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Brazil, 2 Laboratório de Hansenı́ase, Instituto Oswaldo Cruz/Fiocruz, Rio de Janeiro, Rio de Janeiro, Brazil,
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Abstract

Chagas disease (CD), a neglected tropical disease, is caused by infection by the protozoan

Trypanosoma cruzi. One-third of CD patients develop cardiac disease (CARD), an inflam-

matory and fibrotic process that may progress to heart failure associated with reduced left

ventricular ejection fraction (LVEF). The determinants of CD progression are still uncertain.

In non-infectious conditions, the angiotensin-converting enzyme (ACE) functional insertion

(I)/deletion (D) and type 1 angiotensin II receptor (AT1R) +1166A>C gene polymorphisms

have been linked to clinical outcomes. In a Brazilian cohort of 402 patients with positive

serology for CD, in a case-control study we used PCR for genotyping the ACE rs4646994 I/

D and AGTR1 rs5182C>T, rs275653 -119C>T, rs2131127A>G and rs5186 +1166A>C poly-

morphisms to evaluate association with CARD and progression to heart failure. Patients

were classified as non-CARD (stage A; 109), and mild (stage B1; 161) or severe (stage C;

132) CARD. The groups were compared using unconditional logistic regression analysis

and adjusted for non-genetic covariates (age, gender, and trypanocidal treatment). ACE II

genotype appeared less frequent in C patients (15% in C vs 20% in B1 and 27% in A). After

covariate adjustments, the ACE D allele showed a borderline association with susceptibility

to severe CARD (C vs A: OR = 1.9; P = 0.08). AGTR1 +1166AC genotype showed a border-

line association with protection against the progression and severity of CARD (C vs A: OR =
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0.6; P = 0.09; C vs B1: OR = 0.6; P = 0.07; C vs A + B1: OR = 0.6; P = 0.05). However,

adjustments for multiple comparisons showed no association of ACE I/D and AGTR1 poly-

morphisms with susceptibility and severity of CARD. The rs275653/rs2131127/rs5186/

rs5182 T/A/C/T haplotype was protective against progression to the severe form of CARD

(C vs B1: OR = 0.3; P = 0.03). Moreover, patients with ACE II and AGTR1 rs5186 +1166AC

genotypes presented higher LVEF%. In C patients, TNF serum levels were higher in ACE D

carriers than in II genotype. Although limited in number, a cross-sectional observation sug-

gests that C-stage patients treated with benznidazole years prior to administration of ACE

inhibitors/AT1R antagonists show reduced TNF serum levels and improved LVEF%. There-

fore, variants of ACE and AGTR1 genes may influence the outcome of Chagas’ heart dis-

ease and should be explored in precision medicine. Further, pharmacotherapies may

improve immunological abnormality and clinical outcome in CD patients. Altogether, these

data support prospective studies of this cohort and replication in other cohorts.

Author summary

It is estimated that 6–7 million individuals worldwide are infected with Trypanosoma
cruzi, the etiologic agent of Chagas disease (CD), a neglected illness that impacts public

health. Chronic cardiopathy is the most severe manifestation of CD, an inflammatory and

fibrotic process that can progress to heart failure with reduced left ventricular ejection

fraction (LVEF). Host genetics may be a determining factor in the progression of CD. In a

group of chronic CD patients, we evaluated genetic polymorphisms of members of the

renin-angiotensin system (ACE I/D; AGTR1 variants), essential in regulating blood pres-

sure and cardiovascular events. ACE D allele carriers and AGTR1 rs5186 +1166AA geno-

type present worse LVEF. Thus, variants of ACE and AT1R genes may be involved in the

outcome of Chagas’ heart disease. Although studying a low number of patients with severe

cardiopathy, our data suggest that etiological treatment years before therapy with cardio-

protectors (ACE inhibitors/AT1R blockers) reduced serum levels of TNF, an inflamma-

tory cytokine important in cardiac pathology, and improved LVEF. This paves the way for

ACE and AGTR1 genotyping, and adoption of therapeutic regimens may be explored as

strategies for precision medicine in CD patients. Replicating of these findings in other

cohorts is essential.

Introduction

Chagas disease (CD) is a neglected tropical disease caused by infection by the protozoan para-

site Trypanosoma cruzi, typically transmitted in a vector-borne way. According to the World

Health Organization, 6–7 million people are infected worldwide, mainly in endemic areas of

Latin America [1]. In recent decades, the epidemiological profile of CD has changed due to

immigration to North America, Europe, and Asia [2]. Prevention efforts focus on vector con-

trol, housing improvement and epidemiological surveillance, mainly based on screening of

blood products [3], while controlling congenital and food-borne transmissions remain a chal-

lenge [4]. Regardless of promising candidates [5,6], there are currently no prophylactic or ther-

apeutic vaccines to improve the prognosis of CD [7]. Benznidazole, the first-choice drug for

etiological treatment, effectively reduces the parasite load in both acute and chronic phases of
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CD [8]. In the acute phase, cure confirmed by negative serology is achieved in 60–80% of cases

[9,10]. However, as the acute infection is predominantly asymptomatic, valuable treatment

time is often lost [9]. Moreover, we face the challenge of diagnosing and providing treatment

and medical care to an estimated millions of chronically infected patients [4].

In the natural history of CD, the chronic phase’s clinical outcomes may range from the

indeterminate form in 60–70% of the individuals to the cardiac form (CARD) varying from

mild to severe in 20–30% of patients [10]. Moreover, progression from indeterminate to

CARD may range from 0.2 to 10.3%, with an annual average of 1.9% [11]. The factors deter-

mining the different clinical outcomes in CD remain to be unveiled, especially for patients

who will develop heart failure (HF) with reduced left ventricular ejection fraction (HFrEF), a

severe form of CARD with a poor prognosis [12]. Like other chronic heart diseases, and based

on the scenario of Chagas’ heart disease, studies on genetic biomarkers are mainly focused on

genes that encode cytokines, chemokines, and critical molecules for effector immune response.

However, controversial data have been obtained, and consensus on the association of genetic

biomarkers with the risk of onset or progression of CARD is lacking [13–16].

Angiotensin I-converting enzyme (ACE) is a zinc-carboxydipeptidase in a vital regulator of

blood pressure and vascular remodeling. ACE acts by converting the inactive angiotensin I to

active angiotensin II, a potent vasoconstrictor member of the renin-angiotensin system (RAS)

and an essential peptide for the pathophysiology of HF [17] and cardiac fibrosis [18]. ACE also

metabolizes other molecules, and the potent vasodilator bradykinin is degraded by ACE activ-

ity [19]. ACE gene variants have been associated with poor echocardiographic outcomes in

cardiomyopathies, risk of HF, and mortality, regardless of the etiology of the heart disease

[20–22]. The most studied ACE polymorphism (rs4646994) corresponds to the insertion (I)/

deletion (D) of 287 base pairs (bp) located in intron 16 that controls ACE expression through-

out a mechanism that remains elusive [23,24]. ACE I/D polymorphism explains 47% of the

variance in serum ACE activity [23]. Compared to ACE II, DD individuals have roughly twice

the levels of ACE on the plasma membrane of leukocytes [25], and serum ACE concentration

and activity [26]. DD genotype is also related to increased angiotensin II activity and bradyki-

nin degradation [25]. More recent study sustained the tri-modal frequency distribution of

