.; Kalil, R.; De Siqueira, S.F. CHronic
use of Amiodarone aGAinSt Implantable cardioverter-defibrillator therapy for primary prevention of death in patients with
Chagas cardiomyopathy Study: Rationale and design of a randomized clinical trial. Am. Hear. J. 2013, 166, 976–9820000.
[CrossRef]

172. Gali, W.L.; Sarabanda, A.V.; Baggio, J.M.; Ferreira, L.G.; Gomes, G.G.; Marin-Neto, J.A.; Junqueira, L.F. Implantable cardioverter-
defibrillators for treatment of sustained ventricular arrhythmias in patients with Chagas’ heart disease: Comparison with a
control group treated with amiodarone alone. Europace 2014, 16, 674–680. [CrossRef]

173. Rassi, F.M.; Minohara, L.; Rassi, A.; Correia, L.C.L.; Marin-Neto, J.A.; Menezes, A.D.S. Systematic Review and Meta-Analysis
of Clinical Outcome After Implantable Cardioverter-Defibrillator Therapy in Patients with Chagas Heart Disease. JACC Clin.
Electrophysiol. 2019, 5, 1213–1223. [CrossRef]

174. Moreira, L.F.P.; Galantier, J.; Benício, A.; Leirner, A.A.; Cestari, I.A.; Stolf, N.A. Left Ventricular Circulatory Support as Bridge to
Heart Transplantation in Chagas’ Disease Cardiomyopathy. Artif. Organs 2007, 31, 253–258. [CrossRef] [PubMed]

175. Ruzza, A.; Czer, L.; De Robertis, M.; Luthringer, D.; Moriguchi, J.; Kobashigawa, J.; Trento, A.; Arabia, F. Total Artificial Heart
as Bridge to Heart Transplantation in Chagas Cardiomyopathy: Case Report. Transplant. Proc. 2016, 48, 279–281. [CrossRef]
[PubMed]

176. Rodriguez, J.F.V.; Medina, H.M.; Cabrales, J.R.; Torres, A.G. MitraClip®as bridging strategy for heart transplantation in Chagas
cardiomyopathy: A case report. Eur. Hear. J. Case Rep. 2020, 4, 1–5. [CrossRef] [PubMed]

177. Benatti, R.D.; Oliveira, G.H.; Bacal, F. Heart Transplantation for Chagas Cardiomyopathy. J. Hear. Lung Transplant. 2017, 36,
597–603. [CrossRef] [PubMed]

178. Kransdorf, E.P.; Zakowski, P.C.; Kobashigawa, J. Chagas disease in solid organ and heart transplantation. Curr. Opin. Infect. Dis.
2014, 27, 418–424. [CrossRef]

179. Ramalho, A.R.; Prieto, D.; Antunes, P.; Franco, F.; Antunes, M.J. Heart transplantation for Chagas cardiomyopathy. Rev. Port.
Cardiol. 2017, 36, 871.e1–871.e4. [CrossRef] [PubMed]

180. Moreira, M.C.V.; Renan Cunha-Melo, J. Chagas Disease Infection Reactivation after Heart Transplant. Trop. Med. Infect. Dis. 2020,
5, E106. [CrossRef]

http://doi.org/10.1016/j.crad.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/27017480
http://doi.org/10.1186/1532-429X-16-S1-P343
http://doi.org/10.1016/j.jacc.2018.08.2195
http://doi.org/10.1007/s10554-020-01925-2
http://doi.org/10.1111/j.1540-8175.1998.tb00608.x
http://doi.org/10.1155/2019/6420364
http://doi.org/10.4269/ajtmh.20-0122
http://doi.org/10.5935/abc.20170113
http://doi.org/10.1056/NEJMoa1507574
http://www.ncbi.nlm.nih.gov/pubmed/26323937
http://doi.org/10.1016/j.ahj.2008.04.023
http://www.ncbi.nlm.nih.gov/pubmed/18760121
http://doi.org/10.15420/ecr.2018.30.2
http://doi.org/10.1056/NEJMoa1409077
http://doi.org/10.1056/NEJMoa1514859
http://www.ncbi.nlm.nih.gov/pubmed/27043774
http://doi.org/10.1002/14651858.CD009077.pub3
http://www.ncbi.nlm.nih.gov/pubmed/27388039
http://doi.org/10.1016/j.ahj.2013.08.027
http://doi.org/10.1093/europace/eut422
http://doi.org/10.1016/j.jacep.2019.07.003
http://doi.org/10.1111/j.1525-1594.2007.00372.x
http://www.ncbi.nlm.nih.gov/pubmed/17437492
http://doi.org/10.1016/j.transproceed.2015.12.017
http://www.ncbi.nlm.nih.gov/pubmed/26915885
http://doi.org/10.1093/ehjcr/ytz238
http://www.ncbi.nlm.nih.gov/pubmed/32467867
http://doi.org/10.1016/j.healun.2017.02.006
http://www.ncbi.nlm.nih.gov/pubmed/28284779
http://doi.org/10.1097/QCO.0000000000000088
http://doi.org/10.1016/j.repc.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/29162358
http://doi.org/10.3390/tropicalmed5030106


