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In this study, we investigated the mechanism(s) of mi-
tochondrial functional decline in acute Chagas’ disease.
Our data show a substantial decline in respiratory com-
plex activities (39 to 58%) and ATP (38%) content in
Trypanosoma cruzi-infected murine hearts compared
with normal controls. These metabolic alterations were
associated with an approximately fivefold increase in
mitochondrial reactive oxygen species production rate,
substantial oxidative insult of mitochondrial mem-
branes and respiratory complex subunits, and >60%
inhibition of mtDNA-encoded transcripts for respira-
tory complex subunits in infected myocardium. The
antioxidant phenyl-�-tert-butyl nitrone (PBN) arrested
the oxidative damage-mediated loss in mitochondrial
membrane integrity, preserved redox potential-cou-
pled mitochondrial gene expression, and improved
respiratory complex activities (47 to 95% increase)
and cardiac ATP level (>40% increase) in infected
myocardium. Importantly, PBN resulted twofold de-
cline in mitochondrial reactive oxygen species pro-
duction rate in infected myocardium. Taken together,
our data demonstrate the pathological significance of
oxidative stress in metabolic decay and energy ho-
meostasis in acute chagasic myocarditis and further
suggest that oxidative injuries affecting mitochon-
drial integrity-dependent expression and activity of
the respiratory complexes initiate a feedback cycle of
electron transport chain inefficiency, increased reac-
tive oxygen species production, and energy homeosta-
sis in acute chagasic hearts. PBN and other mitochon-
dria-targeted antioxidants may be useful in altering
mitochondrial decay and oxidative pathology in Cha-
gas’ disease. (Am J Pathol 2006, 169:1953–1964; DOI:
10.2353/ajpath.2006.060475)

Chagas’ disease is a pathological process induced by
infections with the hemoflagellate protozoan Trypano-

soma cruzi and is a major human health problem in the
southern parts of the American continent.1 In �95% of
acutely infected individuals, parasitemia is controlled by
the immune system. After several years of a clinically
silent but ongoing process of organelle and myocardial
degeneration, �40% of seropositive patients develop
chronic cardiomyopathy.

Since early findings of abnormal mitochondria in car-
diac biopsies obtained from seropositive patients,2 mito-
chondrial impairment has been associated with cardiac
dysfunction in Chagas’ disease. Quantitative light and
electron microscopic analysis of the myocardial biopsy
samples from human chagasic patients and experimental
models has revealed that mitochondrial degenerative
changes occur early in the course of T. cruzi infection and
are exacerbated with progressive disease severity.2–5

The functional decline of cardiac mitochondria in exper-
imental models of Chagas’ disease was shown by im-
paired activities of the respiratory complexes that contain
subunits encoded by mtDNA and nDNA.6–8 The demon-
stration of inefficient ATP production in infected mice8

provided the first indication of the physiological effects of
mitochondrial dysfunction in chagasic hearts.

Toward understanding the mechanism(s) of mitochon-
drial decay, it is important to note that mitochondria are
exposed to consistent oxidative stress in chagasic
hearts. T. cruzi infection elicits host immune responses.9

These immune mechanisms control parasite burden in
infected host through release of reactive oxygen species
(ROS) and reactive nitrogen species.9,10 In the heart,
superoxide anions (O2

.) are produced as a by-product of
mitochondrial electron transport chain.11 This mitochon-
drial reactive oxygen species (mtROS) generation can
increase exponentially when the electron transport chain
functions at a suboptimal level12,13 and might be the case
in infected myocardium consisting of impaired activity of
CI and CIII respiratory complexes.8 It is, thus, likely that
ROS-mediated responses, through various interrelated
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mechanisms, may contribute to a mitochondrial func-
tional decline in chagasic hearts. For example, free
radical-mediated oxidation of mitochondria, as noted
in infected myocardium,14 can affect mitochondrial bio-
genesis,15–17 integrity,18 and/or gene expression.19 Oxi-
dative modifications of mitochondrial membranes can
result in the opening of the mitochondrial permeability
transition pores and dissipation of the proton gradient,
essential for the efficient transfer of electrons through the
electron transport chain and ATP formation.20,21 The
mtDNA is particularly susceptible to oxidative damage
and, if not repaired properly, can lead to mtDNA mutation
and/or depletion that would affect the expression and
assembly of respiratory complexes, and, subsequently,
the electron transport chain efficiency.22–25 These mech-
anisms, however, remain to be delineated in chagasic
myocarditis.

Phenyl-N-tert-butylnitrone (PBN), a nitrone-based
compound, is a potent antioxidant. PBN has been shown
to 1) trap or scavenge a wide variety of free radical
species, including biologically relevant O2

. and hydroxyl
(OH�) radicals; 2) increase endogenous antioxidant lev-
els; and 3) inhibit free radical generation.26 In addition,
PBN has been shown to inhibit the expression of a variety
of inflammation-associated gene products.27 In this
study, we treated mice with PBN to determine whether
increasing the antioxidant capacity would arrest oxidative
stress and positively alter mitochondrial function in the
myocardium of infected mice. We discuss the mecha-
nisms of action of PBN in protecting the acute chagasic
myocardium from mitochondrial dysfunction-associated
energy (ATP) homeostasis.

