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Contributes to Development of Cardiomyopathy
and Left Ventricular Dysfunction in Chagas Disease
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Abstract

Aims: We investigated the effects of mitochondrial reactive oxygen species (mtROS) on nuclear factor (ery-
throid 2)-like 2 (NFE2L2) transcription factor activity during Trypanosoma cruzi (Tc) infection and determined
whether enhancing the mtROS scavenging capacity preserved the heart function in Chagas disease.
Results: C57BL/6 wild type (WT, female) mice infected with Tc exhibited myocardial loss of mitochondrial
membrane potential, complex II (CII)-driven coupled respiration, and ninefold increase in mtROS production.
In vitro and in vivo studies showed that Tc infection resulted in an ROS-dependent decline in the expression, nuclear
translocation, antioxidant response element (ARE) binding, and activity of NFE2L2, and 35–99% decline in anti-
oxidants’ (gamma-glutamyl cysteine synthase [cGCS], heme oxygenase-1 [HO1], glutamate-cysteine ligase modifier
subunit [GCLM], thioredoxin (Trx), glutathione S transferase [GST], and NAD(P)H dehydrogenase, quinone 1
[NQO1]) expression. An increase in myocardial and mitochondrial oxidative adducts, myocardial interventricular
septum thickness, and left ventricle (LV) mass, a decline in LV posterior wall thickness, and disproportionate
synthesis of collagens (COLI/COLIII), aSMA, and SM22a were noted in WT.Tc mice. Overexpression of man-
ganese superoxide dismutase (MnSOD) in cultured cells (HeLa or cardiomyocytes) and MnSODtg mice preserved
the NFE2L2 transcriptional activity and antioxidant/oxidant balance, and cardiac oxidative and fibrotic pathology
were significantly decreased in MnSODtg.Tcmice. Importantly, echocardiography finding of a decline in LV systolic
(stroke volume, cardiac output, ejection fraction) and diastolic (early/late peak filling ratio, myocardial performance
index) function in WT.Tc mice was abolished in MnSODtg.Tc mice.
Innovation and Conclusion: The mtROS inhibition of NFE2L2/ARE pathway constitutes a key mechanism in
signaling the fibrotic gene expression and evolution of chronic cardiomyopathy. Preserving the NFE2L2 ac-
tivity arrested the mitochondrial and cardiac oxidative stress, cardiac fibrosis, and heart failure in Chagas
disease. Antioxid. Redox Signal. 27, 550–566.
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Introduction

Chagasic cardiomyopathy (CCM) is caused by the
protozoan Trypanosoma cruzi (Tc or T. cruzi) and

represents the third largest tropical disease burden globally

(46). Infected individuals exhibit an acute phase of peak
blood parasitemia that is resolved in 2–3 months. Ap-
proximately 30–40% of infected individuals progress to
present a complex and diverse clinical outcome. The major
complications of chronic infection by T. cruzi include
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ventricular fibrillation, thromboembolism, and congestive
heart failure (45, 47).

The clinical outcomes of CCM are related to the virulence
of the parasite strain as well as to the host response to in-
fection. Histological evaluation of cardiac biopsies revealed
diffused and patchymyocarditis, interstitial mononuclear cell
infiltrates, and myocardial fiber destruction during progres-
sive disease (25). Transcriptomic profiling of Tc-infected
cardiomyocytes (50) suggested that activation of both TGF-
b-dependent and TGF-b-independent fibrotic pathways could
contribute to hypertrophy. Studies using a three-dimensional
cardiomyocyte culture model showed that Tc infection in-
creased the cellular and extracellular matrix components,
mimicking fibrotic cardiac remodeling (21). Chemokine
signaling and interferon gamma have also been implicated in
the progression of cardiac fibrosis in chagasic patients (12).
However, molecular mechanisms of cardiac fibrosis and how
myocardial injuries are sustained during Chagas disease are
not completely understood.

Studies in experimental models and humans have dem-
onstrated that the infected host sustains oxidative stress be-
cause of increased mitochondrial reactive oxygen species
(mtROS) production in the myocardium [reviewed in Gupta
et al. (23), Zacks et al. (59)]. The pro-oxidant milieu was
evidenced by peripheral and myocardial increase in protein
carbonyls and lipid hydroperoxides in progressive CCM (56).
Mitochondria normally utilize manganese superoxide dis-
mutase (MnSOD) to dismutate the superoxide that can be
further reduced by glutathione peroxidases and other anti-
oxidants (11), and thus cellular metabolic homeostasis is
maintained (48). However, MnSOD activity was decreased
(56, 57), and glutathione antioxidant defense was nonre-
sponsive to increased oxidative stress in chagasic rodents
(56) and human patients (57). Why antioxidant response is
not triggered in the presence of continued oxidative stress in
chagasic myocardium is not known.

The transcription factor nuclear factor (erythroid 2)-like 2
(NFE2L2) (also called Nrf2) is an important component of
the intracellular antioxidant machinery. NFE2L2 transacti-
vates genes with antioxidant response elements (AREs), and
it coordinates the expression of cytoprotective genes to

counteract endogenously or exogenously generated oxidative
stress (29).

In this study, we aimed to determine whether NFE2L2
transcriptional activity was compromised and contributed
to nonresponsiveness of the antioxidant response during Tc

infection. We also investigated whether mtROS affected
the NFE2L2–ARE activity and whether enhancing the mtROS
scavenging capacity preserved the NFE2L2-dependent anti-
oxidant/oxidant balance and subsequently the heart function
in Chagas disease. For this, we employed the in vitro transient
transfection approach and genetically modified mice with
increased mtROS scavenging capacity and performed all
studies in comparison with sex, age, and genetically matched
wild type (WT) controls. We utilized the fluorescence- and
luminescence-based probes, biochemical and molecular as-
says, and cutting-edge in situ respirometry and three-
dimensional echocardiography (ECG) to test our hypothesis.

Our results suggested that mtROS-induced decline in
NFE2L2 activity is a key event in continuous presentation of
antioxidant/oxidant imbalance, cardiac hypertrophy, and left
ventricle (LV) systolic and diastolic dysfunction in chagasic
myocardium. We discuss the benefits of MnSOD/mtROS
balance in preserving the NFE2L2 transcriptional activity
and cardiac structure and function in chronic heart disease.

Results

C57BL/6 female mice infected with 10,000 Tc exhibit
parasite dissemination to tissues within 4 days postinfection
(pi), peak parasitemia during 14–45 days pi, and develop
chronic disease during 120–150 days pi (20). We employed
this well-established model of infection toWT andMnSODtg

mice in this study. WT and MnSODtg mice were genotyped
by polymerase chain reaction (PCR) amplification of 230 and
587 bp fragments, respectively (Supplementary Fig. S1A;
Supplementary Data are available online at www.liebertpub.
com/ars). We evaluated the levels of MnSOD messenger
RNA (mRNA), protein, and activity in WT and MnSODtg

mice and the effect of Tc infection on MnSOD levels. The
basal levels of MnSOD mRNA, protein, and enzymatic ac-
tivity were 123%, 55%, and 50% higher in MnSODtg (vs.
WT) mice (Supplementary Fig. S1B–D, all #p< 0.05).
Chronically infected WT mice exhibited 29%, 63.6%, and
80% decline in myocardial levels ofMnSODmRNA, protein,
and activity, respectively, compared with that noted in WT
controls (Supplementary Fig. S1B–D, all, *p < 0.001). In
MnSODtg mice, Tc infection resulted in only a 10%, 13.4%,
and 28% decline in the levels ofMnSODmRNA, protein, and
enzymatic activity, respectively (Supplementary Fig. S1B–
D). These results confirmed the genotype of the MnSODtg

mice, and suggested that MnSOD expression and activity
were significantly compromised in chagasic WT mice. Be-
cause of the enhanced basal level of MnSOD, chronically
infectedMnSODtgmicemaintained theMnSOD levels above
or similar to that noted in normal WT controls.