Pathogens 2021, 10, 1493 30 of 32

181. Benvenuti, L.A.; Roggério, A.; Nishiya, A.S.; Mangini, S.; Levi, J.E. Sequential measurement of Trypanosoma cruzi parasitic load in
endomyocardial biopsies for early detection and follow-up of Chagas disease reactivation after heart transplantation. Transpl.
Infect. Dis. 2020, 22, e13209. [CrossRef]

182. Gray, E.B.; La Hoz, R.; Green, J.S.; Vikram, H.R.; Benedict, T.; Rivera, H.; Montgomery, S.P. Reactivation of Chagas disease among
heart transplant recipients in the United States, 2012–2016. Transpl. Infect. Dis. 2018, 20, e12996. [CrossRef]

183. Campos, S.V.; Strabelli, T.M.V.; Neto, V.A.; Silva, C.P.; Bacal, F.; Bocchi, E.A.; Stolf, N.A.G. Risk Factors for Chagas’ Disease
Reactivation After Heart Transplantation. J. Hear. Lung Transplant. 2008, 27, 597–602. [CrossRef]

184. De Oliveira, R.B.; Troncon, L.E.; Dantas, R.O.; Menghelli, U.G. Gastrointestinal manifestations of Chagas’ disease. Am. J.
Gastroenterol. 1998, 93, 884–889. [CrossRef]

185. Perez-Ayala, A.; Pérez-Molina, J.A.; Norman, F.; Monge-Maillo, B.; Faro, M.V.; López-Vélez, R. Gastro-intestinal Chagas disease
in migrants to Spain: Prevalence and methods for early diagnosis. Ann. Trop. Med. Parasitol. 2011, 105, 25–29. [CrossRef]

186. Ferreira, M.S.; Nishioka, S.D.A.; Silvestre, M.T.A.; Borges, A.S.; Araújo, F.R.F.N.; Rocha, A. Reactivation of Chagas’ Disease in
Patients with AIDS: Report of Three New Cases and Review of the Literature. Clin. Infect. Dis. 1997, 25, 1397–1400. [CrossRef]
[PubMed]

187. Sartori, A.M.C.; Neto, J.E.; Nunes, E.V.; Braz, L.M.A.; Caiaffa-Filho, H.H.; Oliveira, J.O.D.C.; Neto, V.A.; Shikanai-Yasuda, M.A.
Trypanosoma cruzi Parasitemia in Chronic Chagas Disease: Comparison between Human Immunodeficiency Virus (HIV)–Positive
and HIV-Negative Patients. J. Infect. Dis. 2002, 186, 872–875. [CrossRef]

188. Miles, M.; Póvoa, M.; Prata, A.; Cedillos, R.; De Souza, A.; Macedo, V. Do radically dissimilar Trypanosoma cruzi strains (Zymodemes)
cause Venezuelan and Brazilian forms of Chagas’ disease? Lancet 1981, 317, 1338–1340. [CrossRef]

189. Meneghelli, U.G. Chagas’ disease: A model of denervation in the study of digestive tract motility. Braz. J. Med Biol. Res. 1985, 18,
255–264.