Materials and Methods

Mice and Parasites

Six- to 8-week-old male C3H/HeN mice were purchased
from Harlan (Indianapolis, IN). T. cruzi trypomastigotes
(SylvioX10/4 strain) were maintained and propagated by
the continuous in vitro passage of parasites in monolayers
of C2C12 cells28 and used for infection of mice (10,000/
mouse, intraperitoneal). Mice were given PBN (50 mg/kg)
by intraperitoneal injection on alternate days throughout
the course of infection. Mice were sacrificed in acute
infection phase (27 to 35 days after infection). Animal
experiments were performed according to the National
Institutes of Health Guide for Care and Use of Experimen-
tal Animals and approved by the University of Texas
Medical Branch Animal Care and Use Committee.

DNA and RNA Isolation

Heart tissue sections (50 mg) were finely chopped and
incubated for 4 hours at 55°C in 250 �l of lysis buffer [50
mmol/L Tris-HCl, pH 7.5, containing 0.5% sodium dode-
cyl sulfate, 10 mmol/L ethylenediaminetetraacetic acid
(EDTA), 0.1 mol/L NaCl, and 400 �g/ml proteinase K].
Tissue lysates were extracted twice with an equal volume
of phenol/chloroform/isoamylalcohol (24:24:1), and total

DNA was purified by ethanol precipitation. All DNA sam-
ples were suspended in 100 �l of distilled H2O.5

For RNA isolation, freshly excised hearts were cut into
pieces, blotted onto paper towels to remove excess
blood, and flash-frozen in liquid nitrogen. The frozen
tissues were individually transferred into guanidine-phe-
nol solution and processed with a tissue homogenizer,
and the total RNA was isolated as described.29,30 Total
RNA was resolved by denaturing formaldehyde gel elec-
trophoresis, quantitated, and stored at �80°C.

Mitochondria Isolation

Heart tissue sections were homogenized in 20 mmol/L
Tris-HCl at pH 7.4, containing 250 mmol/L sucrose, 2
mmol/L K2EGTA [tissue/buffer ratio, 1:10 (w/v)], and car-
diac mitochondria isolated by differential centrifugation.8

When tissue samples were processed for estimation of
protein carbonyls and thiobarbituric acid-reactive sub-
stances, extraction buffer included 2% �-mercapto-
ethanol and 500 �mol/L butylated hydroxytoluene,
respectively.

Parasite Detection

For parasite detection, polymerase chain reaction (PCR)
was performed for 28 cycles, using T. cruzi 18S rDNA-
specific oligonucleotides5 with 2 �l of the total DNA as
template. Denaturation, annealing, and elongation steps
were performed for 1 minute each at 94°C, 58°C, and
72°C, respectively. A 5-�l aliquot of each PCR reaction
was resolved on a 1.2% agarose gel. The ethidium
bromide-stained gels were visualized using long-wave
UV light and densitometric analysis performed on a
FluorChem Imaging System (Alpha Innotech, San Le-
andro, CA).

Mitochondrial DNA and mRNA Levels

The mtDNA content in infected murine hearts was exam-
ined by Southern blot analysis.8 In brief, total DNA sam-
ples were digested with BamHI restriction enzyme, re-
solved on 1% agarose gel, and transferred to Zeta-Probe
membrane (Bio-Rad, Hercules, CA). Membranes were
hybridized with 32P-labeled CO2 cDNA probe and ex-
posed to a phosphorimaging screen. The images were
captured using a Storm 860 PhosphorImager (Molecular
Dynamics, Sunnyvale, CA) and densitometric analysis
was performed. After stripping off the CO2 probe, the
same membranes were hybridized with a �-actin probe.

We examined mitochondrial gene expression by
Northern blot analysis.8 Total RNA samples were re-
solved on 1% agarose gel containing 2 mol/L formalde-
hyde and transferred to the Zeta-Probe membrane. Mem-
branes were hybridized with 32P-labeled cDNA probes
(ND4L, CO1, CO2, ATP6, ATP8)8 and the images cap-
tured and analyzed, as above. All cDNAs used as probe
were amplified by reverse transcriptase (RT)-PCR using
gene-specific primer pairs and total RNA isolated from
C57BL/6 mouse as template. The cDNA amplicons were
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cloned in Topo (T) vector and confirmed by restriction
digestion and sequencing at a University of Texas Med-
ical Branch core facility.8