ACE activity in serum expected to the ACE II, ID, DD genotypes, in the absence of ACE inhib-

itor (ACEi) [27]. Interestingly, ACE II genotype and lower plasma angiotensin II levels have

been associated with a greater and longer lasting response to the hydrophilic ACEi enalapril

[28]. Although the role of ACE I/D genotypes in clinical outcomes has been challenged [29], a

recent systematic review supports to association of ACE I/D polymorphism with cardiovascu-

lar adversities [30]. In a Brazilian cohort, DD and DI genotypes were correlated with decreased

left ventricular ejection fraction (LVEF) in patients with ischemic HF [31]. Alterations of RAS-

controlled physiological processes are pivotal traits of Chagas’ heart disease [10]. A study with

a limited number of Venezuelan CD patients revealed no association between ACE I/D poly-

morphism and CARD progression [32]. In a Brazilian cohort of 193 patients, ACE I/D variants

did not help to establish a relation with clinical manifestations in HF secondary to CD [33].

More recently, we studied 343 Brazilian CD patients, showing that ACE DD genotype/D carri-

ers were more prevalent in CARD patients with HF [16].

RAS’s main non-beneficial biological effects are mediated by sustained activation of the

angiotensin II type 1 receptor (AT1R). Several single nucleotide polymorphisms (SNP) of the

AGTR1 gene have been described. Functionally, AT1R mRNA and protein expression is signif-

icantly higher for carriers of the AGTR1 rs5186 +1166 CC genotype compared to AA and AC

genotypes [34]. Furthermore, rs5186 +1166 AC/CC genotypes were more present in patients

with left ventricular dysfunction than those without this alteration [35]. A recent study showed

that the AGTR1 rs275653 AA genotype reduced the risk of small artery occlusion strokes,
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although it did not affect AT1R expression [36]. Additionally, the AGTR1 rs5182 CC genotype

was correlated with a higher risk of developing hypertension in a cohort of Mexican individu-

als [37]. Functionally, AT1R stimulation induces endothelial dysfunction, increases vascular

inflammation, and promotes atherosclerosis [38]. AT1R signaling also participates in arterial

pressure disorders, heart inflammation, and fibrosis [39]. To date, AGTR1 polymorphisms

have not been evaluated in CD patients.

AT1R regulates the inflammatory response, leading to gene expression of cytokines, such as

tumor necrosis factor (TNF) [40]. Serum TNF levels increased in non-infectious HF. Elevated

serum levels of TNF were related to cachexia in patients with HF [41], while in ischemic car-

diomyopathy, high TNF plasma concentrations were detected in patients with reduced LVEF

[42]. In CD patients, increased TNF plasma concentrations were related to the severity of

CARD and the degree of reduction of LVEF [43,44]. Moreover, in the chronic phase of infec-

tion, TNF is considered a fingerprint of the systemic inflammatory response and an essential

biomarker of cardiac disorders in individuals with chronic chagasic cardiomyopathy [12,45].

Nonetheless, more recent studies challenged this concept [14,46].

In the present study, a group of 402 CD patients from Northeast Brazil was classified

according to the I Latin American Guideline for Chagas disease [47] and evaluated for associa-

tion of ACE I/D and AGTR1 rs 5182C>T, rs 275653C>T, rs 2131127A>G and rs 5186+-

1166A>C as risk factors for CARD, and progression to the severe form, particularly with

HFrEF. In CD, ACEi and angiotensin receptor blockers (ARB) are recommended to treat

chronically infected patients according to indicative clinical abnormalities [4,10,47]. In a

cross-sectional observational study, we assessed the effects of the etiological treatment with

benznidazole and therapies with ACEi/ARB on the TNF serum levels and the degree of LVEF

dysfunction.

Methods

Ethical statement

This study was carried out in accordance with the recommendations of the Ethics Committees

of Fiocruz/RJ (541/09) and PROCAPE/UPE (80210/10). All participants provided written

informed consent in accordance with the Declaration of Helsinki.

Study population

A group of 402 patients residing in the Northeast of Brazil was admitted in a case-control asso-

ciation study during a period of 5 years (2010–2015) at the Chagas Disease and Heart Failure

Outpatient Clinic of the Cardiology Emergency Department of Pernambuco (PROCAPE)/

University of the State of Pernambuco (UPE). At enrollment, 10 mL of peripheral blood was

collected to confirm serological diagnosis and DNA isolation. According to the “Brazilian

Consensus on Chagas disease” (2005) of the Brazilian Health Ministry [48], the serological

diagnosis of CD was determined by at least two independent tests, including enzyme-linked

immunosorbent assay (ELISA) and indirect immunofluorescence, performed by the Central

Reference Laboratory (LACEN) from Pernambuco, Brazil. The study did not include patients

under 18 years of age diagnosed with digestive and cardiodigestive forms of CD or diagnosed

with co-infections, alcohol users, and vulnerable populations (pregnant, Indigenous, Quilom-

bola, and chronic mental illness patients). In this cross-sectional observational study, patients

who consented to participate were evaluated by anamnesis, and the 12-lead electrocardiogram

(ECG; Ecafix, São Paulo, SP, Brazil) findings were recorded. Echocardiography (ECHO), two-

dimensional Doppler, and M-mode imaging were performed using a Vivid 3 (GE Health Care,

Wauwatosa, WI, USA) with digitally recorded images. Participants were classified according
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to the “I Latin American Guideline for the Diagnosis and Treatment of Chagas Heart Disease”

[47]. As previously described [14–16], and according to the evaluated criteria, patients were

classified as follows: stage A, a group of 109 patients without cardiac symptoms and with nor-

mal ECG and ECHO recordings; stage B1, a group of 161 patients without clinical signs of HF,

ECG or ECHO with segmental dysfunction, but with normal ventricular function; and stage

C, a group of 132 patients with clinical signs of HF, electrocardiographic changes and struc-

tural cardiomyopathy by ECHO assessment, including reduced LVEF (<45%; Simpson’s

method). Etiological treatment with the trypanocidal drug benznidazole, recommended to

chronically infected patients [48] was administered from 1 to 20 years before the inclusion of

the patients in the present study. Prescription and doses of other medications (ACEi, ARB,

beta-blocker, diuretic, others) were recommended according to individual clinical abnormali-

ties [47]. All data were obtained from Patient Registries. The S1 Table shows individual epide-

miological and clinical classifications and raw genotyping data of the 402 evaluated CD

patients. The S2 Table shows all data used to generate graphs.