190. Dantas, R.O.; De Godoy, R.A. The lower esophageal sphincter in patients with Chagas’ disease with peristalsis and aperistalsis.
Arq. Gastroenterol. 1983, 20, 13–16. [PubMed]

191. Da Silveira, A.B.M.; Arantes, R.M.E.; Vago, A.R.; Lemos, E.M.; Adad, S.J.; Correa-Oliveira, R.; D’Avila Reis, D. Comparative study
of the presence of Trypanosoma cruzi kDNA, inflammation and denervation in chagasic patients with and without megaesophagus.
Parasitology 2005, 131, 627–634. [CrossRef]

192. Vazquez, B.P.; Vazquez, T.P.; Miguel, C.B.; Rodrigues, W.F.; Mendes, M.T.; De Oliveira, C.J.F.; Chica, J.E.L. Inflammatory responses
and intestinal injury development during acute Trypanosoma cruzi infection are associated with the parasite load. Parasites Vectors
2015, 8, 1–12. [CrossRef]

193. Miles, M.A.; Feliciangeli, M.D.; De Arias, A.R. American trypanosomiasis (Chagas’ disease) and the role of molecular epidemiol-
ogy in guiding control strategies. BMJ 2003, 326, 1444–1448. [CrossRef]

194. Pereira, N.S.; Queiroga, T.B.D.; Silva, D.D.; Nascimento, M.S.L.; Andrade, C.M.; Souto, J.T.; Ricci, M.F.; Arantes, R.M.E.; Zamboni,
D.S.; Chiara, E.; et al. NOD2 receptor is crucial for protecting against the digestive form of Chagas disease. PLoS Negl. Trop. Dis.
2020, 14, e0008667. [CrossRef]

195. Robello, C.; Maldonado, D.P.; Hevia, A.; Hoashi, M.; Frattaroli, P.; Montacutti, V.; Heguy, A.; Dolgalev, I.; Mojica, M.; Iraola,
G.; et al. The fecal, oral, and skin microbiota of children with Chagas disease treated with benznidazole. PLoS ONE 2019, 14,
e0212593.

196. De Souza-Basqueira, M.; Ribeiro, R.M.; de Oliveira, L.C.; Moreira, C.H.V.; Martins, R.C.R.; Franco, D.C.; Amado, P.P.P.; Mayer,
M.P.P.; Sabino, E.C. Gut Dysbiosis in Chagas Disease. A Possible Link to the Pathogenesis. Front. Cell. Infect. Microbiol. 2020, 10,
402. [CrossRef] [PubMed]

197. Duarte-Silva, E.; Morais, L.H.; Clarke, G.; Savino, W.; Peixoto, C. Targeting the Gut Microbiota in Chagas Disease: What Do We
Know so Far? Front. Microbiol. 2020, 11, 3083. [CrossRef] [PubMed]

198. Díaz, S.; Villavicencio, B.; Correia, N.; Costa, J.; Haag, K.L. Triatomine bugs, their microbiota and Trypanosoma cruzi: Asymmetric
responses of bacteria to an infected blood meal. Parasites Vectors 2016, 9, 1–11. [CrossRef]

199. Rassi, A.; de Rezende, J.M. Clinical and radiological evaluation of the esophagus and colon in the acute phase of Chagas disease
with Report of three cases of spontaneous remission of esophageal group I aperistalsis. Rev. Soc. Bras. Med. Trop. 2011, 44, 70–75.
[CrossRef] [PubMed]

200. Matsuda, N.M.; Miller, S.M.; Evora, P.R.B. The chronic gastrointestinal manifestations of Chagas disease. Clinics 2009, 64,
1219–1224. [CrossRef]

201. Boyce, H.W.; Bakheet, M.R. Sialorrhea: A review of a vexing, often unrecognized sign of oropharyngeal and esophageal disease. J.
Clin. Gastroenterol. 2005, 39, 89–97.

202. Tyler, I.; Birmingham, C.L. The interrater reliability of physical signs in patients with eating disorders. Int. J. Eat. Disord. 2001, 30,
343–345. [CrossRef] [PubMed]

203. Price, C.; Schmidt, M.A.; Adam, E.J.; Lacey, H. Parotid gland enlargement in eating disorders: An insensitive sign? Eat. Weight.
Disord. Stud. Anorexia Bulim. Obes. 2008, 13, e79–e83. [CrossRef]

204. Torres-Aguilera, M.; Remes-Troche, J.M.; Roesch-Dietlen, F.; Vázquez-Jiménez, J.G.; De La Cruz-Patiño, E.; Grube-Pagola, P.;
Ruiz-Juárez, I. Esophageal motor disorders in asymptomatic subjects with Trypanosoma cruzi infection. Rev. Gastroenterol. México
2011, 76, 199–208.