Real-Time RT-PCR

First-strand cDNA was synthesized from total RNA (2 �g)
using 2.5 U of Superscript II reverse transcriptase and 1
�mol/L poly(dT)18 oligonucleotide at 42°C for 50 minutes
in a 20-�l reaction volume. Real-time PCR reactions
(25-�l volume) were performed in an iCycler thermal
cycler (Bio-Rad) using SYBR-Green Supermix (Bio-Rad)
with 2 �l of the 10-fold diluted cDNA and 5 �l of 1 �mol/L
primer pair specific for antioxidant cDNAs31 and mito-
chondria-encoded genes.8 The PCR base line sub-
tracted curve fit mode was applied for threshold cycle
(Ct) determination, using iCycler iQ real-time detection
system software, version 3.0a (Bio-Rad). For each target
gene, the Ct values were normalized to GAPDH expres-
sion and represent the mean of triplicate samples in two
independent experiments. The relative expression level
of each target gene in infected mice was calculated
using the formula fold change � 2��Ct, where �Ct rep-
resents the Ct (infected sample) � Ct (control). To visu-
alize better the mRNA levels in all groups, bar graphs
were generated by plotting the 1/2Ct values on the y
axis.32

Respiratory Complex Activities

Cardiac mitochondria were isolated in 5 mmol/L HEPES
at pH 7.2, containing 210 mmol/L mannitol, 70 mmol/L
sucrose, 1 mmol/L EGTA, and 0.1% fatty acid-free bovine
serum albumin. The activities of the respiratory com-
plexes (CI, CII, and CIII) and citrate synthase were mon-
itored by spectrophotometric methods as described.8,33

Total protein was measured using the Bradford assay34

and specific activities evaluated using extinction coeffi-
cients: CI, �5.5 mmol/L�1 � cm�1; CII and CIII, �19.1
mmol/L�1 � cm�1; citrate synthase, �13.6 mmol/
L�1 � cm�1. The specificity of the enzyme reactions was
determined by monitoring changes in absorbance in the
presence of specific inhibitors (CI, 6.5 �mol/L rotenone;
CIII, 5 �g/ml antimycin). In some experiments, respiratory
complexes were resolved by blue native-polyacrylamide
gel electrophoresis (BN-PAGE),35 and enzymatic activi-
ties determined by in-gel catalytic staining.8,36 Gel im-
ages were visualized and analyzed on a FluorChem
8800.

Lipid and Protein Oxidation

We measured lipid peroxidation products, ie, malonyldi-
aldehydes, by using a biochemical assay of thiobarbitu-
ric acid-reactive substances (�1.56 � 105 mol/L�1

cm�1), described previously.37,38 To estimate the protein
oxidation level, cardiac mitochondria samples were incu-
bated with 2,4-dinitrophenylhydrazine and DNP-derivat-
ized carbonylated proteins detected by Western blotting
with anti-DNP antibody.8,39 The carbonylated subunits of

the mitochondrial respiratory complexes were detected
by two-dimensional BN-PAGE/Western blotting with anti-
DNP antibody.14,35 After Western blot analysis, mem-
branes were stained with 0.005% Coomassie blue G250
(Bio-Rad).

Glutathione Content

Glutathione content was determined by a DTNB-GSSG
reductase recycling assay,38,40 modified for 96-well
plates.41

ATP Content

Freshly harvested cardiac tissue samples were homog-
enized in 50 mmol/L Tris-HCl at pH 7.2, containing 100
mmol/L KCl, 5 mmol/L MgCl2, 1.0 mmol/L EDTA, and 2%
TCA [tissue/buffer, 1:10 (w/v)]. Tissue homogenates were
suspended in prewarmed (95°C) extraction buffer (100
mmol/L Tris at pH 7.75, containing 4 mmol/L EDTA) (1:9
v/v) and incubated in a boiling water bath for 2 minutes.
After cooling on ice, tissue extracts were centrifuged at
1000 � g for 1 minute, and the supernatant used to
measure ATP content.42 Mitochondria isolated from fresh
tissues were used immediately for ATP content
determination.

ATP content was monitored by a firefly luciferase meth-
od42 using a Veritas microplate luminometer (Promega,
Madison, WI). In brief, 160 �l of ATP-monitoring reagent,
consisting of 15 mmol/L potassium phosphate at pH 7.0,
150 mmol/L sucrose, 2 mmol/L Mg(CH3COO)2, 0.5
mmol/L EDTA, 2.5 �g/ml luciferase, 20 �g/ml D-luciferin,
and 0.5 mg/ml bovine serum albumin, was distributed in
black-bottomed 96-well plates. After 5 minutes of incu-
bation, 40-�l samples in 10-fold dilutions (1:1000 to
1:20,000) were added, and the change in absorbance
monitored for 30 minutes. The standard curve was pre-
pared with purified ATP (linear range, 25 pmol/L to 25
nmol/L; Sigma, St. Louis, MO).