DNA processing and genotyping

Genomic DNA was extracted from frozen blood samples using a modified salting-out precipi-

tation technique [49]. DNA from each sample was quantified using NanoDrop ND-1000 Spec-

trophotometer (NanoDrop Technologies, USA). The ACE I/D polymorphism (rs4646994) was

evaluated by conventional PCR using 25 ng yield DNA for each sample and 0.1 μM of the

5’CTGGAGACCACTCCCATCCTTTCT3’ and 50GATGTGGCCATCACATTCCGTCAG

AT30 primers with KAPA2G Fast HotStart PCRMix (Merck, USA) for a final reaction of

25 μL. The PCR conditions were as follows: 95˚C/3 minutes; 35 cycles of 95˚C/15s, 66˚C/15s

and 72˚C/5s, adapted from a previous publication [50]. The products were submitted to 2%

agarose gel electrophoresis. The genotyping was based on product sizes: a 490 bp fragment for

genotype II; two fragments, one of 490 and other of 190 bp for the heterozygous DI genotype;

and a 190 bp fragment for the DD genotype. AGTR1 SNPs were analyzed using TaqMan geno-

typing assays: +573 C>T rs5182, -119 C>T rs275653, rs2131127, +1166 A>C rs5186

(S3 Table). Reactions were performed with 30 ng yield DNA for each sample following the

manufacturer’s recommendations for allelic discrimination on the ViiA 7 Real-Time PCR Sys-

tem (Applied Biosystems, USA).

Serum levels of TNF

According to the manufacturer’s instructions, the serum levels of TNF were quantified using

ELISA DuoSet (R&D Biosystems, Minneapolis, MN, USA). Data were analyzed by comparing

the levels of TNF and (i) the clinical groups, (ii) the ACE genotypes, (iii) benznidazole-treat-

ment administered to clinical groups (A, B1, C), and (iv) cardioprotective therapeutic schemes

administered to benznidazole-treated C group of patients.

Statistical analysis

The dependent variable was the stage of Chagas’ heart disease (stages A, B1, and C), according

to the I Latin American Guidelines for the diagnosis and treatment of Chagas cardiomyopathy

[47]. The genotype, carriers of alleles, or minor alleles were determined by direct counting.

The chi-square test determined Hardy-Weinberg equilibrium. The risk of progression of Cha-

gas’ heart disease was evaluated by comparing individuals at different stages of the cardiac

form of CD disease, including non-genetic covariates such as age, and gender. The logistic

regression model was used to analyze previous trypanocidal treatments. Association tests are

presented as odds ratios (OR) with the respective 95% confidence interval (CI). Adjustment

PLOS NEGLECTED TROPICAL DISEASES AGTR1 and ACE I/D polymorphisms in Chagas’ heart disease

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012703 November 26, 2024 5 / 22

https://doi.org/10.1371/journal.pntd.0012703


for multiple comparisons was performed using the false discovery rate (FDR). The analyses

were performed in R version 3.3.3 environment using the following packages: coin, epiDisplay,

gap, genetics, stats, haplo.stats, meta, metafor and SNPassoc. Comparisons between demo-

graphic or clinical variables were performed using the chi-square or Kruskal-Wallis test when

appropriate, and the frequencies of each variable excluded missing data. First, we tried to

determine the influence of ACE variants and ATGR1 SNPs on the development of the cardiac

form of CD. Patients in group A were considered as controls, while patients in groups B1 and

C were considered as cases. So, to examine the influence of gene variants and SNPs on the

severity of CD cardiomyopathy, group B1 (mild cardiopathy) was considered a control. In

contrast, those in group C (severe cardiopathy) were considered as cases. For polymorphisms

located within the same gene, haplotype frequencies were estimated using the maximum likeli-

hood method and compared using the same unconditional regression models used to analyze

individual SNPs. A linkage disequilibrium (LD) analysis was assessed using the r2 statistic

using Haploview software. LVEF% and genotypes, LVEF% and treatments, TNF serum levels,

and TNF serum levels and treatments were analyzed using GraphPad Instat software version

8.0 (San Diego, CA). The Shapiro-Wilk test was used to assess the normality of the data. Differ-

ences were analyzed using the Student t-test for normally distributed data formed by two

groups. For normally distributed data of more than two groups, the difference between groups

was analyzed using the parametric one-way ANOVA test, corrected with Turkey post hoc test

with multiple comparisons, with a 95% confidence. P values� 0.05 were considered statisti-

cally significant.

Results

Epidemiological characteristics of the study groups

In the studied cohort, all admitted patients had two positive serology tests for CD. Table 1

presents the main characteristics of the studied patients. For simplicity, we annotate the

sequential results showing comparisons between case-control groups as B1 (case) versus A

(control), C (case) versus B1 (control), and C (case) versus A (control). Comparisons of age

(A:51 ± 12 years; B1: 60 ± 12 years; and C: 60 ± 11 years) showed that groups C and B1 are sim-

ilar (p> 0.05), while B1 vs A (p< 0.001) and C vs A (p< 0.001) show differences. In all

groups, most patients are female. Considering the frequencies of gender, B1 vs A and C vs A

are comparable (p> 0.05), while C vs B1 are different groups (p< 0.01). Comparison of other

characteristics such as ethnicity (B1 vs A, p< 0.01; C vs B1, p< 0.01; and C vs A, p> 0.05),

education levels (B1 vs A, p< 0.001; C vs B1, p< 0.001; and C vs A, p> 0.05) and minimum

wage income (B1 vs A, p< 0.001; C vs B1, p< 0.001; and C vs A, p> 0.05) also revealed differ-

ences between the groups. Most individuals were born and resided in different geographic

areas of the State of Pernambuco (PE, 79.2%), with a higher frequency of patients in groups B1

(51%; p< 0.001) and C (43%; p< 0.001) born in the Mata area. Patients born in other states in

the Northeast region and other Brazilian States but residing in the State of Pernambuco

(20.8%) were also admitted in our study.

Clinical information and medication use

Table 2 and Fig 1A show that LVEF was lower in stage C patients (40 ± 10.9%) compared to

B1 (65.7 ± 6.5%) and A (66.7 ± 5%) patients (C vs B1, p< 0.001; and C vs A, p< 0.001; B1 vs
A, p> 0.05), as intrinsic characteristics of their clinical stages. According to indicative clinical

abnormalities, the use of drugs such as ACEi (mainly captopril, enalapril) or ARB (mainly

losartan) was prescribed to 56.1% of patients in group C (showing HFrEF), 23.6% of patients

of group B1 and 13.8% of group A (C vs B1, p< 0.001; and C vs A, p< 0.001; B1 vs A,
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p< 0.05). Beta-blockers (mainly atenolol and propranolol) were prescribed to 53% of patients

in group C, 12.4% of patients of group B1 and 9.2% of group A (C vs B1, p< 0.001; and C vs A,

p< 0.001; B1 vs A, p> 0.05). In addition, the diuretic spironolactone was prescribed to 37.1%

of patients in group C. It is important to note that the use of the trypanocidal drug

Table 1. Demographic and epidemiological data of the patients recruited for the present study.