To determine whether MnSOD level influences the mito-
chondrial function, we monitored the oxidative phosphory-
lation (OXPHOS) capacity in freshly isolated heart tissue
slices by using an Oxygraph-2k (O2K) system (Fig. 1). No
significant differences in basal levels of mitochondrial respi-
rationwere observed inmyocardial fibers of normalMnSODtg

and WT mice. In response to chronic Tc infection, state 4

Innovation

Our results provide the first evidence that mitochon-
drial oxidative metabolic capacity is compromised, and
mitochondrial reactive oxygen species inhibition of nu-
clear factor (erythroid 2)-like 2 (NFE2L2) transcriptional
activity contributes to heart failure in chagasic cardio-
myopathy (CCM). Parasite burden was not correlated to
disease state, rather, host’s inability to preserve NFE2L2
activity and halt mitochondrial and cardiac oxidative ad-
ducts constituted a key mechanism in signaling the fi-
brotic gene expression that eventually evolved as chronic
cardiomyopathy. The detailed analysis of left ventricle
systolic and diastolic performance in chagasic wild type
and manganese superoxide dismutasetgmice conclusively
demonstrates that NFE2L2 is an important therapeutic
target for maintaining the cardiac performance in heart
failure of infectious (and other) etiologies.
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respiration driven by complex I (CI) substrates, and ADP-
coupled state 3 respiration (indicates proton gradient for ATP
synthesis) driven by electron input from CI, CI+complex II
(CII), and CII substrates were decreased by 33.5%, 58%, 47%,
and 42.7%, respectively, in the myocardial fibers of WT.Tc

(vs. WT) mice (Fig. 1A–D, all, *p< 0.001). The CII-driven
respiration was normalized to control levels with addition of
cytochrome c in the myocardial fibers of WT chagasic mice,
thus suggesting that the integrity of mitochondrial outer
membrane was affected by Tc infection (Fig. 1E). In com-
parison, myocardial fibers of MnSODtg mice exhibited no
significant effect of Tc infection on the rate of CI-driven state
4 respiration, and CI-, CI+CII-, and CII-driven state 3 res-
pirations, and no effect of cytochrome c addition on
mitochondrial respiration (Fig. 1A–E). The mitochondrial
respiration capacity in the presence of carbonyl cyanide-4-
(trifluoromethoxy)phenyl-hydrazone (FCCP) ionophore that
dissipates the chemiosmotic gradient leaving the electron
transport system uninhibited was decreased by 50%
(*p< 0.001) and 22% in WT.Tc and MnSODtg.Tc (vs. mat-
ched controls) mice, respectively (Fig. 1F).

We confirmed the benefits of MnSOD in preserving OX-
PHOS capacity in chagasic heart by using the isolated cardiac
mitochondria (Supplementary Fig. S2). As observed in
myocardial fibers (Fig. 1), isolated cardiac mitochondria of
WT andMnSODtgmice exhibited no significant difference in
CI- and CII-driven respiration and ADP/O ratio that indicates
ATP synthesis (Supplementary Fig. S2A–C). The CI-driven
state 4 and state 3 respirations and ADP/O ratio were de-
creased by 63%, 51%, and 27%, respectively, in isolated
cardiac mitochondria of WT.Tc (vs. WT, all, *p < 0.01) mice,
and by 54%, 27%, and 12%, respectively, in isolated cardiac
mitochondria of MnSODtg.Tc (vs. MnSODtg) mice (Supple-
mentary Fig. S2A.a–C.a). The CII-driven state 4 was not
changed, whereas state 3 respiration and ADP/O ratio were
decreased by 43.7% and 75%, respectively, in isolated car-
diac mitochondria of WT.Tc (vs. WT, all, *p < 0.01) mice,
and by 19% and 26%, respectively, in MnSODtg.Tc (vs.
MnSODtg) mice (Supplementary Fig. S2A.b–C.b). Re-
spiratory control ratio (RCR, indicates mitochondrial integ-
rity) was not disturbed in CI respiring mitochondria from any
of the Tc-infected mice (Supplementary Fig. S2D.a), whereas
CII-driven RCR was decreased by 62% and 17% in WT.Tc
(*p < 0.01) and MnSODtg.Tc mice in comparison with mat-
ched controls (Supplementary Fig. S2D.b). Together the re-
sults presented in Figure 1 and Supplementary Figure S2
suggested that mitochondrial chemiosmosis gradient (i.e.,
CI-driven state 4) and CI- and CII-driven coupled respiration
were significantly compromised in cardiac mitochondria of
chagasic WT mice, and MnSOD overexpression, at least
partially, preserved the mitochondrial respiration capacity
and OXPHOS capacity in the myocardium stressed by
chronic Tc infection.

Next, we determined whether MnSOD overexpression
controlled the mtROS generation and established oxidant/
antioxidant balance in chagasic heart. The plasma total an-
tioxidant capacity (TAC) was decreased by 44.6% with
progressive infection (Fig. 2A *p< 0.01), and the levels of
oxidative stress markers, that is, hydrogen peroxide (H2O2),
protein carbonyls, and malondialdehyde (MDA), were in-
creased by 9.1-fold, 3.5-fold, and 2.8-fold, respectively, in
the myocardium of WT.Tc mice (vs. WT, all *p < 0.001,
Fig. 2B.a–c). Likewise, isolated cardiac mitochondria of
WT.Tc (vs. WT) mice exhibited 60.8% and 72.7% decline in
the TAC and MnSOD activity, respectively (Fig. 2C.a, b,
*p < 0.001), and 3.4-fold and 11.7-fold increase in carbon-
ylation of mitochondrial proteins, determined by Western

FIG. 1. In situ mitochondrial respiration in heart tissue
slices of chronically infected MnSODtg mice. C57BL/6
female mice (WT and MnSODtg) were infected with Try-
panosoma cruzi and harvested at 120 days pi. Cardiac
myofiber bundles (*2mg) were permeabilized, and mito-
chondrial respiratory function was measured using an
Oxygraph-2k respirometer. Baseline respiration was re-
corded with myofiber bundles alone, and state 4 leak res-
piration (A) supported by electron flow through CI
substrates (pyruvate+glutamate+ malate, P+G+M) was re-
corded. Then, ADP-coupled state 3 respiration with electron
input from CI (B) was recorded. Next, succinate was added
to record CI+CII-supported state 3 (C) and rotenone (inhibits
CI) was added to record CII-supported state 3 (D) respiration.
Competence of the outermitochondrialmembrane andmaximal
electron transfer capacity were assessed with addition of cyto-
chrome c (E) and FCCP (F), respectively. Data are plotted as
mean value–SEM (n= 6–10 mice per group), and significance
is shown as *Tc-infected versus matched control or #WT.Tc
versus MnSODtg.Tc, and presented as ##p<0.01, ***,###p<
0.001. The statistical tests employed for calculating the signifi-
cance (Student’s t test, ANOVA/Tukey’s, Kruskal–Wallis with
Dunn’s test [K-W/Dunn’s], and Mann–Whitney [M-W]) are
shown with figure panels. ANOVA, analysis of variance; CI,
complex I; CII, complex II; FCCP, carbonyl cyanide-4-
(trifluoromethoxy)phenyl-hydrazone; MnSOD, manganese
superoxide dismutase; pi, postinfection; SEM, standard error
of the mean; Tc or T. cruzi, Trypanosoma cruzi; WT, wild
type.
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blotting and spectrophotometry, respectively (Fig. 2D.a–c,
*p < 0.001). The myocardial and mitochondrial antioxidant/
oxidant imbalance was associated with a decline in mito-
chondrial health. Isolated cardiac mitochondria ofWT.Tc (vs.
WT) mice energized with CI and CII substrates exhibited a
7.8-fold and 5.1-fold increase in electron leakage, respec-
tively (Fig. 2E.a, b, all *p < 0.001), and a 33% and 114%
increase in H2O2 release, respectively (Fig. 2F.a, b, all
**p < 0.01). The MnSODtg mice maintained the circulating
TAC at all stages of infection and disease development at
levels above or similar to that noted in normal WT controls
(Fig. 2A), and effectively managed the chronic oxidative
stress evidenced by only twofold increase in H2O2 level and
no increase in protein carbonyls and MDA levels in the heart

during disease phase (Fig. 2B.a–c). Furthermore, MnSODtg

mice were equipped to maintain mitochondrial health evi-
denced by only a modest, but nonsignificant, increase in
Tc-induced electron leakage, protein carbonyls, and H2O2

release (Fig. 2C–F, all, ##p < 0.01).
We confirmed the positive effects of MnSOD over-

expression on mitochondrial health during Tc infection by
using an in vitro system. Cultured HeLa cells were trans-
fected with pBI.EGFP–MnSOD (or pBI.EGFP only) and
infected with Tc for 0–24 h. An even distribution of EGFP
was noted in >50% of the transfected HeLa cells (Fig. 3A.a,
b) and pBI.EGFP–MnSOD-expressing HeLa cells exhibited
a 92% increase in mitochondrial MnSOD level, thus con-
firming that induced MnSOD was translocated to the