http://doi.org/10.1111/tid.13209
http://doi.org/10.1111/tid.12996
http://doi.org/10.1016/j.healun.2008.02.017
http://doi.org/10.1111/j.1572-0241.1998.270_r.x
http://doi.org/10.1179/136485910X12851868780423
http://doi.org/10.1086/516130
http://www.ncbi.nlm.nih.gov/pubmed/9431385
http://doi.org/10.1086/342510
http://doi.org/10.1016/S0140-6736(81)92518-6
http://www.ncbi.nlm.nih.gov/pubmed/6414443
http://doi.org/10.1017/S0031182005008061
http://doi.org/10.1186/s13071-015-0811-8
http://doi.org/10.1136/bmj.326.7404.1444
http://doi.org/10.1371/journal.pntd.0008667
http://doi.org/10.3389/fcimb.2020.00402
http://www.ncbi.nlm.nih.gov/pubmed/32974213
http://doi.org/10.3389/fmicb.2020.585857
http://www.ncbi.nlm.nih.gov/pubmed/33362735
http://doi.org/10.1186/s13071-016-1926-2
http://doi.org/10.1590/S0037-86822011000100016
http://www.ncbi.nlm.nih.gov/pubmed/21340412
http://doi.org/10.1590/S1807-59322009001200013
http://doi.org/10.1002/eat.1094
http://www.ncbi.nlm.nih.gov/pubmed/11767717
http://doi.org/10.1007/BF03327509


Pathogens 2021, 10, 1493 31 of 32

205. Agrawal, A.; Hila, A.; Tutuian, R.; Castell, D.O. Manometry and Impedance Characteristics of Achalasia. Facts and Myths. J. Clin.
Gastroenterol. 2008, 42, 266–270. [CrossRef] [PubMed]

206. Sánchez-Montalvá, A.; Moris, M.; Mego, M.; Salvador, F.; Accarino, A.; Ramírez, K.; Azpiroz, F.; Ruiz-De-Leon, A.; Molina, I.
High Resolution Esophageal Manometry in Patients with Chagas Disease: A Cross-Sectional Evaluation. PLoS Negl. Trop. Dis.
2016, 10, e0004416. [CrossRef]

207. Martins, P.; Ferreira, C.S.; Cunha-Melo, J.R. Esophageal transit time in patients with chagasic megaesophagus: Lack of linear
correlation between dysphagia and grade of dilatation. Medicine 2018, 97, e0084. [CrossRef] [PubMed]

208. Barros, F.; Soares, J.C.A.; Barros, F.P.; Sangenis, L.H.C.; Silva, G.M.S.; Fonseca, A.B.M.; Hasslocher-Moreno, A.M.; Sousa, A.S.;
Saraiva, M.R.; Mediano, M.F.F. Agreement between upper endoscopy and esophagography in the diagnosis of megaesophagus in
Chagas disease. Rev. Soc. Bras. Med. Trop. 2019, 52, e20180258. [CrossRef]

209. Borges Migliavaca, C.; Stein, C.; Colpani, V.; René Pinto de Sousa Miguel, S.; Nascimento Cruz, L.; Oliveira Dantas, R.; Falavigna,
M. Isosorbide and nifedipine for Chagas’ megaesophagus: A systematic review and meta-analysis. PLoS Negl. Trop. Dis. 2018, 12,
e0006836. [CrossRef]

210. Dantas, R.O. Management of Esophageal Dysphagia in Chagas Disease. Dysphagia 2021, 36, 517–522. [CrossRef]
211. Pantanali, C.A.R.; Herbella, F.A.M.; Henry, M.A.; Mattos Farah, J.F.; Patti, M.G. Laparoscopic Heller myotomy and fundoplication

in patients with Chagas’ disease achalasia and massively dilated esophagus. Am. Surg. 2013, 79, 72–75. [CrossRef]
212. Oliveira, R.B.; Troncon, L.E.A.; Meneghelli, U.G.; Padovan, W.; Dantas, R.O.; de Godoy, R.A. Impaired gastric accommodation to

distension and rapid gastric emptying in patients with Chagas’ disease. Dig. Dis. Sci. 1980, 25, 790–794. [CrossRef]
213. Troncon, L.E.; Oliveira, R.; Meneghelli, U.G.; Dantas, R.O.; Godoy, R.A. Plasma gastrin and gastric acid responses to insulin

hypoglycemia in Chagas’ disease. Braz. J. Med Biol. Res. 1985, 18, 273–278.
214. Troncon, L.E.; Oliveira, R.B.; Meneghelli, U.G.; Dantas, R.O.; Godoy, R.A. Fasting and food-stimulated plasma gastrin levels in

chronic Chagas’ disease. Digestion 1984, 29, 171–176. [CrossRef]
215. Rezende Filho, J.; De Rezende, J.M.; Melo, J.R.D.C. Electrogastrography in patients with Chagas’ disease. Dig. Dis. Sci. 2005, 50,