Variablea A Group

N = 109

B1 Group

N = 161

C Group

N = 132

P-value

Gender

Female 71 (65.1%) 123 (76.4%) 79 (59.8%) Chisq. 0.008

Male 38 (34.9%) 38 (23.6%) 53 (40.2%)

Age (years)b (n = 400) 51 ± 12 60 ± 12 60 ± 11 KW < 0.001

� 45 37 (33.9%) 23 (14.5%) 16 (12.1%)

>45 72 (66.1%) 136 (85.5%) 116 (87.9%)

Ethnicity (n = 353) Chisq. 0.32

Black 9 (9.6%) 13 (9.2%) 13 (11.1%)

Mestizo 58 (61.7%) 103 (72.5%) 77 (65.8%)

White 27 (28.7%) 26 (18.3%) 27 (23.1%)

Monthly income (n = 347) Chisq. 0.006

Up to 1 MWc 68 (68.7%) 106 (79.1%) 94 (82.5%)

2–4 14 (14.1%) 22 (16.4%) 13 (11.4%)

More than 5 17 (17.2%) 6 (4.5%) 7 (6.1%)

Education (n = 375) Chisq. 0.14

Up to 4 years 83 (81.4%) 120 (78.9%) 107 (88.4%)

More than 4 years 19 (18.6%) 32 (21.1%) 14 (11.6%)

Region of birth (n = 380) Chisq. < 0.001

PE, Agreste 26 (24.5%) 22 (14.4%) 31 (25.6%)

PE, Mata 22 (20.8%) 78 (51%) 52 (43%)

PE, Metropolitan 6 (5.7%) 8 (5.2%) 6 (5.0%)

PE, Sertão 30 (28.3%) 31 (20.3%) 14 (11.6%)

Other Statesd 22 (20.8%) 14 (9.2%) 18 (14.9%)

a Results are presented as number (frequency)
b Mean and ± standard deviation
c MW, minimum wage: U$ 250-350/month in the period of 2010–2015
d Other states of birth include: Northeast (Alagoas, Bahia, Paraiba, Piauı́, Rio Grande do Norte) and other regions (Matogrosso, Minas Gerais and São Paulo)

Abbreviations: N, Total count of patients with available information for the referred variable; PE, State of Pernambuco; KW, Kruskal-Wallis test

https://doi.org/10.1371/journal.pntd.0012703.t001

Table 2. Clinical information and the use of medications by the patients in each clinical form included in the study.

Variablea A Group

N = 109

B1 Group

N = 161

C Group

N = 132

LVEF (%)b 66.7 ± 5.0 65.7 ± 6.5 40 ± 10.9 KW < 0.001

ACE inhibitors/ARB 15 (13.8%) 38 (23.6%) 74 (56.1%)

Beta-blocker 10 (9.2%) 20 (12.4%) 70 (53%)

Spironolactone 1 (0.9%) 0 (0%) 49 (37.1%)

Benznidazole 35 (32.1%) 17 (10.6%) 16 (12.1%)

a Results are presented as number (frequency)
b Mean and ± standard deviation

Abbreviation: LVEF, left ventricular ejection fraction

https://doi.org/10.1371/journal.pntd.0012703.t002
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benznidazole was recorded in 12.1% of stage C patients, 10.6% of stage B1, and 32.1% of stage

A (C vs B1, p> 0.05 and C vs A, p< 0.001; B1 vs A, p< 0.001).

Association between ACE and AT1R gene polymorphisms and heart failure

with reduced left ventricular ejection fraction

Our research has found a significant relation between severe CARD (stage C) and lower LVEF%

(Table 2 and Fig 1A). Our primary objective was to unravel the role of the ACE and ATGR1

Fig 1. Association between ACE and AT1R genetic polymorphisms and left ventricular ejection fraction. All CD patients were grouped according to

clinical classification (non-cardiopathic–stage A, 109 patients; mild–stage B1, 161 patients; and severe–stage C, 132 forms of CARD) and genotyped for

ACE rs4646994 insertion (I)/deletion (D) and ATGR1 SNPs rs5182C>T, rs275653 -119C>T and rs2131127A>G polymorphisms. A-F. Simpson’s left

ventricular ejection fraction (LVEF%) is shown according to the ACE and ATGR1 genotypes. The two-groups difference was analyzed with the Student t-
test. For data from more than two-groups, the difference between groups was analyzed using the parametric one-way ANOVA test, corrected with

Turkey post hoc test with multiple comparisons. Each dot represents a patient. Data show means ± SD. *, p< 0.05; **, p< 0.01, ***, p< 0.001.

https://doi.org/10.1371/journal.pntd.0012703.g001
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genotypes in this trait, irrespective of the clinical stage of Chagas’ heart disease. The discovery

that carriers of the ACE rs4646994 II genotype exhibit higher LVEF% compared to ACE DD

(p< 0.05) and ACE DI (p< 0.05) genotypes (Fig 1B) is a crucial step in addressing the complex

question of HF in CD. Following the same reasoning, the analysis of ATGR1 SNP variants showed

that rs5186 +1166A>C heterozygous patients had higher LVEF% compared to AA patients

(Fig 1C). The investigation of the other ATGR1 SNP variants (rs5182 C>T, rs275653–119 C>T,

rs2131127 A>G) showed no relation with LVEF% in this cohort of CD patients (Fig 1D–1F).

Polymorphisms at ACE and AT1R genes and association with Chagas’ heart

disease

Genotypic frequencies were distributed according to the Hardy-Weinberg equilibrium

(p> 0.05) for all tested groups. All genotyped polymorphisms had a call rate efficiency of at

least 95%. Unconditional logistic regression results comparing patients in stage B1 (case) with

those in stage A (control) showed no significant differences in any genotype, allelic, or carrier

comparison for the ACE rs4646994 I/D polymorphism. Subsequently, when comparing stage

C patients (case) with stage A patients (control), we found that the ACE DI or DD genotypes

and D carriers were associated with the risk of developing HF (P = 0.02). However, after statis-

tical adjustments for gender, age, and use of the trypanocidal drug benznidazole, ACE DI

genotype (P = 0.07) and D carriers (P = 0.08) showed a borderline association with susceptibil-

ity to severe CARD (Table 3), such indication of a potential association was lost after adjust-

ments for multiple comparisons (Table 3).

Considering the biological relevance of AT1R for the deterioration of cardiac function in

several clinical conditions [39], we decided to evaluate the association of AGTR1 SNP poly-

morphisms with the susceptibility to CARD and the severe CARD with HF. Analysis of

AGTR1 SNPs rs5182C>T, rs275653 -119C>T, and rs2131127 A>G did not show significant

associations with susceptibility (B1 vs A; C vs A; B1 + C vs A) or severity of (C vs B1; C vs A

+ B1) to CARD in our group of CD patients (Table 4). The AGTR1 rs5186 +1166 AC heterozy-

gotes showed a borderline association with protection against Chagas’ heart disease (C vs A:

OR = 0.6; P = 0.09; C vs B1: OR = 0.6; P = 0.07; C vs A + B1: OR = 0.6; P = 0.05), as shown in

Table 4. Again, such putative associations were lost after adjustments for multiple compari-

sons (Table 4). Considering ATGR SNPs as a block (S1 Fig), it is essential to highlight that the

logistic regression analysis (Table 5) showed that the AGTR1 rs275653/rs2131127/rs5186/

Table 3. Analysis of ACE rs4646994 I/D polymorphism.