FIG. 2. Myocardial and mitochondrial antioxidant/oxidant imbalance and mtROS generation are decreased in
MnSODtg mice infected with T. cruzi. C57BL/6 (WT and MnSODtg) mice were infected with T. cruzi and harvested at
days 4 (early, Ei), 30 (acute, Ac), and 150 (chronic, Ch)pi. (A) Total antioxidant capacity in plasma of normal and infected
mice was determined by Trolox assay. (B) Cardiac homogenates of chronically infected mice were utilized to monitor the
H2O2 levels by an Amplex Red assay (B.a), and protein carbonyls (B.b) and lipid hydroperoxides (B.c) by spectropho-
tometry assays. (C–F) Cardiac mitochondria from normal and chronically infected WT and MnSODtg mice were isolated by
differential centrifugation. Isolated cardiac mitochondrial levels of antioxidant capacity (C.a), MnSOD activity (C.b), and
protein carbonyls determined by Western blotting (D.a, D.b) and spectrophotometry (D.c) are shown. Electron flow in
isolated mitochondria was supported through CI and CII substrates. Shown are the mitochondrial electron leakage (E.a, E.b)
and the rate of H2O2 production by an Amplex Red assay (F.a, F.b). Data are plotted as mean value – SEM (n= 6–10 mice
per group, triplicate observations per mouse). Significance is shown as **,##p< 0.01, and ***,###p < 0.001. H2O2, hydrogen
peroxide; mtROS, mitochondrial reactive oxygen species.
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mitochondria in transfected cells (Fig. 3B). HeLa cells in-
fected with Tc for 24 h exhibited a 2.2-fold increase in H2O2

release and the pBI.EGFP–MnSOD-expressing HeLa cells
completely inhibited the Tc-induced H2O2 release (Fig. 3C).
The mitochondrial membrane potential, determined by us-
ing the tetramethylrhodamine, ethyl ester (TMRE) fluores-
cence probe, was gradually decreased by 34–66% in Hela
cells during 0–24 h pi (Fig. 3D, ***p < 0.001). In compari-
son, pBI.EGFP–MnSOD-transfected Hela cells infected
with Tc for 0–24 h maintained the TMRE fluorescence
similar to that noted in normal cardiomyocytes (Fig. 3D).
Together, the results presented in Figures 2 and 3 suggested
that (a) MnSOD overexpression preserved the antioxidant/
oxidant balance that otherwise was tipped toward damaging
oxidants in the myocardium of chagasic mice and Tc-
infected cells and (b) these benefits of MnSOD over-
expression were delivered by preservation of mitochondrial

membrane potential thereby inhibiting the electron leakage
and ROS generation through mitochondrial electron trans-
port chain in the myocardium of chronically infected mice
and Tc-infected cells.

We then determined why antioxidant response is down-
regulated in chagasic heart, and how MnSOD overexpression,
besides enhancing the mtROS scavenging capacity, improved
the antioxidant response. NFE2L2 is a major transcription
factor that regulates the expression of antioxidant proteins.
Western blotting showed ‡twofold decline in the expression
and nuclear translocation of NFE2L2 in chagasic myocardium
(Fig. 4A.a–d, *p< 0.001). No change in the expression of
Kelch-like ECH-associated protein (Keap1; inhibits NFE2L2
activity) was noted in any of the groups (Fig. 4B.a, b). Instead,
NFE2L2 binding to ARE sequences located in the regulatory
region of multiple genes encoding for phase II detoxification
enzymes and antioxidant proteins was decreased by 52% in the

FIG. 3. T. cruzi-induced ROS and mitochondrial defects are controlled in MnSOD-transfected cells. HeLa cells were
transfected with eukaryotic expression vector pBI.GFP–MnSOD. (A) Phase contrast (A.a) and UV epifluorescence (A.b)
images showed that >50% of the HeLa cells were transfected and expressed EGFP-linked MnSOD. (B) Mitochondria
were isolated from normal and pBI.GFP–MnSOD-transfected HeLa cells. Western blotting showed increased mito-
chondrial MnSOD level in transfected cells. (C) Normal and MnSOD-expressing HeLa cells were incubated with T. cruzi
trypomastigotes (cell: parasite ratio, 1:5) for 24 h, and H2O2 release was determined by an Amplex Red assay. (D) Hela
cells (normal and pBI.GFP–MnSOD transfected) were seeded in a 96-well plate, infected with T. cruzi for 1 h, washed
to remove free parasites, and then loaded with TMRE. Cells were incubated for 0, 3, 6, 12, and 24 h. Shown are changes
in TMRE fluorescence (detects changes in mitochondrial membrane potential) monitored as described in Materials and
Methods section. Data are plotted as mean value – SEM, and are representative of three independent experiments
(triplicate observations per experiment). Significance was calculated and shown as described in Figure 1, and shown as
##p < 0.01, ***,###p < 0.001. TMRE, tetramethylrhodamine, ethyl ester. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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myocardium of WT.Tc (vs. WT) mice (Fig. 4C, *p< 0.001).
Subsequently, a 30–38% decline in MnSOD (Supplementary
Fig. S1A) and cGCS (Fig. 4D) mRNA levels and HO1 protein
level (Fig. 4B.a, c) was noted in themyocardium ofWT.Tc (vs.
WT, *p< 0.001) mice. The MnSODtg.Tc mice exhibited no
decline in nuclear translocation of NFE2L2 (Fig. 4A.b, d) and
NFE2L2–ARE binding capacity (Fig. 4C), and consequently,
mRNA for MnSOD (Supplementary Fig. S1A) and cGCS
(Fig. 4D), and HO1 protein level (Fig. 4B.a, d) were preserved
in MnSODtg.Tc mice to the levels detected in WT controls.
These results suggested that MnSOD prevented the mtROS
disturbance of NFE2L2-dependent antioxidant response in
chagasic myocardium.

We confirmed the role of MnSOD induction of NFE2L2
during Tc infection by using an in vitro system. Cardio-
myocytes (normal and pBI.EGFP–MnSOD-transfected) were

infected with Tc for 24 h, stained with NFE2L2-conjugated
Alexa Fluor 568 (red) and 2-(4-amidinophenyl)-1H-indole-6-
carboxamidine (DAPI, binds nucleus, blue), and analyzed
by confocal fluorescence microscopy (Fig. 5A). In response
to Tc infection, cytosolic and nuclear levels of NFE2L2
fluorescence were decreased in cardiomyocytes transfected
with empty plasmid (Fig. 5A, compare Fig. 5A.a–c vs.
Fig. 5A.d–f), but were maintained to normal levels in
pBI.EGFP–MnSOD-expressing cells (Fig. 5A, compare
Fig. 5A.g–i vs. Fig. 5A.j–l). Real-time (RT)-quantitative PCR
showed that the mRNA level for NFE2L2 was equally de-
creased in response to Tc infection in control and pBI.EGFP–
MnSOD-expressing cells (Fig. 5B.a, *p< 0.01). The mRNA
levels for NFE2L2-dependent glutamate-cysteine ligase
modifier subunit (GCLM), thioredoxin (Trx), GST, and NQO1
antioxidants were depressed by 100%, 72.9%, 41.6%, and

FIG. 4. NFE2L2 transcriptional activation in chagasic myocardium (–MnSOD). Mice were infected with T. cruzi and
harvested at 150 days pi. (A) Western blotting. Heart tissue homogenates (A.a, A.c) and nuclear fractions (A.b, A.d) were
subjected to Western blotting with anti-NFE2L2 antibody (A.a, A.b), and densitometry analysis of the NFE2L2 signal
(A.c, A.d) is presented. (B) Western blotting and densitometry analyses of Keap1 (B.a, B.b) and HO1 (B.a, B.c) levels in
heart homogenates. Densitometry analysis of WB bands in heart homogenates and nuclear fractions were normalized to
GAPDH and Lamin A/C, respectively. (C) NFE2L2–ARE binding. NFE2L2 double-stranded (ds) DNA-binding capacity
in nuclear fractions of heart tissue from WT and MnSODtg mice (–Tc) was measured as described in Materials and
Methods section. (D) RT-qPCR analysis for cGCS mRNA level in WT and MnSODtg mice (–Tc). Data are plotted as
mean value – SEM (n = 6–10 mice per group). Significance is shown as ***,###p < 0.001. ARE, antioxidant response
element; cGCS, gamma-glutamyl cysteine synthase; HO1, heme oxygenase-1; Keap1, Kelch-like ECH-associated protein
1; mRNA, messenger RNA; NFE2L2, nuclear factor (erythroid 2)-like 2; RT-qPCR, real-time quantitative polymerase
chain reaction.
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61.6%, respectively, in Tc-infected control cells (Fig. 5B.b–e,
*p< 0.05). The pBI.EGFP–MnSOD-transfected cardiomyo-
cytes exhibited sevenfold, threefold, and 44% higher levels of
mRNA for GCLM, Trx, and NQO1, respectively, than the
pBI-transfected control cells (Fig. 5B.b, c, e). The mRNA
levels for GCLM, Trx, GST, and NQO1 antioxidants in
MnSOD-expressing cardiomyocytes infected with Tc re-
mained significantly higher or equal to that noted in pBI-
transfected control cells (Fig. 5B.b–e, #p< 0.01). To demon-
strate that the increase in antioxidants expression was indeed
because of an increase in NFE2L2 activity, we transfected the

control and MnSOD-expressing HeLa cells with pGL3-
promo-2x-hHO1, pGL3-promo-2x-hNQO1, and pGL3-
promo-2x-hGCLM plasmids encoding luciferase gene un-
der the NFE2L2-binding ARE sequences from HO1, NQO1,
and GCLM, respectively, and then infected with Tc for 24 h.
These results showed that Tc infection resulted in 32%, 46%,
and 39% decline in HO1, NQO1, and GCLM promoter-
dependent luciferase activity (normalized to Renilla
luciferase), respectively (Fig. 5C.a–c, *p < 0.05–0.01). Co-
transfection with pBI.EGFP–MnSOD plasmid arrested the
Tc-induced decline in NFE2L2 transcriptional activity