H2O2 Content

Freshly prepared heart homogenate or isolated mito-
chondria samples were suspended in P buffer (10
mmol/L Tris-HCl at pH 7.4, 250 mmol/L sucrose, and 1
mmol/L EDTA), and added in triplicate (50 �g protein/50
�l/well), to 96-well, flat-bottomed plates. The reaction was
started, in the dark, by adding 50 �l of 100 �mol/L
Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine; In-
vitrogen, Carlsbad, CA), and 50 �l of 0.3 U/ml horserad-
ish peroxidase per well.13 In the presence of horseradish
peroxidase, Amplex Red reacts with H2O2 in 1:1 stoichi-
ometry, resulting in the formation of red fluorescent
resorufin that was estimated at absorption and fluores-
cence emission maxima of 567 and 587 nm, respectively,
using a Spectra Max M2 microplate reader (Molecular
Devices). For the estimation of H2O2 generation rate,
mitochondria were incubated in presence of complex II
(succinate) substrate, and H2O2 formation monitored for
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60 minutes. The standard curve was prepared with puri-
fied H2O2 (linear range, 50 nmol/L to 5 �mol/L).

Histology

The heart tissues were removed and fixed in 10% buff-
ered formalin for 24 hours, dehydrated in absolute etha-
nol, cleared in xylene, and embedded in paraffin. Sec-
tions (5 �m) were stained with hematoxylin and eosin and
evaluated by light microscopy. Tissues were scored 0 to
4 in blind studies according to the extent of inflammation
and tissue damage from normal to total wall
involvement.43,44

Electron Microscopy

After infection, heart tissue from infected mice were har-
vested and fixed in modified Ito’s fixative (2.5% formal-
dehyde, 0.1% glutaraldehyde, 0.03% CaCl2, and 0.03%
trinitrophenol in 0.05 mol/L cacodylate buffer, pH 7.3) at
room temperature for 1 hour and then overnight at 4°C.
After washing, samples were postfixed in 1% osmium
tetraoxide for 1 hour and en bloc stained with 2% aqueous
uranyl acetate. After dehydration in a graded series of
ethanol, samples were embedded in Poly/Bed 812 (Poly-
sciences, Warrington, PA). Ultrathin sections were cut on
a Sorvall MT-6000 ultramicrotome, stained with lead ci-
trate, and examined in a Philips 201 transmission electron

microscope (Philips Electron Optics, EI Co., Hillsboro,
OR) at 60 kV.

Data Analysis

The results are presented as the mean � SD and were
derived from at least triplicate observations per sample
(n � 9 animals/group). The statistical significance was
determined by Student’s t-test. The level of significance
between infected versus normal mice is presented by
P � 0.05. The level of significance between infected/
PBN-treated versus infected/untreated mice is presented
by P � 0.05.

Results

PBN Improved the Mitochondrial Inefficiency of
Respiratory Chain in the Myocardium of
T. cruzi-Infected Mice

We evaluated the mitochondrial respiratory complex ac-
tivities by a spectrophotometric method (Figure 1, A and
B; Table 1). The myocardium of infected mice exhibited
39 and 58% decline in CI and CIII respiratory complex
activities, respectively, when compared with those in nor-
mal controls (P � 0.01). PBN treatment resulted in a 95
and 47% inhibition of the myocardial loss of CI and CIII

Figure 1. Myocardial respiratory complex activities in T. cruzi-infected (�PBN) mice. Shown are the specific activities of CI (A) and CIII (B) respiratory
complexes and citrate synthase (C) in cardiac mitochondria of normal (N), infected/untreated (IUT), and infected/PBN-treated (IPBNT) mice, measured by
spectrophotometric methods. Histochemical staining. Respiratory complexes of cardiac mitochondria were resolved by BN-PAGE. The BN gels were processed
by either staining the whole gel with Coomassie blue (F) or subjecting gel slices containing individual complexes to enzymatic colorimetric reactions (D).
Densitometric quantitation of catalytic staining for each respiratory complex was normalized to a Coomassie-stained complex (E). The data (mean � SD) are
representative of three independent experiments (n � 3 per experiment/group). **##P � 0.01; *#P � 0.05.
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activities, respectively, in infected mice (P � 0.05). Sim-
ilar levels of citrate synthase (Figure 1C) and CII complex
(Table 1) activities in all cardiac mitochondria samples
extracted from normal and infected (�PBN) tissues con-
firmed the comparable efficiency of mitochondria isola-
tion in different experiments.

Spectrophotometric analysis may also detect cellular
activities that are not specific to mitochondrial respiratory
complexes. To validate the spectrophotometry results,
we performed histochemical staining of the individual
respiratory complexes, resolved by BN-PAGE. The iden-
tity of the complexes was confirmed by immunoblot anal-
ysis using antibodies (Molecular Probes, Eugene, OR) to
specific subunits, ie, 39-kd subunit of CI, 70-kd SDH
subunit of CII, 29-kd Rieske iron-sulfur protein of CIII,
20-kd subunit IV of CIV, and 56-kd � subunit of CV (data
not shown). The densitometric units (Figure 1E) for the
catalytically stained area of each complex (Figure 1D)
were normalized to the corresponding Coomassie-
stained band intensity (Figure 1F). Catalytic staining re-
vealed a 67, 48, and 58% decline in CI, CIV, and CV
activities, respectively, in acutely infected murine hearts
(P � 0.05). PBN treatment of infected mice resulted in a
62, 90, and 64% inhibition of the loss in myocardial CI,
CIV, and CV activities, respectively (P � 0.05). The de-
tection of similar sizes of complexes in all mice (Figure
1F) suggests that T. cruzi-mediated stress responses did
not alter the assembly of the respiratory complexes in the
cardiac mitochondria. Together, the spectrophotometric
and histochemical staining show that PBN treatment was
effective in arresting, at least partially, the deficiencies of
respiratory complexes in the myocardium of infected
mice.