A versus B1 A versus C A versus B1 + C B1 versus C A + B1 versus C

Stage A

N = 109

Stage B1

N = 154

Stage C

N = 129

ORa

[95% CI]

P-valueb ORa

[95% CI]

P-valueb ORa

[95% CI]

P-valueb ORa

[95% CI]

P-valueb ORa

[95% CI]

P-valueb

ACE rs4646994 I/D

II 29 (0.27) 31 (0.20) 19 (0.15) - Reference -

ID 45 (0.41) 73 (0.47) 63 (0.49) 1.3 [0.6–2.5] 0.40 (0.65) 1.8 [0.9–3.8] 0.07 (0.22) 1.5 [0.8–2.8] 0.12 (0.32) 1.3 [0.7–2.6] 0.52 (0.65) 1.5 [0.8–2.8] 0.17 (0.40)

DD 35 (0.32) 50 (0.33) 47 (0.36) 1.2 [0.6–2.5] 1.9 [0.9–4.1] 1.5 [0.8–2.8] 1.5 [0.7–3.0] 1.6 [0.9–3.1]

D carriers 80 (0.73) 123 (0.80) 110 (0.85) 1.2 [0.7–2.3] 0.49 (0.80) 1.9 [0.9–3.7] 0.08 (0.21) 1.5 [0.9–2.6] 0.16 (0.32) 1.4 [0.7–2.6] 0.35 (0.47) 1.6 [0.9–2.8] 0.12 (0.21)

a Odds ratio (OR) values shown are corrected for gender, age and trypanocidal treatment.
b Values in parentheses correspond to P-values after multiple comparisons (FDR) adjustments.

Results are shown as n (frequency).

Abbreviations: CI = confidence interval.

Total genotype counts can vary due to different genotypic call rates.

https://doi.org/10.1371/journal.pntd.0012703.t003
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Table 4. Analysis of single nucleotide polymorphisms located in AGTR1 gene.

A versus B1 A versus C A versus B1 + C B1 versus C A + B1 versus C

Stage A

N = 110

Stage B1

N = 163

Stage C

N = 133

ORa

[95% CI]

P-valueb ORa

[95% CI]

P-valueb ORa

[95% CI]

P-valueb ORa

[95% CI]

P-valueb ORa

[95% CI]

P-valueb

ATGR1 +573 C>T

rs5182

TT 44 (0.41) 73 (0.46) 47 (0.37) - Reference -

CT 50 (0.47) 70 (0.44) 62 (0.49) 0.9 [0.5–1.6] 0.65 (0.65) 1.2 [0.6–2.2] 0.85 (0.85) 1.1 [0.7–1.9] 0.77 (0.77) 1.3 [0.8–2.2] 0.24 (0.40) 1.3 [0.8–2.1] 0.32 (0.40)

CC 13 (0.12) 15 (0.10) 18 (0.14) 0.7 [0.3–1.6] 1.1 [0.5–2.7] 0.9 [0.4–1.9] 1.9 [0.8–4.2] 1.6 [0.8–3.2]

C carriers 63 (0.60) 85 (0.54) 80 (0.63) 0.9 [0.5–1.5] 0.60 (0.80) 1.2 [0.7–2.1] 0.58 (0.58) 1.1 [0.7–1.8] 0.76 (0.76) 1.4 [0.9–2.4] 0.15 (0.30) 1.4 [0.9–2.1] 0.16 (0.21)

ATGR1–119 C>T

rs275653

CC 56 (0.54) 85 (0.55) 80 (0.63) - Reference -

CT 46 (0.44) 60 (0.39) 43 (0.34) 0.9 [0.5–1.6] 0.17 (0.42) 0.6 [0.4–1.1] 0.34 (0.42) 0.7 [0.4–1.2] 0.18 (0.32) 0.7 [0.4–1.2] 0.20 (0.40) 0.7 [0.5–1.1] 0.25 (0.40)

TT 2 (0.02) 10 (0.06) 4 (0.03) 3.9 [0.7–20.3] 1.0 [0.1–6.4] 2.3 [0.4–11.8] 0.4 [0.1–1.5] 0.6 [0.2–1.8]

T carriers 48 (0.46) 70 (0.45) 47 (0.37) 1.0 [0.6–1.8] 0.92 (0.92) 0.7 [0.4–1.2] 0.16 (0.21) 0.8 [0.5–1.3] 0.30 (0.40) 0.7 [0.4–1.1] 0.11 (0.30) 0.7 [0.4–1.1] 0.10 (0.21)

ATGR1 rs2131127

AA 34 (0.32) 36 (0.23) 34 (0.27) - Reference -

GA 48 (0.45) 86 (0.56) 66 (0.52) 1.8 [1.0–3.4] 0.16 (0.42) 1.7 [0.9–3.2] 0.30 (0.42) 1.7 [1.0–3.0] 0.19 (0.32) 0.8 [0.5–1.5] 0.79 (0.79) 1.0 [0.6–1.8] 0.95 (0.95)

GG 25 (0.23) 32 (0.21) 27 (0.21) 1.4 [0.6–2.9] 1.4 [0.6–3.0] 1.4 [0.7–2.8] 0.8 [0.4–1.6] 1.0 [0.5–1.8]

G carriers 73 (0.68) 118 (0.77) 93 (0.73) 1.7 [0.9–3.0] 0.08 (0.32) 1.6 [0.9–2.9] 0.14 (0.21) 1.6 [0.9–2.7] 0.08 (0.32) 0.8 [0.5–1.4] 0.50 (0.50) 1.0 [0.6–1.7] 0.93 (0.93)

ATGR1 +1166 A>C

rs5186

AA 60 (0.57) 86 (0.56) 87 (0.68) - Reference -

AC 46 (0.43) 67 (0.44) 40 (0.32) 1.2 [0.7–2.0] 0.54 (0.65) 0.6 [0.3–1.1] 0.09 (0.22) 0.9 [0.5–1.4] 0.53 (0.66) 0.6 [0.4–1.0] 0.07 (0.35) 0.6 [0.4–1.0] 0.05 (0.25)

a Odds ratio (OR) values shown are corrected for gender, age and benznidazol treatment.
b Values in parentheses correspond to P-values after multiple comparisons (FDR) adjustments.

Results are shown as n (frequency).

Abbreviations: CI = confidence interval.

Total genotype counts can vary due to different genotypic call rates.

https://doi.org/10.1371/journal.pntd.0012703.t004

Table 5. Logistic regression results for haplotype analysis of SNPs that constitute the ATGR1 cluster. Haplotype frequencies are shown by group.

rs275653/rs2131127/rs5186/rs5182 A versus B1 A versus C A versus B1 + C B1 versus C A+ B1 versus C

Stage A

N = 109

Stage B1

N = 161

Stage C

N = 132

ORa

[95% CI]

P-value ORa

[95% CI]

P-value ORa

[95% CI]

P-value ORa

[95% CI]

P-value ORa

[95% CI]