FIG. 5. MnSOD preserves NFE2L2–ARE functional activity in Tc-infected cells. (A) Confocal microscopy. Cardiac
myocytes were transfected with empty vector (A.a–A.f) or pBI.EGFP–MnSOD (A.g–A.l) and incubated with (A.d–A.f,
A.j–A.l) or without (A.a–A.c, A.g–A.i) T. cruzi for 24 h. Cells were stained with DAPI (nuclear blue, A.a, A.d, A.g, A.j)
and Alexa Fluor 568-conjugated anti-NFE2L2 antibody (red, A.b, A.e, A.h, A.k) and analyzed by confocal fluorescence
microscopy. Overlay images (A.c, A.f, A.i, A.l) show cytosolic and nuclear localization of NFE2L2. (B) Antioxidant genes’
expression. RT-qPCR measurement of mRNA levels for (B.a) NFE2L2, (B.b) GCLM, (B.c) Trx, (B.d) GST, and (B.e)
NQO1 in cardiomyocytes transfected with MnSOD expression plasmid and infected with T. cruzi for 24 h. Fold change was
determined after normalizing the data with GAPDH mRNA. (C) NFE2L2 transcriptional activity. HeLa cells were tran-
siently transfected with pGL3-promo-2x-hHO1 (C.a), pGL3-promo-2x-hNQO1 (C.b), or pGL3-promo-2x-hGCLM (C.c)
plasmids consisting of luciferase encoding gene under NFE2L2-binding ARE sequence from HO1, NQO1, and GCLM,
respectively. Cells were cotransfected with an MnSOD-expressing plasmid and a Renilla luciferase plasmid (positive
control for normalization of transfection efficiency). Transfected cells were infected (cell:Tcratio, 1:5) for 24 h. The relative
NFE2L2 transcriptional activity for HO1, NQO1, and GCLM was measured by using a dual luciferase assay and normalized
to Renilla luciferase activity. Data (mean – SEM) are representative of three independent experiments (triplicate observa-
tions per experiment). Significance is shown as *p < 0.05, **,##p < 0.01, ***,###p < 0.001. GCLM, glutamate-cysteine ligase
modifier subunit; GST, glutathione S transferase; NQO1, NAD(P)H dehydrogenase, quinone 1; Trx, thioredoxin. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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(Fig. 5C.a–c). Taken together, the results presented in Fig-
ures 4 and 5 suggested that (a) Tc-induced mtROS suppressed
the NFE2L2 nuclear translocation, binding with AREs, and
transcriptional activity resulting in a compromised antioxidant
response in cardiac myocytes, Hela cells, and chagasic heart.
Furthermore, (b) MnSOD overexpression was beneficial in
preserving the NFE2L2 transcriptional activity and NFE2L2-
dependent antioxidant expression in Tc-infected cells and
myocardium of chagasic mice.

To determine whether preservation of NFE2L2-regulated
antioxidant status improved the cardiac performance in
chagasic mice, we performed transthoracic ECG (Fig. 6 and
Supplementary Table S1). These data showed that the LV
systolic function, that is, stroke volume (SV), cardiac output
(CO), and ejection fraction (EF) were decreased by 50%,
61%, and 45%, respectively (Fig. 6a–c, *p < 0.001), and end
systolic volume (ESV) was increased by 100% (Fig. 6d,
*p < 0.001) inWT.Tc (vs. WT) mice. A significant increase in
LV internal diameter (LVID-s: 117%) and consequent de-

cline in fractional shortening (FS; 63%, Supplementary
Table S1, *p < 0.001) further suggested that compromised
contraction contributed to decreased LV systolic function in
WT.Tc mice. The pulse wave Doppler ECG showed that the
transmittal flow of blood from left atrium to LV through
mitral valve was decreased by 37% during early peak (E,
Fig. 6e, *p < 0.001) and increased by 78% during late peak
(A, Fig. 6f, *p < 0.001) in chagasic myocardium. The
prolonging of isovolumic contraction time (IVCT; 85% in-
crease, Fig. 6g) and isovolumetric relaxation time (IVRT;
47% increase, Fig. 6h) and a shortening of LV ejection time
(LVET) indicated poor myocardial performance index (all,
*p< 0.001, Supplementary Table S1) in chagasicWTmice. In
comparison, chronically infected MnSODtg mice preserved
the LV systolic function to the normal level (Fig. 6a–d),
improved the diastolic performance by >50% (Fig. 6e–h), and
Tc-induced changes in LVID-s, FS, and LVET were not com-
pletely eliminated (Supplementary Table S1). Together, these
results suggested that (a) LV systolic function and diastolic

FIG. 6. Left ventricular systolic and diastolic performance in chagasic mice (–MnSOD). C57BL/6 female mice (WT
and MnSODtg) were infected with Tc. Shown are transthoracic echocardiography measurements of (A) SV, (B) CO, (C) EF,
and (D) ESV in mice at ‡120 days pi. Pulse wave Doppler echocardiography was performed to measure mitral valve (E)
early and (F) late peak velocities, (G) IVCT, and (H) IVRT in chagasic mice. Data are plotted as mean value – SEM (n = 6–
10 mice per group, triplicate observations per mouse). Significance is shown as ##p < 0.01, and ***,###p < 0.001. Detailed
data are presented in Supplementary Table S1. CO, cardiac output; EF, ejection fraction; ESV, end systolic volume; IVCT,
isovolumic contraction time; IVRT, isovolumetric relaxation time; SV, stroke volume.
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performance were compromised in chronically infected WT
mice and (b) MnSOD/NFE2L2-dependent improvement in
mitochondrial health and antioxidant/oxidant balance re-
stored the LV hemodynamics during chronic infection.

To gain an anatomopathological view of the heart, we took
a measure of LV walls, and also performed histological and
molecular studies. ECG imaging showed the interventricular
septum (IVS) thickness (Fig. 7A.a, b) and LV area (Fig. 7A.c,
d) during systolic and diastolic phases, as well as the LVmass
(Fig. 7e) was increased by 43–74% (all, *p < 0.001), whereas
LV posterior wall (LVPW) was thinned (Fig. 7A.f, *p < 0.01)
in chagasicWTmice (Supplementary Table S1). Histological
evaluation of tissue sections by Masson’s Trichrome staining
showed that the myocardial collagen content, specifically
around the vasculature, was markedly increased in chagasic
myocardium (score: 4.0 – 0.4 vs. 0.3 – 0.04, WT.Tc vs. WT,
*p < 0.001, Fig. 7B). An increase in cardiac fibrosis in WT.Tc
mice was also evidenced by 7-fold, 11-fold, 2-fold, 2.4-fold,
and 2.4-fold increase in mRNA levels for COLI, COLIII,
COLV, aSMA, and aSM22, respectively (Fig. 7C.a–e, all,
*p < 0.001). In MnSODtg.Tc mice, although IVS-s thickness

and LV area-d remained higher than normal levels (Fig. 7A.a,
d, p< 0.01), LV area-s, LVPW-s, and LV mass (Fig. 7A.c, e,
f) were maintained to the levels noted in matched (MnSODtg)
and WT controls. The control of Tc-induced fibrosis in
MnSODtgmice was also evidenced by a significant decline in
collagen deposition (Fig. 7B, score: 2 – 0.26), 51–94% de-
cline in collagen-related gene expression (Fig. 2C.a–c), and
normal levels of aSMA and aSM22 expression (Fig. 7C.d–e,
all, #p < 0.001). Together these results suggested that changes
in the LV walls’ thickness (and thereby contractile capacity)
contributed to compromised systolic and diastolic perfor-
mance of the heart in chagasic mice. The benefits of MnSOD/
NFE2L2 in preserving LV hemodynamics (Fig. 6) were de-
livered via preservation of IVS and LVPW flexibility through
control of cardiac collagenosis (Fig. 7) in chagasic disease.

Finally, we determined whether Tc-induced heart dys-
function was correlated with parasite burden. We obtained a
quantitative measure of tissue parasite burden by PCR am-
plification of Tc18srDNA. The primer pairs were confirmed
to produce a single amplicon by traditional PCR and RT-PCR
(Supplementary Fig. S3A) and all samples produced a signal

FIG. 7. Cardiac remodeling in chagasic mice (–MnSOD). Mice (WT and MnSODtg) were infected as shown in
Figure 6. (A) Cardiac structural changes were analyzed by echocardiography using a Vevo 2100 system. Shown are systolic
(-s) and diastolic (-d) values for IVS thickness (A.a, A.b), LV area (A.c, A.d), LV mass (A.e), and LVPW thickness (A.f) in
chronically infected mice. (B) Fibrosis score. Heart tissue sections of chronically infected WT and MnSODtg mice were
stained with Mason’s trichrome, and tissues were scored for collagen as described in Materials and Methods section. (C)
Gene expression analysis. RT-qPCR was performed to evaluate mRNA levels for collagen isoforms COLI, COLIII, and
COLV (C.a–C.c), aSMA (C.d) and aSM22 (C.e). Data are plotted as mean value – SEM (n= 6–10 mice per group, triplicate
observations per mouse). Significance is shown as **,##p < 0.01, and ***,###p< 0.001. IVS, inter-ventricular septum; LV,
left ventricle; LVPW, LV posterior wall.
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within the standard curve range (Supplementary Fig. S3B).
Pearson’s correlation analysis of tissue levels of Tc18SrDNA
versus changes in percentage EF in chagasic WT and
MnSODtg mice identified no significant correlation between
parasite burden and EF in WT and MnSODtg mice (Supple-
mentary Fig. S3C, D). These results confirmed that parasite
persistence in chronically infected host is not the only factor
to cause heart dysfunction.