Inhibition of respiratory complexes is likely to disturb
electron transport chain efficiency, and may subse-
quently affect oxidative phosphorylation. We determined
whether myocardial energy status was affected in in-
fected mice and if PBN-mediated restoration of respira-
tory complex activities enhanced the cardiac energy
level in infected mice. Our data show that myocardial ATP

content in infected mice was decreased by 38% as com-
pared with that of normal controls (P � 0.01). PBN re-
sulted in 47% inhibition of the ATP loss in infected murine
hearts (P � 0.05) (Figure 2A, Table 1). The gain in myo-
cardial ATP content was associated with increased mito-
chondrial ATP levels. The cardiac mitochondrial ATP con-
tent in infected mice was decreased by 27% relative to
that in controls (P � 0.05). PBN resulted in a 59% inhibi-
tion of loss of mitochondrial ATP contents in infected mice
(P � 0.05) (Figure 2B, Table 1).

In addition to decreased energy output, electron trans-
port chain inefficiency may also result in increased re-
lease of electrons to molecular oxygen and free radical

Table 1. PBN Treatment Arrested the Mitochondrial Decay in Acute Chagasic Hearts

Parameters
Normal

(N)
Infected/untreated

(IUT)
Infected/PBN-treated

(IPBNT)

Cardiac mitochondria
CI (nmol/minute/mg mt protein) 194.9 � 54.4 119.7 � 54.9** 190.9 � 86.5††

CII (nmol/minute/mg mt protein) 212.9 � 10.0 215.2 � 12.7 204.8 � 88
CIII (nmol/minute/mg mt protein) 417.4 � 216.5 177.0 � 105.1** 288.0 � 136.8†

CS (nmol/minute/mg mt protein) 177.6 � 53 184 � 71 187 � 9
ATP (nmol/mg mt protein) 484 � 107.9 351 � 47.1* 429.9 � 38.5†

MDA (nmol/mg mt protein) 0.30 � 0.04 0.63 � 0.00** 0.26 � 0.02††

H2O2 (pmol/mg mt protein) 588.37 � 32.82 769.63 � 7.25* 505.48 � 91.82†

H2O2 (pmol/60 minutes/mg mt protein) 96.99 � 0.81 513.56 � 92.18* 282.26 � 38.54†

Cardiac tissue
ATP (nmol/mg cardiac protein) 27.46 � 0.98 17.15 � 0.32** 22 � 2.03†

H2O2 (pmol/mg cardiac protein) 32.33 � 0.23 70.34 � 2.08** 76.73 � 3.63
GSH (nmol/mg cardiac protein) 15.63 � 1.93 11.91 � 3.38* 14.73 � 1.53

Mice were infected with T. cruzi � PBN. Results shown are mean � SD. CI, CII, and CIII represent respiratory complexes I, II, and III, respectively.
CS, citrate synthase; MDA, malonylaldehyde; mt, mitochondria.

*The level of significance between N versus IUT mice.
†The level of significance between IUT versus IPNBT mice.
*†P � 0.05; **††P � 0.01.

Figure 2. ATP content in T. cruzi-infected (�PBN) mice. Shown is the ATP
content present in heart homogenates (A) and freshly isolated cardiac mito-
chondria (B) from normal (N), infected/untreated (IUT), and infected/PBN-
treated (IPBNT) mice. H2O2 level in cardiac mitochondria of infected
(�PBN) mice. C: Freshly isolated cardiac mitochondria were used to evalu-
ate total H2O2 levels. D: Mitochondrial H2O2 release rate was measured in
presence of complex II substrate (succinate). Data (mean � SD) are repre-
sentative of three independent experiments (n � 3 mice/experiment/group).
**##P � 0.01; *#P � 0.05.
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production.11 We measured, using a redox-sensitive flu-
orescent dye, the mitochondrial H2O2 contents and H2O2

release rate. The mitochondrial H2O2 content, expressed
as pmol/mg mt protein, was increased by 31% in infected
mice compared with controls (Figure 2C, Table 1). This
increase in mitochondrial H2O2 levels was associated
with fivefold increase in the rate of mitochondrial H2O2

release in the myocardium of infected mice compared
with that in normal controls (P � 0.01; Figure 2D, Table
1). On PBN treatment of infected mice, the mitochondrial
H2O2 levels in the myocardium were normalized to that
detected in controls (Figure 2C, Table 1) and was asso-
ciated with twofold decline in the rate of H2O2 release
compared with that detected in infected/untreated mice
(P � 0.01; Figure 2D, Table 1). Together, these data
suggest that electron transport chain inefficiency results
in decreased energy output and increased oxidative
stress in the myocardium of T. cruzi-infected mice and
that PBN treatment is effective in improving the cardiac
mitochondrial function in infected mice.