1882–1888. [CrossRef]
216. Troncon, L.E.A.; Oliveira, R.B.; Romanello, L.M.F.; Rosa-e-Silva, L.; Pinto, M.C.C.; Iazigi, N. Abnormal progression of a liquid

meal through the stomach and small intestine in patients with Chagas’ disease. Dig. Dis. Sci. 1993, 38, 1511–1517. [CrossRef]
217. Pinotti, H.W.; Felix, V.N.; Zilberstein, B.; Cecconello, I. Surgical complications of Chagas’ disease: Megaesophagus, achalasia of

the pylorus, and cholelithiasis. World J. Surg. 1991, 15, 198–204. [CrossRef] [PubMed]
218. Crema, E.; Ribeiro, L.B.P.; Adad, S.J.; Ectchebehere, R.M.; Júnior, A.M.; Silva, A.A. Gallbladder neuron count in cholelithiasis

patients with and without Chagas disease. Rev. Soc. Bras. Med. Trop. 2007, 40, 15–17. [CrossRef]
219. Villanova, M.G.; Meneghelli, U.G.; Dantas, R.O. Gallbladder motor function in chagasic patients with megacolon and/or

megaesophagus. Digestion 1987, 36, 189–194. [CrossRef]
220. De Oliveira, L.C.; Nascimento, R.S.; Rocha, A.; Gonçalves, E.G.; da Silva, J.M.; de Oliveira, V.A.; Ferreira, R.M.; Buso, A.G.

Cholelithiasis in chronic Chageas’ disease patients. Arq. Gastroenterol. 1997, 34, 222–226. [PubMed]
221. Rocha, A.; Almeida, H.O.; Teixeira, V.P.; da Silva, A.M. Prevalence of cholelithiasis in necropsies of patients with chronic Chagas’

disease in the mining triangle–correlation with megaesophagus, megacolon and cardiac insufficiency. Arq. Gastroenterol. 1985, 22,
3–6.

222. Aprile, L.R.; Troncon, L.E.; Meneghelli, U.G.; De Oliveira, R.B. Small bowel bacterial overgrowth syndrome in chagasic megaje-
junum: Report of 2 cases. Arq. Gastroenterol. 1995, 32, 71–78.

223. Troncon, L.E.; Aprile, L.R.; Oliveira, R.; Iazigi, N. Abnormally rapid gastric emptying of an isosmotic liquid meal in patients with
megaduodenum. Dig. Dis. Sci. 2000, 45, 2145–2150. [CrossRef]

224. Oliveira, R.; Meneghelli, U.G.; De Godoy, R.A.; Dantas, R.O.; Padovan, W. Abnormalities of interdigestive motility of the small
intestine in patients with Chagas’ disease. Dig. Dis. Sci. 1983, 28, 294–299. [CrossRef]

225. Campos, J.V.; Tafuri, W.L. Chagas enteropathy. Gut 1973, 14, 910–919. [CrossRef]
226. Meneghelli, U.G. Chagasic enteropathy. Rev. Soc. Bras. Med. Trop. 2004, 37, 252–260. [CrossRef] [PubMed]
227. Bern, C.; Montgomery, S.P.; Herwaldt, B.L.; Rassi, A.; Marin-Neto, J.A.; Dantas, R.O.; Maguire, J.H.; Acquatella, H.; Morillo,

C.; Kirchhoff, L.V.; et al. Evaluation and treatment of chagas disease in the United States: A systematic review. Jama 2007, 298,
2171–2181. [CrossRef]

228. Adad, S.J.; Cançado, C.G.; Etchebehere, R.M.; Teixeira, V.P.A.; Gomes, U.A.; Chapadeiro, E.; Lopes, E.R. Neuron count reevaluation
in the myenteric plexus of chagasic megacolon after morphometric neuron analysis. Virchows Arch. 2001, 438, 254–258. [CrossRef]

229. Iantorno, G.; Bassotti, G.; Kogan, Z.; Lumi, C.M.; Cabanne, A.M.; Fisogni, S.; Varrica, L.M.; Bilder, C.R.; Muňoz, J.P.; Liserre, B.;
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