P-value

C/A/A/T 0.09 0.07 0.09 - Reference -

C/A/A/C 0.13 0.17 0.19 1.3 [0.5–3.6] 0.64 1.7 [0.6–5.0] 0.37 2.5 [0.8–8.0] 0.12 0.8 [0.3–2.1] 0.73 1.0 [0.5–2.3] 0.90

C/A/C/T 0.16 0.07 0.09 0.5 [0.1–2.0] 0.32 0.5 [0.2–1.7] 0.27 0.7 [0.2–2.3] 0.53 1.1 [0.3–4.3] 0.84 0.7 [0.2–2.0] 0.49

C/G/A/C 0.16 0.09 0.16 0.6 [0.2–1.6] 0.29 1.0 [0.4–2.8] 0.93 1.0 [0.4–2.8] 0.98 1.3 [0.5–3.6] 0.58 1.1 [0.5–2.4] 0.86

C/G/A/T 0.18 0.27 0.24 1.4 [0.5–4.1] 0.47 1.4 [0.5–4.0] 0.49 2.0 [0.7–5.6] 0.20 0.6 [0.2–1.6] 0.36 0.8 [0.4–1.8] 0.60

C/G/C/T 0.04 0.06 0.03 1.9 [0.5–7.5] 0.35 0.7 [0.2–3.1] 0.63 1.1 [0.3–4.1] 0.90 0.3 [0.1–1.1] 0.06 0.4 [0.1–1.5] 0.18

T/A/A/C 0.06 0.05 0.04 1.0 [0.2–4.1] 0.96 0.3 [0.06–1.4] 0.13 0.7 [0.2–2.8] 0.59 0.7 [0.2–3.0] 0.67 0.5 [0.2–1.8] 0.32

T/A/A/T 0.09 0.07 0.08 0.5 [0.1–2.0] 0.31 0.94 [0.2–4.3] 0.94 1.2 [0.2–7.0] 0.81 0.7 [0.2–2.7] 0.61 0.8 [0.3–2.3] 0.64

T/A/C/T 0.02 0.08 0.04 5.7 [0.7–4.9] 0.12 1.5 [0.2–9.4] 0.64 3.0 [0.5–17.0] 0.20 0.3 [0.07–0.9] 0.03 0.5 [0.2–1.4] 0.19

T/G/A/T 0.07 0.06 0.05 1.2 [0.4–4.5] 0.76 1.1 [0.3–4.4] 0.90 1.8 [0.5–7.1] 0.38 0.8 [0.2–2.5] 0.66 0.8 [0.3–2.2] 0.66

a Odds ratio (OR) values shown are corrected for gender, age, and trypanocidal treatment.

Abbreviations: CI = confidence interval

https://doi.org/10.1371/journal.pntd.0012703.t005
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rs5182 T/A/C/T haplotype was protective against progression to the severe CARD (C vs B1:

OR = 0.3; P = 0.03).

TNF levels related with ACE I/D and ATGR1 rs5186 +1166A>C

polymorphisms

The frequencies of DD, DI and II genotypes were dissimilar among the stage A (32% DD, 41%

DI, 27% II), B1 (33% DD, 47% DI, 20% II) and C (36% DD, 49% DI, 15% II) CD patients

(Table 3), with an apparent reduction of the frequency of II genotype in patients with severe

CARD in the C group, compared with the non-CARD A group (Fig 2A). Thus, considering

the contribution of RAS to inflammation [38] and the association of systemic inflammatory

profile with the severity of CARD [46,51], we explored the relation of ACE genotypes and TNF

serum levels in our group of patients. TNF levels were increased in C patients, compared to A

patients (Fig 2B), and tended towards an increase in C patients with the DD and DI genotypes

(Fig 2C). Moreover, TNF levels were elevated in D carriers but not in patients with the II geno-

type in C patients, compared to their counterparts in the group of A patients (Fig 2D). Also, in

B1 patients TNF levels tended to be higher in DD and DI genotypes and were increased in D

carriers compared to II genotype (S2A and S2B Fig). Regarding the ATGR1 rs5186 +-

1166A>C genotypes, C group patients bearing AA and AC genotypes showed similar TNF

serum levels (S2C Fig).

Effect of treatment with benznidazole on TNF serum levels and LVEF

Initially, in a cross-sectional observational study we registered the impact of the treatment

with the trypanocidal drug benznidazole on LVEF% and TNF serum levels. Benznidazole

treatment was prescribed 1 to 20 years before the patient’s inclusion. As shown in S3A Fig, we

found no significant difference in LVEF% when patients classified as non-cardiopathic (A)

and cardiopathic with HFrEF (C patients) treated with benznidazole were compared to their

respective counterparts not-treated patients. The finding of elevated TNF serum levels in not-

treated C patients compared to not-treated A patients, and the comparable TNF levels in benz-

nidazole-treated C patients to those found in not-treated and benznidazole-treated A patients

(S3B Fig) may underscore the potential of benznidazole in improving outcomes.

Impact of cardioprotective therapies in benznidazole-treated patients

Lastly, we asked about the possibility of impacting TNF serum levels and LVEF% using thera-

pies in the group of C patients, all treated with ACEi/ARB medications. The pharmacotherapy

with ACEi/ARB, used for 5 to 10 years before the inclusion of the patient in the present study,

was prescribed according to clinical abnormalities [47]. Although the number of patients ful-

filling the criteria of analysis was limited, our data show that TNF levels were reduced (Fig 3A)

and LVEF% were increased (Fig 3B) in the group of C patients that received benznidazole

therapy years before the ACEi/ARB treatment, compared to the C patients only treated with

cardioprotective pharmacotherapy.

Discussion

In a case-control study of a group of patients residing in the State of Pernambuco, Northeast

region of Brazil, we provided evidence of no association of ACE I/D and AGTR1 polymor-

phisms with susceptibility and severity of Chagas’ heart disease. However, considering the ini-

tial borderline associations, the frequencies of ACE I/D genotypes in A, B1, and C groups, the

relation of ACE DD and DI and AGTR1 rs5186 +1166 AA genotypes with reduced LVEF, and
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the progressive nature of Chagas’ heart disease, we consider that the ACE and AGTR1 genes

are candidates to be explored in precision medicine. Although with a limited number of

patients, a cross-sectional observational study exposed that therapy with benznidazole and

Fig 2. Genotype frequencies and TNF serum levels related to ACE I/D polymorphism in Chagas disease patients. All CD patients

were grouped according to clinical classification (non-cardiopathic–stage A; CARD: mild–stage B1 patients; and severe–stage C) and

genotyped for ACE rs4646994 insertion (I)/deletion (D) polymorphism. TNF serum concentrations (pg/mL) are shown according to

clinical classification, and the described ACE I/D genotypes. A. Frequencies of ACE DD, DI, and II genotypes in A, B1 and C patient

groups. B. TNF serum levels in A (n = 56) and C (n = 41) patient groups. C. TNF serum levels in A (n = 20, 25, 16) and C (n = 15, 10,

7) patient groups bearing the ACE DD, DI, and II genotypes. D. TNF serum levels in A and C patient groups, classified as ACE D allele

carriers and II genotypes. The difference between the two groups was analyzed using the Student t-test. For data from more than two

groups, the difference between groups was analyzed using the parametric one-way ANOVA test, corrected with Turkey post hoc test

with multiple comparisons. Each dot represents a patient. Data show means ± SD. *, p< 0.05.

https://doi.org/10.1371/journal.pntd.0012703.g002
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ACEi/ARB may reduce TNF serum levels and improve clinical outcome, opening a perspective

of pharmacotherapy to be explored in prospective studies.