PBN Arrested the Oxidative Stress-Mediated
Mitochondrial Decay in Infected Murine Hearts

Multiple, oxidative stress-mediated interrelated mecha-
nisms can contribute to mitochondrial decay. For exam-
ple, oxidation of mitochondrial membrane components
may alter the mitochondrial integrity, and thus disturb the
mitochondrial membrane potential that is essential for
maintaining the efficient transfer of electrons through the
electron transport chain and ATP formation. We exam-
ined in cardiac tissue of infected mice for the changes in
mitochondrial morphology by transmission electron mi-
croscopic analysis and oxidation of mitochondrial mem-
brane components, ie, derivatives of lipid peroxidation by
thiobarbituric acid-reactive substances assay and DNP-
derived carbonyl proteins by Western blotting. As shown
in Figure 3A, heart tissue sections from infected/un-
treated mice (IUT) revealed severe mitochondrial mor-
phological alterations; a majority of mitochondria were

Figure 3. Transmission electron microscopy of heart tissue from T. cruzi-infected (�PBN) mice. A: Representative micrographs from ultrathin sections of heart
tissue obtained from normal (N), infected/untreated (IUT), and infected/PBN-treated (IPBNT) mice are shown. Swollen mitochondria with extensive loss of cristae
are presented in IUT. Note the absence of these features in cardiac myocyte of N and IPBNT mice. Oxidative modifications of cardiac mitochondrial membranes
in infected (�PBN) mice. B: Lipid peroxidation products, ie, malonyldialdehydes, in cardiac mitochondria of acutely infected and infected/PBN-treated mice were
compared by a thiobarbituric acid-reactive substance assay. C: Isolated cardiac mitochondria were derivatized with dinitrophenylhydrazide, and the DNP-reactive
proteins identified by Western blot analysis. D: The results of Coomassie blue staining of the membrane used for Western blotting is shown. Data are representative
of five independent experiments (n � 3 mice/group). **##P � 0.01. Scale bar � 1 �m. Original magnifications, �14,100.
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large and swollen, and they lacked cristae, which are
formed by the inner membrane. These changes were
particularly evident when compared with heart tissue
sections obtained from normal controls (Figure 3A, com-
pare IUT versus N). Further, we observed that mitochon-
drial membrane components (lipids and proteins) were
susceptible to ROS-induced oxidation in infected mice.
Our data show an approximately twofold increase in ma-
lonyldialdehyde levels (P � 0.01) in the cardiac mito-
chondria of infected mice (Figure 3B, Table 1). Similarly,
a substantial increase in DNP-derivatized protein carbon-
yls was noted in the cardiac mitochondria of infected
mice (Figure 3C). PBN treatment resulted in complete
inhibition of mitochondrial malonyldialdehyde deposition
(P � 0.01; Figure 3B, Table 1). The extent of protein
carbonylation in cardiac mitochondria of infected/PBN-
treated mice, although higher than that detected in nor-
mal controls, was also considerably decreased com-
pared with findings in infected/untreated mice (Figure
3C). The inhibition of mitochondrial lipid and protein ox-
idation was associated with preservation of the mitochon-
drial membranes in PBN-treated/infected mice (Figure
3A, compare IPBNT versus IUT). These data suggest that
oxidative stress contributes to mitochondrial morpholog-
ical alterations in infected mice and that PBN treatment
was effective in arresting the ROS-elicited oxidation of
mitochondrial membranes and in preserving the mito-
chondrial integrity in acutely infected mice.

ROS-mediated oxidative modifications of mtDNA result
in rapid degradation of damaged DNA and mtDNA de-
pletion.22 Given that mtDNA encodes essential subunits
of the respiratory complexes, depletion of mtDNA can
result in limited expression and assembly of the respira-
tory complexes. We examined the mtDNA content in
infected mice by Southern blot analysis using mtDNA-
specific CO2 probe. We observed no statistically signifi-
cant change in mtDNA levels in infected and PBN-treated
mice compared with that detected in normal controls
(data not shown). The mtDNA-specific CO2 and ND1,
and nDNA-specific GAPDH genes were amplified at a
similar efficiency in real-time PCR with cardiac DNA iso-
lated from infected, infected/PBN-treated, and normal
controls (data not shown), thus confirming the results of
Southern blot analysis. These data suggest that mtDNA
depletion is not a major mechanism in respiratory com-
plex deficiencies in infected mice.