Discussion

Our data from this study and other reports [reviewed in
Tanowitz et al. (47)] have suggested that a pro-oxidant milieu
is presented in the myocardium and may be of pathological
importance in progressive development of CCM. However,
the mechanism(s) of oxidative stress generation and its role
in disease pathology are not known. In this study, we provide
the first direct evidence that (a) in vivo OXPHOS capacity is
compromised in chagasic myocardium and contributes to
mtROS production and (b) mtROS inhibited the nuclear
translocation and transcriptional activation of NFE2L2-
dependent antioxidant gene expression. Because of the host’s
inability to arrest ROS, (c) extensive oxidative adducts and
cardiac remodeling led to compromised systolic and diastolic
performance of the chagasic heart. By using MnSODtg mice,
we found that MnSOD-dependent scavenging of the ROS (d)
halted the loss in mitochondrial oxidative metabolism and
NFE2L2 transcriptional activity. Importantly, (e) MnSOD/
NFE2L2 protection from oxidative stress was beneficial in
arresting the chronic cardiac remodeling and LV dysfunction
in chagasic hearts. To the best of our knowledge, this is the first
report demonstrating a molecular link between mtROS and
NFE2L2 transcriptional activity and their mechanistic role in
the development of chronic cardiomyopathy and left ventric-
ular systolic and diastolic dysfunction in Chagas disease.

MnSOD is a primary antioxidant enzyme in mammalian
cells catalyzing the conversion of two molecules of super-
oxide anion (O2

�–) generated either as by-products of mito-
chondrial OXPHOS or under oxidative stress into H2O2,
which is further oxidized to water. MnSOD significantly re-
duces drug-induced cardiac injury through protecting mito-
chondria from damage caused by superoxide radicals (58). In
the context of CCM, decreased myofibrillar OXPHOS ca-
pacity (Fig. 1 and Supplementary Fig. S2) along with in-
creased mtROS production (Fig. 2) contributed to oxidative
adducts (Figs. 2 and 3), and MnSOD overexpression rescued
the mitochondrial function in chagasic myocardium (Fig. 1)
as well as in vitro cultured HeLa cells and cardiac myocytes
infected by Tc (Fig. 3). Our findings confirm that MnSOD/
mtROS interplay determines the extent of oxidative adducts
of the macromolecules such as DNA, lipids, and proteins
observed in the myocardium of chagasic mice (Fig. 2) (14,
52), rats (55), and humans (10, 57).

To ameliorate oxidative injury and maintain redox ho-
meostasis, mammals have developed an efficient defense
system of enzymatic and nonenzymatic antioxidants. How Tc

signals MnSOD inefficiency of gene/protein expression and
activity and why host is not able to activate the antioxidant
response to mtROS stress are not known. MnSOD is tran-
scriptionally regulated through multiple transcription factors,
including SIRT1/FOXO3a (31, 33, 36), MEK/ERK/NF-jB
(3), and peroxisome proliferator-activated receptor c (PPARc)

(15). A pronounced activation of NF-jB (4), AP1 (27), and
PPARs (26) has been noted in various models of Tc infection;
however, activation of these transcriptional factors did not
correlate with MnSOD expression (Supplementary Fig. S1) in
Chagas disease. These observations suggest that the expres-
sion and activation of MnSOD and other antioxidants in the
context of Chagas disease are regulated through other tran-
scription factors.

NFE2L2 is a basic leucine zipper transcription factor that
binds to the AREs in the promoter region of the antioxidant
genes (39, 51). Many oxidants, heavy metals, phenolic anti-
oxidants, and GSH-conjugating agents serve as inducers of
NFE2L2 in regulation of the antioxidant gene expression
(51). However, despite an increase in oxidative stress (Figs. 2
and 3), Tc-infected cardiac myocytes and HeLa cells (Figs. 3
and 5) and murine hearts [Fig. 4 (38)] showed decreased
expression of cGCS required for GSH synthesis and of an-
tioxidant enzymes (e.g., GCLM, GST, Trx, HO1, NQO1).
Our findings of decreased nuclear translocation and tran-
scriptional activity of NFE2L2 in Tc-infected HeLa cells,
cardiac myocytes, and myocardium of chagasic mice that
were ameliorated by MnSOD overexpression (Figs. 4 and 5)
suggest that mtROS, instead of a stimulator, inhibited the
NFE2L2 activity during Tc infection. T. cruzi may influence
the mtROS generation and NFE2L2 activation through in-
dependent pathways, or Tc-induced mtROS may alter the
NFE2L2 stability and nuclear translocation. It is also possible
that mtROS alters the binding of NFE2L2with other partners,
for example, Keap1 [a negative regulator of NFE2L2 (49)] or
PGC1a [a cofactor required for NFE2L2 transcriptional ac-
tivation (5)], or oxidative modifications result in the assembly
of a transcriptionally inactive complex, and this remains to be
investigated in future studies.

Various modalities of ECG provide useful structural and
functional information in the detection of early myocardial
damage, risk assessment of prognosis, disease progression,
and management of heart condition (1). In chagasic patients,
the heart is dilated, LV systolic and diastolic functions are
usually abnormal with advanced clinical heart failure, and
many of them present LV apical and other segmental wall
abnormalities (2, 37, 41). We performed detailed evaluation
of LV structure, contractile function, and blood flow by ECG
to establish whether our experimental model captures the
cardiac changes as observed in chagasic patients, and also
obtained a molecular basis for the observed changes in the
heart. Transthoracic ECG showed that an increase in IVS
thickness and LV stiffness (increased LV mass) along with
enlargement of the heart (increase in LV area, thinning of
LVPW) was associated with the development of systolic LV
dysfunction in WT chagasic mice (Figs. 6 and 7). Molecular
and histological studies demonstrated increased expression
of the profibrotic genes and collagen deposition in chagasic
myocardium (Fig. 7). The phenotypic transformation of fi-
broblasts to myofibroblasts, triggered by ROS release, con-
tributes to fibrosis, collagenosis, and the activation of matrix
metalloproteinases involved in the remodeling of the failing
myocardium (17). ROS-dependent formation of advanced
glycation end (AGE) products is recognized as an underlying
mechanism for accelerated cross-linking of collagens in ag-
ing and diabetes (32, 40), and may also be relevant in CCM.
Furthermore, hyperplasia and migration of cardiac fibroblasts
to the interstitial space are facilitated by growth factors (e.g.,
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fibroblast growth factor and TGF-b) and fibrogenic cytokines
(e.g., IL-1b and TNF-a), all of which are enhanced in cha-
gasic myocardium [reviewed in Machado et al. (35)]. This
results in an increase in collagen content and also in structural
changes in collagen network, causing abnormal stiffness and
pressure overload. Carvedilol maintains cross-linking, reduces
cardiac workload and oxygen consumption, peripheral vaso-
dilation, and cellular apoptosis, and works as a potent anti-
oxidant (9, 18). Indeed, adding carvedilol to enalapril (ACE
inhibitor) and spironolactone (reduces fluid retention) therapy
was beneficial in improving EF in chagasic patients (9, 18).
Thus, we surmise that (a) our experimental model of chronic
Tc infection captures the abnormalities of LV systolic function
as is noted in chagasic patients and (b) mtROS/NFE2L2 im-
balance and consequent signaling of fibrotic gene expression
constitute a key mechanism in the development of CCM.

Besides hypertrophy, that is, pathological thickening of the
LV walls, myocardial injury impairs ventricular relaxation
and diastolic filling (6, 24). The mitral inflow reflects the
pressure difference between the atria and the ventricle, and
any abnormality of diastolic pressure in the chambers affects
the velocity and shape of the Doppler inflow signal. Speci-
fically, diastolic dysfunction alters the relationship between
early and late filling (E- and A-wave), and the length of the
IVRT. In a healthy heart, the E velocity (early peak of blood
flow from left atrium to LV) is greater than the A velocity
(late peak of blood flow with atrial contraction). In a recent
study, Nrf2+/- mice were reported to preserve the systolic
function, but developed impaired LV diastolic function with
prolonged E wave, mitral valve ejection time (MVET),
IVRT, and increased myocardial perfusion index (MPI) as-
sociated with cardiac hypertrophy and nonresponsiveness to
pharmacological modulators of Ca2+ homeostasis (e.g., iso-
proterenol) (16). In our study, chronically infected mice ex-
hibited reduced LV compliance evidenced by a significant
decline in E wave, increase in A wave, and E/A ratio = 1
(normal E/A ratio >2.0), suggesting reduced filling of the LV
in the period between contractions (19). The prolonging of
IVCT and IVRT but a shortening of MVET indicated poor
inflow of blood and relaxation of the heart (8) as well as de-
creased ability to maintain contraction for ejection of the ox-
ygenated blood. Enhancing the MnSOD/NFE2L2 improved
the LV E/A ratio and relaxation, and myocardial performance
index in chagasic mice, suggesting that the ROS-induced hy-
pertrophy and cardiac injuries contribute to impaired myo-
cardial relaxation and diastolic dysfunction in CCM.