Socioeconomic indicators, such as low monthly income and schooling, revealed that the

patients in the studied cohort of Northeast Brazil represent the archetypal population exposed

to T. cruzi infection in Latin America. Thus, throughout their lives, they remain in a poverty-

promoting situation and are vulnerable to neglected tropical diseases, conditions that are

among the top threats to global health [52,53]. Most of our patients were over 45 years old,

which can be explained by the decrease in transmissions by vectors and blood transfusions

achieved almost two decades ago, and improved health care in Brazil [4]. Clinical evaluation

showed that LVEF was preserved and similar in group A (non-cardiac form) and in group B1

(mild CARD), while HFrEF was found in C patients, supporting that an essential precondition

for staging the severity of Chagas’ heart disease has been met [4,10]. In addition, the interven-

ing variables were typical of most groups of CD patients residing in Latin America and under-

going clinical follow-up, including frequencies of gender, age, previous use of trypanocidal

drugs, and prescription of cardioprotective medications [54,55]. Together, these data allowed

testing of the ACE I/D and AGTR1 polymorphisms as risk factors for susceptibility to Chagas’

heart disease and progression to severe CARD with HFrEF in this population.

Our primary findings supported that the DD genotype of the ACE I/D polymorphism was

associated with progression to HF. However, after adjusting for gender, age, and trypanocidal

Fig 3. Impact of cardioprotective therapies in prior benznidazole-treated C patients. Cross-sectional observational

study of groups of C patients (severe Chagas’ heart disease) administered with ACE inhibitors (ACEi) / angiotensin

receptor 1 blockers (ARB) that were not treated (NT) or received benznidazole (Bz) therapy years before. A. TNF

concentrations in serum (pg/mL). B. Left ventricular ejection fraction (LVEF%; Simpson’s method). ACEi/ARB

(n = 23); Bz before ACEi/ARB (n = 5). The two-groups difference was analyzed with Student t-test. Each dot represents

a patient. Data show means ± SD. *, p< 0.05.

https://doi.org/10.1371/journal.pntd.0012703.g003
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treatment, features proposed to influence the outcome of CD [4], we found only a borderline

association of ACE D allele with susceptibility to severe CARD, which was lost after adjust-

ments for multiple comparisons. The observed trend reinforces the need to replicate these

studies in other populations, as recommended in genetic studies involving patients with CD

[12]. Despite the limited sample size and the lack of statistical support, previous study in a

Venezuelan CD cohort suggested that the progression of chagasic cardiomyopathy was unre-

lated to ACE I/D polymorphism [32]. Further, in a Brazilian cohort the ACE I/D polymor-

phism was not useful to detect a relationship with HF secondary to CD [33]. Conversely, our

previous study demonstrated that ACE DD and DI genotypes were more prevalent in CD

patients with HF [16]. Consistent with these findings, regardless of the clinical classification of

our patients, compared to the carriers of ACE II genotype D carriers exhibited a worse LVEF,

which is an important prognostic factor for Chagas’ heart disease [10,12]. The influence of

ACE DD and DI genotypes, compared to II genotype, on left ventricular remodeling has been

reported [56]. In patients carrying the ACE II genotype, the reduced risk of developing chronic

diseases may be linked to an AluYa5-controlled ACE gene expression [57]. Further, the ACE D

allele may be a risk factor for the development of HF with left ventricular dysfunction after

myocardial infarction [58]. Indeed, in a Brazilian cohort of patients with ischemic HF the pres-

ence of the ACE D allele has been associated with worsening left ventricular dysfunction [32].

In different populations, the DD genotype has been associated with phenotypes such as

increased ACE activity and angiotensin II concentrations in serum [23,26,27], and enhanced

ACE activity in heart tissue [59]. Further, the genotypes/phenotypes of ACE I/D have been

related to the regulation of inflammation and tissue damage, which, in turn, are linked to car-

diovascular diseases such as stroke and inflammatory heart diseases [20–22]. These findings

helped predict that the ACE D allele is associated with increased RAS activity pathologies [60].

Indeed, higher cardiac weight was associated with the ACE DD genotype [61]. Moreover, a

meta-analysis indicated that the ACE D allele is associated with an increased risk of ischemic

stroke in Asians but with a borderline association for Caucasians [62]. Therefore, in CD

patients, ACE I/D genotyping as a precision medicine tool may allow prospective study aimed

at identifying other risk factors, including the risk of stroke, a critical manifestation of CD

[10]. Thus, our present study sets the stage for a future study of this cohort of CD patients to

elucidate the involvement of the ACE I/D genotypes in heart disease and stroke outcomes.

AT1R receptors mediate the most damaging actions of angiotensin II, including processes

of vascular hypertrophy, sodium retention, cardiac remodeling, hypertension, and fibrogenesis

[35]. Here, for the first time, we evaluated the association of AGTR1 polymorphisms in the

development of CARD and progression to HF in CD patients. The AGTR1 rs5186 +1166 AC

genotype showed a borderline association with protection against CARD, which was lost after

adjustments for multiple comparisons. Interestingly, the AGTR1 rs5186 +1166 AC genotype

was related to better LVEF, regardless of the clinical stage. AT1R mRNA and protein expres-

sion are higher for carriers of the AGTR1 +1166 CC genotype than the AC and AA genotypes

[34]. Further, increased serum ACE activity and peak of cardiac troponin 1 levels, a biomarker

of tissue injury, have been associated with the +1166 CC genotype in patients with acute myo-

cardial infarction [63]. Also, an increased risk of stroke has been observed in patients with

AGTR1 +1166 CC and AC genotypes, compared to AA genotype [64]. Here, we did not iden-

tify CC homozygotes, and AC heterozygotes showed better LVEF than AA homozygotes, rais-

ing the possibility of a protective role for rs5186 +1166 AC genotype against severe CARD. In

non-infectious cardiomyopathy, the CC genotype was more prevalent in patients with heart

dysfunction compared to patients with preserved function [35] and was associated with lower

LVEF compared to A allele carriers [65]. Thus, our results are intriguing and must be chal-

lenged in other cohorts. Our data support that the AGTR1 SNP rs5182 C>T, rs275653
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-119C>T and rs2131127 A>G were not risk factors for susceptibility to CARD or progression

to severe CARD with HF. In Mexican individuals, the rs5182 CC genotype was correlated with

increased blood pressure, and the risk of developing hypertension and stroke [37]. A recent

study showed that the AGTR1 rs275653 AA genotype reduced the risk of small artery occlusion

strokes, although it did not affect AT1R expression levels [36]. In our study, no included

patients had a registered previous stroke event. Thus, a longitudinal study will allow us to

record this and other clinical outcomes in the present cohort. Interestingly, the rs275653/

rs2131127/rs5186/rs5182 T/A/C/T haplotype was protective against progression to CARD, a

condition not previously described in the literature. Nevertheless, the low frequency of this

haplotype in our studied cohort does not allow for any epidemiological impact on the scenario

of Chagas’ heart disease. However, it may represent an individual benefit for haplotype carri-

ers, a condition to be further confirmed.