Despite no alteration in mtDNA content, oxidation of
mitochondrial membranes altering the membrane integ-
rity and redox potential can affect coupled mitochondrial
gene expression, and subsequently, contribute to respi-
ratory complex deficiencies.45,46 We, therefore, mea-
sured the level of transcripts for mitochondria-encoded
subunits of the respiratory complexes by Northern blot
analysis (Figure 4A). Intensity of bands for mitochondria-
encoded transcripts was determined by densitometric
analysis and normalized to rRNA content. Our data show
in infected murine myocardium a 58%, 60 to 62%, and 61
to 65% decline in mitochondria-encoded transcripts for
ND4L, CO1/CO2, and ATP6/ATP8 subunits of the CI, CIV,
and CV respiratory complexes, respectively. PBN treat-
ment normalized the expression level of transcripts for

ND4L and resulted in 76 to 77% and 89 to 94% gain in
mRNAs for CO1/CO2 and ATP6/ATP8 subunits, respec-
tively, as compared with that in infected/untreated mice
(Figure 4A). Results of Northern blotting were confirmed
by real-time RT-PCR analysis. For each target gene, the
threshold cycle (Ct) values, representative of mRNA ex-
pression level, were normalized to GAPDH expression.
The ND1, CYT B, CO2, and ATP6 mRNAs for the CI, CIII,
CIV, and CV respiratory complex subunits, respectively,
were decreased by �85% in infected murine hearts when
compared with that detected in normal controls. The
expression level of these transcripts in PBN-treated in-
fected mice was restored to near normal level (Figure
4B). These data show that PBN arrested the loss of
mtDNA-encoded transcripts in infected mice.

Finally, oxidation of specific subunits of the respiratory
complexes is shown to result in inactivation of the com-
plex enzymatic activities.14 PBN may limit the oxidative
damage of respiratory complexes. We resolved the re-
spiratory complexes by two-dimensional BN-PAGE and

Figure 4. mtRNA in T. cruzi-infected (�PBN) murine hearts. Northern blot-
ting. Cardiac total RNA was resolved by denaturing agarose gel electrophore-
sis and then transferred to a nylon membrane. A: Northern blot analysis was
performed with 32P-labeled, mitochondria-specific cDNA probes. Phospho-
rimages of mitochondria-encoded transcripts were quantitated by densito-
metric analysis and normalized to the amounts of 18S rRNA. Real-time
RT-PCR. Total RNA was reverse-transcribed to synthesize first-strand cDNA
and subsequently used as a template with gene-specific primer pairs. B:
Results were normalized to GAPDH. 1/2Ct values, representative of mRNA
expression levels are plotted on the y axis. The SD for all of the data points
was �5%. Data are representative of two independent experiments (n � 3
mice/experiment/group). *#P � 0.05.
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determined the extent of oxidative carbonylation by West-
ern blot analysis with anti-DNP antibody. As shown in
Figure 5, A–C, cardiac mitochondria of infected mice
incurred a substantial oxidation of several subunits of the
respiratory complexes compared with normal controls,
also noted in a previous study.14 PBN treatment resulted
in a marginal decrease in oxidation of respiratory com-
plex subunits in infected mice (Figure 5, A–C). Coomas-
sie blue staining of the membranes used for immunoblot
analysis with anti-DNP antibody confirmed equal loading
of the protein samples (Figure 5, D–F). Our data suggest
that PBN has limited efficacy in neutralizing the oxidative
modifications of assembled respiratory complexes in the
cardiac mitochondria of infected mice.

PBN Normalized the Cellular Antioxidant Status
in Infected Mice

Mammalian cells use different antioxidant defenses to
cope with oxidative stress.47–49 Previously, we have
shown that infected mice failed to elicit the antioxidant

defense that is sufficient to counterbalance the myocar-
dial oxidative stress.38 In agreement with published re-
sults, in this study, we noted a substantial decline in the
expression level of mRNAs for the SOD1, SOD2, GPx,
and CAT antioxidants in the infected murine hearts. On
PBN treatment, the mRNA level for the antioxidant en-
zymes in the infected mice were normalized to that de-
tected in wild-type controls (data not shown). The endog-
enous level of GSH is an important biomarker of host
antioxidant status. In agreement with the steady expres-
sion of antioxidant genes, PBN-treated/infected mice
exhibited normalized GSH level. The GSH contents
in infected/untreated mice were decreased by 24% com-
pared with that detected in normal controls and PBN-
treated/infected mice (Table 1). These data, along with
that presented in Figure 6, suggest that antioxidant status
is compromised in infected murine hearts and that PBN
treatment stabilized the cellular antioxidant status in in-
fected mice but did not alter the host capacity to control
T. cruzi.