Materials and Methods

Mice, parasites, and cell culture

C57BL/6 mice (WT) were purchased from Harlan La-
boratories (Indianapolis, IN). MnSODtg mice (C57BL/6
background) were kindly provided by Dr. H. Van Rammen
(30, 34). All mice were bred at the University of Texas
Medical Branch (UTMB) animal facility. T. cruzi SylvioX10/4
isolate and C2C12 murine skeletal muscle cell line were pur-
chased from ATCC (Manassas, VA). T. cruzi trypomastigotes
were propagated by in vitro passage in C2C12 cells. Female
mice (6 weeks old, body weight: 18.23– 1.67 g) were infected
with T. cruzi (10,000 trypomastigotes/mouse, intraperitoneal)
and harvested at days 4–7, 35–40, and 120–150 pi corre-
sponding to phases of early invasion and dissemination, acute

(peak) parasitemia, and chronic disease, respectively. Sera/
plasma and tissue samples were stored at 4�C and -80�C,
respectively. Human cardiac myocyte culture was maintained
in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 me-
dium containing 12.5% fetal bovine serum (FBS). Human
cervix epithelial cell line (HeLa, ATCC) was propagated in
DMEM supplemented with Earle’s salts, 2mM l-glutamine,
and 10% FBS. Protein level in all samples was determined by
using the Bradford Protein Assay (Bio-Rad, Hercules, CA).
All animal experiments were performed according to the Na-
tional Institutes of Health Guide for Care and use of Experi-
mental Animals, and were approved by the Institutional
Animal Care and Use Committee at the UTMB, Galveston
(protocol No. 805029).

Plasmids and transient transfection

The eukaryotic plasmids pBI.EGFP–MnSOD (CMV pro-
moter; Addgene, Cambridge, MA) (44) and pRL.SV40 (Pro-
mega, Madison, WI) express full-length MnSOD and Renilla
luciferase, respectively. The luciferase reporter plasmids, pGL3-
promo-2x-hHO1, pGL3-promo-2x-hGCLM, and pGL3-promo-
2x-hNQO1, were kindly provided by Dr. Sepppo Tiä-Herttuala
(A.i.Virtanen Institute atUniversityofEasternFinland). For this,
two promoter regions including NFE2L2-ARE sequences from
human hemoxygenase (HO1), GCLM, and NADPH dehydro-
genase quinone 1 (NQO1) were cloned in tandem into the pGL3
vector upstream of the SV40 minimal promoter and luciferase
sequences (28). All recombinant plasmidswere transformed into
Escherichia coli DH5a-competent cells, grown in l-broth con-
tainingappropriate antibiotics (100lg/ml), andpurifiedusing the
Plasmid DNAMaxi Prep kit (Qiagen, Chatsworth, CA).

To measure the transfection efficiency, HeLa cells (104/
well) were seeded in Lab-Tek II eight chamber slide and
incubated overnight in antibiotic-free Opti-MEM. The
pBI.EGFP–MnSOD plasmid was mixed with transfection
reagent (100 ng DNA in 5ll H2O and 0.3 ll Lipofectamine
2000; Invitrogen, Carlsbad, CA) and added to the well. After
6 h of incubation, cells were washed, replenished with com-
plete medium for 3–5 h, and transfection efficiency was de-
tected by recording EGFP fluorescence at Ex488nm/Em509nm

using ECLIPSE Ti inverted microscope with a 40 · lens
(Nikon, Melville, NY).

Genotyping and tissue parasite burden

Tail biopsies (2–3mm) from young pups or heart tissue
sections (10mg) from WT and MnSODtg mice, with or
without T. cruzi infection, were subjected to Proteinase-K
lysis and total DNA was extracted by phenol/chloroform
extraction/ethanol precipitation method. Total DNA was
treated with RNase A (DNase and protease-free, Cat. No.
EN0531 from Thermo Scientific, Waltham,MA) and purified
by using DNeasy Mini Spin Columns (Qiagen, Germantown,
MD). Total DNA absorbance was recorded at 260 and 280 nm
by using a DU� 800 UV/Visible Spectrophotometer, and
DNA concentration ([OD260–OD320]· 50-lg/ml) and purity
(OD260/OD280 ratio of 1.7–2.0) were recorded. Tail DNA
samples were analyzed by traditional PCR for genotyp-
ing WT and MnSODtg mice as described (43). Total DNA
isolated from heart tissues (100 ng) was subjected to an
RT qPCR on an iCycler thermal cycler with SYBR Green
Supermix (Bio-Rad) and Tc18SrDNA-specific primers
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(Supplementary Table S2), and fold change was calculated as
2-DDCt, where DCt represents the Ct (Tc18SrDNA) - Ct

(GAPDH), andDDCt represents theDCt for sample and -DCt

for control (22).

Gene expression analysis

Freshly harvested heart tissue sections (10mg) from
chronically infected and control (WT and MnSODtg) mice
were snap frozen in liquid nitrogen and homogenized in
TRIzol reagent (Invitrogen; weight/volume ratio, 1:10). Total
RNA was extracted and precipitated by chloroform/iso-
propanol/ethanol method. The DNA that might be contami-
nating the RNA preparation was removed by RNase-free
DNase I (New England Biolabs, Beverly, MA) treatment.
Total RNA was analyzed by using a DU 800 UV/Visible
Spectrophotometer (Beckman Coulter, Pasadena, CA) to
assess the quality (OD260/280 ratio ‡2.0) and quantity (OD260

of 1= 40lg/ml RNA). Total RNA (2lg) was reverse tran-
scribed by using poly (dT)18 oligonucleotide with an iScript�

kit (Bio-Rad). The complementary DNA (cDNA) was utilized
as a template, and RT-qPCR was performed on an iCycler
Thermal Cycler with SYBR-Green supermix (Bio-Rad) and
gene-specific oligonucleotide pairs (Supplementary Table S2).
The PCR Base Line Subtracted Curve Fit mode was applied for
threshold cycle (Ct), Ct values for target mRNAs were nor-
malized to GAPDHmRNA, and the relative expression level of
each target gene was calculated as already described.

Cardiac myocytes (1 · 106/well in six-well plate) were
transfected with pBI.EGFP–MnSOD plasmid in triplicate
(2 lg plasmid with 7ll Lipofectamine 2000) as detailed in
the plasmids and transient transfection section. Cells were
infected with T. cruzi (1:5, cell:parasite ratio) for 24 h, wa-
shed, and suspended in TRIzol reagent (1ml/well). Total
RNA was isolated, and gene expression analysis was per-
formed as already described.

Tissue homogenates and mitochondrial

and nuclear fractions

Tissue sections (tissue:buffer ratio, 1:10w/v) were ho-
mogenized in RIPA buffer (Cat. No. 9806; Cell Signaling,
Dallas, TX), centrifuged at 10,000 g, and supernatants were
used as tissue lysates. To isolate mitochondria, freshly har-
vested heart tissues were minced in ice-cold isolation buffer
(10mM HEPES pH 7.4, 225mM mannitol, 75mM sucrose,
and 0.2% fatty acid-free bovine serum albumin [BSA]; tis-
sue: HMSB ratio, 1:20), and homogenized in a dounce
homogenizer in the presence of collagenase (200U/ml).
Collagenolysis was stopped with addition of 1mM EGTA
(ethylene glycol-bis(b-aminoethyl ether)-N,N,N¢,N¢-tetraacetic
acid), and samples were centrifuged sequentially at 600 g and
8000 g to pellet the mitochondria (52). The nuclear fractions
were prepared by employing Nuclear Complex Co-IP kit (Cat.
No. 101690; Active Motif, Carlsbad, CA).

HeLa cells were cultured in six-well plates (1 · 106 cells
per well) and transfected with pBI.EGFP–MnSOD (2lg
plasmid with 7 ll Lipofectamine 2000). Cells were harvested,
suspended in HMSB medium (1.2· 107 cells in 500ll), and
homogenized, and mitochondria were isolated by differential
centrifugation as already described. Mitochondrial pellets
were suspended in 100ll HMSB medium and utilized to
measure MnSOD expression by Western blotting.