In a recent meta-analysis involving more than 20 thousand individuals, the ACE I/D poly-

morphism was mapped in Brazil, showing that 34% were DD, 48% DI and 18% II, and found

no association with clinical conditions such as age-related, metabolic, and non-infectious

heart disorders [66]. Notably, in our study the frequencies of these genotypes were dissimilar

among the stage A, B1 and C groups of CD patients. Moreover, patients with the ACE DD and

DI genotypes had lower LVEF than those with the II genotype, regardless of the clinical out-

come. The ACE D allele has been related to the severity of cardiomyopathies of various etiolo-

gies [20,30,67]. The ACE DD genotype has been associated with an increased risk of HF and

mortality [26] and considered a predictor of death in idiopathic HF [22], emphasizing the

importance of DD genotype as a factor influencing survival in HF patients. Therefore, CD

patient carriers of ACE D allele and, mainly the DD genotype should receive more attention

and potentially be considered for early pharmacotherapy to hamper the progress of CARD to

HF. In non-infectious conditions pharmacotherapy can attenuate the harmful effects of DD

and DI genotypes. In untreated hypertensive patients, the ACE D allele, with a 192% higher

risk compared to homozygous II, behaved as a marker of left ventricular hypertrophy, a condi-

tion that may be opposed by antihypertensive treatment [68]. Further, in patients with systolic

HF and treated with ACEi, the ACE D allele was associated with an unfavorable outcome only

in the group not treated with beta-blockers [69]. Thus, we attempted to explore the influence

of registered treatments on clinical outcomes in the studied group of CD patients. The thera-

peutic response to ACEi and AT1R blockers has shown beneficial effects with reduced morbid-

ity and mortality associated with CD [4,10,12,47,70]. In our studied population, 88% of stage C

patients were prescribed drugs that interfere with the neurohormonal system (ACEi/ARB/

diuretic/beta-blockers). Therefore, the influence of the ACE I/D and AGTR1 polymorphisms

on the progression of Chagas’ heart disease could have been masked using cardioprotective

drugs, as ACEi/ARB were also prescribed to patients staged as B1 and A. As in other heart dis-

eases, the treatment of HF secondary to Chagas cardiomyopathy is based on the combination

of three types of drugs: diuretics, ACEi/ARB, and adrenergic blockers [10,47]. Randomized

clinical trials and some retrospective studies in patients with non-infectious HFrEF demon-

strate the benefits of treatment with ACEi and beta-blockers, reducing morbidity and mortal-

ity [12]. Although the evidence found in these studies is not directly linked to Chagas’ heart

disease, these drugs are strongly recommended for patients with HF and LVEF� 40% [10,12].

In our cohort, according to clinical abnormalities and cardiac status, drugs such as ACEi

(mainly captopril, enalapril) or ARBs (mainly losartan) were prescribed for patients in group

C (56.1%), B1 (23.6%) and A (13.8%). In addition, in a long-term follow-up study, specific

treatment with the trypanocidal drug benznidazole was associated with a decrease in the inci-

dence of progression from indeterminate to CARD, as well as a reduction of the risk of cardio-

vascular events [55]. It is important to note that benznidazole was used in patients in stage C
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(12.1%), B1 (10.6%), and A (32.1%). With this in mind, we envision a prospective study to

understand the impact of these treatments on our CD patients.

Pro-inflammatory cytokines, such as TNF, are released shortly after T. cruzi invasion by

phagocytic cells, activated lymphocytes, and other cells. This leads to chemokine production

and cellular activation, enhancing the immune response involved in parasite control but also

in the inflammatory response associated with tissue injury [45,71]. Individuals with chronic

CD present higher TNF levels compared to non-infected individuals [12,14,46]. Elevated TNF

serum levels in patients with Chagas’ heart disease have been related to the worsening of car-

diac function [43,44,72]. In preclinical models, TNF plays a role in HF pathophysiology [73].

Further, in chronically T. cruzi-infected mice, TNF is associated with cardiac lesions and

reduction of LVEF [74]. Here, TNF serum levels were adopted as a fingerprint of the systemic

inflammatory profile described in cardiopathic CD patients [46,51]. Corroborating previous

data [14], the subgroup of CD patients with severe heart disease (C group) had increased TNF

serum levels when compared to patients without heart disease (A group). Interestingly, C

patients treated with benznidazole years before the inclusion in our study showed TNF serum

levels resembling A group patients. However, benznidazole therapy did not impact cardiac

dysfunction, corroborating previous data analyzing patients 5 years post-therapy [75]. In B1

and C groups of patients, ACE D carriers showed higher TNF serum levels than II genotype

patients, while TNF serum concentrations were not affected by AGTR1 polymorphism, sug-

gesting an influence of the ACE D/I polymorphism in inflammatory pathways in CD patients

undergoing CARD. These data led us to analyze the impact of treatments interfering in the

RAS axis on TNF levels and LVEF as fingerprints of immunological and clinical traits. This

initial cross-sectional observational analysis supports that TNF serum levels were reduced in

group C of patients who received benznidazole years before starting the treatment with ACEi/

ARB, compared to C patients only treated with ACEi/ARB. Most of the C patients received

only cardioprotective therapies. Moreover, the treatments (benznidazole therapy years before

ACEi/ARB administration) beneficially affected the LVEF. Although limited in the number of

patients, this initial observational study suggests that the sequential therapies may have favor-

able effects on Chagas’ heart disease. Thus, a prospective study of these patients (mainly the B1

patients), replication of this observational study, and a planned clinical trial in different popu-

lations may challenge this idea.

Potential clinical implications

Collectively, our data support that genotyping AGTR1 and, particularly, ACE I/D may add piv-

otal information concerning precision medicine and tailoring of cardioprotective treatments

to be prescribed to CD patients, particularly to the ones with mild CARD. Further, considering

the association of inflammatory profile with disease severity [43,44,51,72], our preliminary

data supporting reduced TNF levels in patients that received benznidazole, a medicament effi-

cient in reducing parasite load [75], add information on other beneficial action of this medica-

tion in chronic CD patients.

Limitations

One limitation of most of the studies of gene polymorphisms in CD is the sample size and lim-

ited analysis of a specific cohort. We also consider these feature limitations in our study, in

which we presented borderline association results lost after adjustments for multiple compari-

sons. However, we highlight that the sample evaluated in the present work represents a popula-

tion that, although showing socioeconomic similarities, is geographically distinct from

previously published literature in CD and genetic association studies regarding ACE and
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ATGR1 gene polymorphisms. Further, this cross-sectional observational study supports that

ACE D carriers show a more prominent systemic inflammatory profile than II carriers, thus

opening an avenue to be challenged regarding the progression of Chagas’ heart disease and

other clinical traits, such as stroke, that deserves a prospective study in this cohort as well as rep-

lication study in other populations, aiming, particularly, the identification of ACE D carriers.

Although with the limitations of a sample size and the nature of a cross-sectional observational

study, the obtained data instigated more robust clinical trials aiming to establish biomarkers

(being TNF a mere fingerprint) to predict better prognosis after benznidazole therapy. One

should keep in mind that benznidazole therapy may contribute to the control of the parasite

load but also to reduce the systemic inflammation profile, conditions that may contribute to

improve prognosis. Lastly, our limitations should not compromise the idea of precision medi-

cine-based precocious administration of ACEi/ARB (and other cardioprotective drugs) to

patients with mild CARD, a pharmacotherapy scheme that may add quality to our patients’ life.
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