Western blotting

Heart homogenates (30 lg protein) and isolated mito-
chondria (15 lg protein) or nuclear fractions (10 lg protein)
were electrophoresed on a 4–15% Mini-Protein� TGX� gel
using aMini-PROTEAN electrophoresis chamber (Bio-Rad),
and proteins were transferred to a polyvinylidene fluoride
membrane using a Criterion Trans-blot System (Bio-Rad).
Membranes were blocked with 5% nonfat dry milk (NFDM)
in 50mM Tris-HCl (pH 7.5)/150mM NaCl (TBS), washed
with TBS–0.1% Tween 20 (TBST) and TBS, and incubated
overnight at 4�C with antirabbit antibodies against NFE2L2
(Cat. No. 12721S, 1:1000; Cell Signaling), Keap1 (Cat. No.
sc33569, 1:1000; Santa Cruz, Inc., Santa Cruz, CA), HO1
(Cat. No. 5061, 1:1000; Cell Signaling), MnSOD (Cat. No.
PA1-31072, 1:5000; Life Technology, Carlsbad, CA), COX
IV (Cat. No. ab16056, 1:2000; Abcam, San Francisco, CA),
Lamin A/C (Cat. No. sc20681, 1:1000; Santa Cruz, Inc.), and
GAPDH (Cat. No. 3683, 1:1000; Cell Signaling). All anti-
bodies were diluted in TBST–2% NFDM. Membranes were
washed as already described, incubated with horseradish
peroxidase (HRP)-conjugated goat-antirabbit secondary an-
tibody (Cat. No. 4041-05, 1:5000 dilution; Southern Biotech,
Birmingham, AL), and signal captured by using an Im-
ageQuant LAS4000 system (GE Healthcare, Pittsburgh,
MA). Immunoblots were subjected to Ponceau S staining to
confirm equal loading and transferring of samples. Densito-
metry analysis of protein bands was performed using a
Fluorchem HD2 Imaging System (Alpha-Innotech, San
Leandro, CA) and normalized against GAPDH (tissue ho-
mogenates), COX IV (mitochondrial fractions), or Lamin A/
C (nuclear fractions).

In-tissue mitochondrial analysis and high-resolution

respirometry

Freshly harvested LV tissues (*10mg) were immersed in
ice-cold BIOPS buffer (10mM CaK2–EGTA, 7.2mM K2–
EGTA, 20mM imidazole, 20mM taurine, 50mM K-MES,
0.5mM dithiothreitol, 6.5mM MgCl2, 5.8mM ATP, and
15mM creatine phosphate; pH 7.1). Myofiber bundles were
transferred to 2ml of MIR05 buffer (0.5mM EGTA, 3mM
MgCl2, 60mM K-lactobionate, 20mM taurine, 10mM
KH2PO4, 20mMHEPES, 110mM sucrose, and 1mg/ml fatty
acid-free BSA, pH 7.1) containing 50lg/ml saponin, and
incubated at 4�C for 30min to achieve chemical permeabi-
lization of the sarcolemma membrane. Permeabilized myo-
fiber bundles (*2mg) were washed with MIR05 buffer and
used for measuring mitochondrial respiration by using an
O2K respirometer (Oroboros Instruments, Innsbruck, Aus-
tria). Oxygen concentration was determined at 2 s intervals
and used to compute oxygen flux per milligram of tissue by
Oroboros DatLab software (42). In brief, a leak respiratory
state was recorded with myofiber bundles alone, and state 4
leak respiration supported by electron flow through CI (5mM
pyruvate, 10mM glutamate, and 2mM malate, P+G+M) was
recorded. Electron transfer was coupled to phosphorylation
by the addition of 5mM ADP, and state 3 respiration sup-
ported by CI was recorded. Maximal state 3 respiration with
parallel electron input from CI and CII was recorded with
addition of 10mM succinate, and CII-supported respira-
tion was measured in the presence of 6.25 lM rotenone (in-
hibits CI). Cytochrome C (10 lM) was added to assess the
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competence of the outer mitochondrial membrane. The ab-
sence of a significant increase in respiratory flux after the
addition of cytochrome C indicates that the outer mitochon-
drial membranes are intact. Finally, maximal electron trans-
fer capacity was recorded in the presence of 5 lM FCCP (42).

Respiration and ROS production in isolated cardiac

mitochondria

A Mitocell S200A Respirometry System (Strathkelvin,
Motherwell, United Kingdom) was used to measure the res-
piration rate in isolate mitochondria. In brief, a microcathode
oxygen electrodewas calibrated in 0.5mlMSPbuffer (225mM
mannitol, 75mM sucrose, 20mM KH2PO4/K2HPO4 pH 7.6).
Freshly isolated cardiac mitochondria (200lg) from WT and
MnSODtg (chronically infected and control) mice were sus-
pended in0.5mlMSPbuffer and added to themitocell to record
the basal O2 consumption. The CI-supported state 4 respiration
was recorded after adding P+G+M substrates. Then, 230lM
ADPwas added andCI-driven state 3 respirationwas recorded.
Next, 5mM succinate and 6.25lM rotenone (S+R)were added
to record the CII-supported state 3 respiration. Then, 5lg/ml
oligomycinwas addedandCII-driven state 4was recorded. The
ADP/O ratio (mitochondrial ATP production capacity) was
calculated as decrease in O2 concentration during state 3 res-
piration per O atom consumed (53).

To measure the rate of mtROS generation, cardiac mito-
chondria (25 lg protein) isolated from WT and MnSODtg

(chronically infected and control) mice were resuspended in
50 ll of HMS medium (10mM HEPES pH 7.4, 225mM
mannitol, and 75mM sucrose), and added in triplicate to 96-
well, black flat-bottomed plate containing 50ll of 2 · reac-
tion buffer (20mM Tris-HCl at pH 7.4, 500mM sucrose,
2mM EDTA) containing 66 lM Amplex Red and 0.2U/ml
HRP. Amplex Red oxidation by ROS to fluorescent resorufin
was measured at Ex563nm/Em587nm on a SpectraMax M5
microplate reader (Molecular Devices, Sunnyvale, CA).
After recording the baseline, P+G+M and ADP were added
(as already described), and CI-driven ROS production was
recorded for 5min. Next, S+R were added, and CII-driven
ROS production was recorded for 5min. Standard curve was
prepared with H2O2 (50 nM–5 lM) and data are presented as
the rate of H2O2 production per minute per milligram mito-
chondrial protein. The percentage of mitochondrial electron
leakage was calculated as the rate of O2

�- production · 100/
2 · rate of O2 consumption (54).

Antioxidant and oxidant levels

TAC in plasma and isolated cardiac mitochondria of
chronically infected WT and MnSODtg mice (controls:
matched, uninfected mice) were assessed by using lag time
by antioxidants against the myoglobin-induced oxidation of
2,2¢-azino-di(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
with H2O2. In brief, 20ll of plasma samples (diluted 1:20,
v/v) or isolated mitochondria (15 lg) was added in triplicate
to 96-well plates and mixed with 90 ll of 10mM phosphate-
buffered saline (PBS; pH 7.2), 50 ll of myoglobin solution,
and 20ll of 3mM ABTS. The reaction was initiated with
H2O2 (20ll) and change in color was monitored at 600 nm
(standard curve: 2–25 lM trolox).

MnSOD activity in heart homogenates or isolated cardiac
mitochondria was measured by using a Superoxide Dis-

mutase Assay kit (Cat. No. 706002; Cayman Chemicals, Ann
Arbor, MI). The assay utilizes a tetrazolium salt for detection
of superoxide radicals generated in the presence of xanthine
oxidase and hypoxanthine. One unit of SOD was defined as
the amount of MnSOD needed to exhibit 50% dismutation of
the superoxide radical (standard curve: 0.005–0.05U/ml re-
combinant CuZnSOD).

Lipid peroxidation products in heart homogenates were
measured by a TBARS assay. In brief, samples (1:10w/v,
100 ll) were added in a glass tube containing 4ml reaction
mixture (0.4% sodium dodecyl sulfate [SDS], 7.5% acetic
acid, pH 3.5, and 0.3% thiobarbituric acid), and heated at
95�C for 60min. After cooling, samples were extracted with
5ml n-butanol: pyridine (15:1, v/v), and absorbance was
recorded at 532 nm (e = 1.56 · 105 M-1

$cm-1).
The protein carbonyls in heart homogenates and isolated

cardiac mitochondria of WT andMnSODtgmice (normal and
chronically infected) were measured by a colorimetric pro-
tein carbonyl assay (Cat. No. 10005020; Cayman Chemicals)
according to the instructions provided by the manufacturer.
Protein carbonyls in isolated cardiac mitochondria were also
evaluated by Western blotting. In brief, carbonyls were de-
rivatized with 2,4-dinitrophenylhydrazine for 30min, and
samples were neutralized and resolved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as
already described. DNP-derivatized, carbonyl proteins were
detected by using an anti-DNP antibody (Cat. No. D9656,
antirabbit IgG, 1:5000; Sigma, St. Louis, MO).

The H2O2 levels in heart homogenates were measured by
Amplex Red assay. In brief, 50ll of tissue lysates (100 lg
protein) was pipetted into a black 96-well plate, and 100ll
of reaction mixture containing 0.05M sodium phosphate, pH
7.4, 33lM Amplex Red, and 0.1U/ml HRP was added. The
plate was read at Ex563nm/Em587nm after incubating for
30min in the dark and calculated as already described.

To measure H2O2 in cells, HeLa cells (1· 104/well) were
transfected with pBI.EGFP–MnSOD and infected with T.
cruzi for 24 h. Cells were washed twice with PBS, suspended
in color-free RPMI, and H2O2 levels were measured by
Amplex Red assay as already described.

Mitochondrial membrane potential

Mitochondrial membrane potential in HeLa cells was as-
sessed with TMRE (Cat. No. T669; Molecular Probes, Eu-
gene, OR). In brief, HeLa cells were transfected with
pBI.EGFP–MnSOD, seeded in the 96-well plate, and infected
with T. cruzi for 1 h. Cells were washed to remove free par-
asites and loaded with TMRE (100 nM) at 37�C for 30min.
Cells were incubated for 0, 3, 6, 12, and 24 h, and mean
fluorescence intensity was measured at Ex549nm/Em574nm.

NFE2L2-double-stranded DNA binding assay

The nuclear fractions (5 lg) from the heart tissue of WT
and MnSODtg mice (normal and Tc infected) were added in
triplicate to the 96-well plate precoated with double-stranded
DNA (dsDNA) sequence containing the NFE2L2 response
element (Cat. No. 600590; Cayman Chemicals). Plates were
incubated overnight at room temperature, washed five times
with wash buffer to remove unbound proteins, and then se-
quentially incubated at room temperature for 1 h each with
anti-NFE2L2 primary antibody and goat antirabbit HRP-
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conjugated secondary antibody. The signal was developed
using 3,3¢,5,5¢-tetramethylbenzidine substrate and change in
absorbance was measured at 450 nm.

NFE2L2 transcriptional activity

HeLa cells (104/well) were seeded in 96-well tissue-culture
plates, and incubated overnight in antibiotic-free Opti-MEM.
Cells were transfected with pRL-SV40 plasmid (50 ng) in
combination with pBI.EGFP–MnSOD and/or luciferase re-
porter plasmids (100ng each) using Lipofectamine 2000 re-
agent (Invitrogen). After 6 h of incubation, cells were washed,
replenished with complete medium for 3–5 h, and then in-
fected with T. cruzi (cell:parasite ratio, 1:5). The relative
NFE2L2 transcriptional activity for HO1, GCLM, and NQO1
was measured by using a Dual Luciferase Assay System
(Promega) and normalized to Renilla luciferase activity.

Confocal microscopy

Cultured cardiac myocytes were seeded (104 cells/well) in
Lab-Tek II eight-well chamber slides (Nunc, Rochester, NY)
and incubated overnight at 37�C, 5% CO2. Cells were
transfected with pBI.EGFP–MnSOD and infected with T.
cruzi for 24 h as already described. Cells were washed three
times with PBS and fixed/permeabilized using ice-cold ace-
tone/methanol (1:1, v/v). Cells were blocked for 1 h with 1%
BSA/0.2% gelatin in PBS–0.2% Triton X-100, and incubated
overnight at 4�Cwith anti-NFE2L2 antibody (1:200 dilution)
and then for 1 h at room temperature with Alexa Fluor 568
conjugated secondary antibody (Cat. No. A10042; Molecular
Probes). Cells were counter stained with DAPI (blue fluo-
rescence, nuclear). The NFE2L2 (Ex578nm/Em603nm) and
DAPI (Ex340nm/Em488nm) fluorescence were observed using
a Zeiss LSM 510 confocal microscope (Leica Microsystems,
Wetzlar, Germany) with a 100· oil immersion lens, and
images were collected using a C-Mount 1500M-GE camera
at the UTMB Optical Microscopy Core Facility.

ECG assessment of LV structure and function

Mice were continuously anesthetized by inhalant 1.5%
isoflurane/100% O2 to maintain a light sedation level. Mice
were placed supine on an electrical heating pad at 37�C
during the examination. The ECG electrodes of the Vevo
2100 ultrasound system (Visual Sonics, Toronto, Canada)
were connected to mouse paws, and heart rate and respiratory
physiology were continuously monitored. Mice chests were
shaved, and warmed ultrasound gel was applied to the area of
interest. Transthoracic ECG was performed using the high-
frequency linear array transducer (MS400, 18–38MHz) of
the Vevo 2100 ultrasound system (7). Heart was imaged in B-
mode and M-mode to examine the parameters of LV in di-
astole (-d) and systole (-s). Pulse wave Doppler imaging was
performed to measure heart diastolic function, including
early (E) to late ventricular filling velocity (E/A ratio), IVRT,
IVCT, LVET, and MPI = [IVCT + IVRT]/LVET. All mea-
surements were obtained in triplicate and data were analyzed
by using Vevo 2100 standard measurement software.

Histology

Tissue sections were fixed in 10% buffered formalin, de-
hydrated in absolute ethanol, cleared in xylene, and embed-

ded in paraffin. Five-micron tissue sections were subjected to
Masson’s Trichrome staining at the Research Histopathology
Core at the UTMB, and fibrosis was assessed by measuring
the collagen area as a percentage of the total myocardial area
(n= 4/group, 10 regions per heart) using simple PCI software
(v.6.0; Compix, Sewickley, PA). Sections were categorized
based on percentage fibrotic area: (0) <1%, (1) 1–5%, (2) 5–
10%, (3) 10–15%, and (4) >15% (13).

Data analysis

All experiments were conducted with triplicate observa-
tions per sample (n = 6–10 mice/group), and data are ex-
pressed as mean – standard error of the mean (SEM). All data
were analyzed using GraphPad Prism 5 (GraphPad Software,
La Jolla, CA). Data (linear range or log10 transformed) were
analyzed by the Kolmogorov–Smirnov test to determine
whether the data are normally distributed. When data were
normally distributed, Student’s t test (comparison of two
groups) and one-way analysis of variance (ANOVA) with
Tukey’s test (comparison of multiple groups) were applied. If
data were not normally distributed, then Mann–Whitney test
(comparison of two groups) and Kruskal–Wallis with Dunn’s
test (comparison of multiple groups) were employed. Sig-
nificance is presented by *(infected vs. matched control) and
#(MnSODtg vs. WT or MnSODtg.Tc vs. WT.Tc) (*,#p < 0.05,
**,##p< 0.01, ***,###p < 0.001).
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Abbreviations Used

ABTS¼ 2,2¢-azino-di(3-ethylbenzthiazoline-6-
sulfonic acid

ARE¼ antioxidant response element
BSA¼ bovine serum albumin
CCM¼ chagasic cardiomyopathy

CI¼ complex I
CII¼ complex II
CO¼ cardiac output
Ct ¼ threshold cycle

DMEM¼Dulbecco’s modified Eagle’s medium
ECG¼ echocardiography
EF¼ ejection fraction

ESV¼ end systolic volume
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Abbreviations Used (Cont.)

FBS¼ fetal bovine serum
FCCP¼ carbonyl cyanide-4-(trifluoromethoxy)

phenyl-hydrazone
cGCS¼ gamma-glutamyl cysteine synthase

GCLM¼ glutamate-cysteine ligase modifier
subunit

GST¼ glutathione S transferase
H2O2 ¼ hydrogen peroxide
HO1¼ heme oxygenase-1
HRP¼ horseradish peroxidase
IVCT¼ isovolumic contraction time
IVRT¼ isovolumetric relaxation time
IVS¼ interventricular septum

Keap1¼Kelch-like ECH-associated protein 1
LV¼ left ventricle

LVID¼LV internal diameter
LVPW¼LV posterior wall
MDA¼malondialdehyde

MnSOD¼manganese superoxide dismutase
(mitochondrial)

mRNA¼messenger RNA
mtROS¼mitochondrial reactive oxygen species

MVET¼mitral valve ejection time
NFDM¼ nonfat dry milk

NFE2L2¼ nuclear factor (erythroid 2)-like 2
NQO1¼NAD(P)H dehydrogenase, quinone 1;
O2K¼Oxygraph-2k

OXPHOS¼ oxidative phosphorylation
PBS¼ phosphate-buffered saline
PCR¼ polymerase chain reaction

P+G+M¼ pyruvate+glutamate+malate

pi¼ postinfection

PPAR¼ peroxisome proliferator-activated
receptor

RCR¼ respiratory control ratio

SDS¼ sodium dodecyl sulfate

SDS-PAGE¼ sodium dodecyl sulfate polyacrylamide
gel electrophoresis

S+R¼ succinate+rotenone

SV¼ stroke volume

Tc or T. cruzi¼ Trypanosoma cruzi

TMRE¼ tetramethylrhodamine, ethyl ester

Trx¼ thioredoxin

WT¼wild type
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