Host Protective Responses against T. cruzi
Were Not Altered by PBN

The host immune mechanisms control T. cruzi through
activation of cytotoxic agents, ie, ROS and reactive nitro-
gen species.50–53 The treatment with an antioxidant PBN
may restrain the immune-mediated parasite control,
thereby exacerbating the parasite burden in the heart
tissue. We performed T. cruzi rDNA-specific semiquanti-
tative PCR to evaluate the tissue parasite burden in in-
fected mice. Our data show similar amplification of T.
cruzi rDNA in infected/untreated and PBN-treated/in-
fected murine hearts (Figure 6A). No statistically signifi-
cant differences were observed in �-actin normalized T.
cruzi rDNA in infected (�PBN) mice (Figure 6B). Speci-
ficity of the PCR reaction was confirmed by no amplifica-
tion of the parasite rDNA on incubation of T. cruzi or
infected mouse DNA with one primer (data not shown) or
normal mouse DNA with both the primers (Figure 6A).
Histological analysis of tissue sections revealed parasite
foci in the heart tissue of infected and PBN-treated/in-
fected mice (Figure 6C). Infiltration of inflammatory cells
either closely associated with the parasitic lesions or
diffused throughout the tissue was noticeable in the myo-
cardium of acutely infected mice, and remained unal-
tered by PBN treatment (Figure 6C). Further, we ob-
served no effect of PBN treatment on increased cellular
levels of H2O2 (Figure 6D, Table 1) in infected murine
hearts. These data show that PBN did not alter the host
protective responses against T. cruzi infection.

Discussion

The present study shows that cardiac mitochondrial de-
cay is evidenced by decreased respiratory complex ac-
tivities, inefficiency of the electron transport chain, in-
creased ROS generation, and diminished energy (ATP)
levels during acute T. cruzi infection. Many of these al-

Figure 5. Carbonylation of respiratory complex subunits in cardiac mito-
chondria of infected (�PBN) mice. Myocardial mitochondria were solubi-
lized and the subunits of CI, CIII, and CIV respiratory chain complexes
resolved by two-dimensional BN-PAGE. A–C: The oxidatively modified pro-
teins were detected by immunoblotting with anti-DNP antibody. D–F: Coo-
massie blue stains of the membranes used for immunoblot analysis are
shown. Data are representative of two independent experiments (n � 3
mice/group).
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tered characteristics of mitochondrial metabolism were
reversed by PBN treatment of infected mice. The bene-
ficial effects of PBN in restoring mitochondrial function
and energy output were associated with an inhibition of
mitochondrial oxidative damage. This is the first study to
demonstrate the pathological significance of oxidative
modifications of cardiac mitochondria in metabolic decay
and energy homeostasis in acute chagasic myocarditis.

We have shown that respiratory complex activities and
electron transport chain efficiency were substantially di-
minished during acute chagasic myocarditis and re-
sulted in decreased availability of metabolic energy
(ATP) in the myocardium. Treatment of infected mice with
PBN, an antioxidant, arrested the mitochondrial oxidative
damage (Figure 3, B and C) and subsequently improved
the respiratory complex activities (Figure 1) and tissue
ATP levels (Figure 2, A and B). These observations, along
with our previous studies,8,14,38 allow us to propose that

oxidative stress causes mitochondrial decay in T. cruzi-
infected myocardium. Trapping the free radicals and re-
active intermediates or inhibiting the free radical-produc-
ing reactions would be beneficial in interrupting the
mitochondrial functional decline and preserving the car-
diac energy status in acutely infected mice. This notion is
supported by others who have demonstrated the efficacy
of PBN in arresting the age-dependent decay of cellular
respiration, mitochondrial membrane potential, and ac-
onitase activity in in vitro cultured cells54,55 and in main-
taining the mitochondrial bioenergetic status in the brain
of experimental animals with ongoing seizure.56

What might be the source of oxidative stress causing
mitochondrial decay in the infected murine myocardium
is not clear. Others have shown that a low but constant
production of free radicals (O2

. and H2O2) occurs in mi-
tochondria because of unavoidable leakage of electrons
from electron transport chain to O2.11 A substantial de-

Figure 6. Quantitation of parasite burden. A: T. cruzi rDNA-specific PCR was performed
for 28 cycles using total DNA isolated from whole heart tissue of normal (N), infected
(IUT), and infected/PBN-treated (IPBNT) mice. B: Densitometric quantification of the
signal from PCR amplification of T. cruzi in heart tissues was normalized to mouse
�-actin. Histological analysis. Heart sections were subjected to H&E staining and visual-
ized by light microscopy. C: Shown are representative micrographs from three indepen-
dent experiments. Arrows represent parasite foci. H2O2 level. D: Freshly prepared
cardiac homogenates were used to evaluate total H2O2 levels. Data (mean � SD) are
representative of three independent experiments (n � 3 mice/experiment/group).
**##P � 0.01. Original magnifications, �20.
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cline in the respiratory chain complex activities, as noted
in acutely infected murine hearts (Figure 1), is likely to
result in increased release of electrons to molecular O2

and thus to augment ROS production in cardiac mito-
chondria. Consequently, we have shown a substantial
increase in H2O2 content and H2O2 release rate in car-
diac mitochondria of infected mice (Figure 3, C and D). In
addition to endogenous ROS, oxidative stress of inflam-
matory origin may also cause mitochondrial decay in
chagasic myocardium. Numerous studies have docu-
mented that acute T. cruzi infection elicits proinflamma-
tory cytokines that augment NO production and oxidative
burst in a host.9,57,58 The efficacy of PBN in preventing
mitochondrial decay in infected mice was associated
with preservation of respiratory chain efficiency and a
substantial decline in mtROS release. PBN was, however,
ineffective in scavenging cellular ROS in infected myo-
cardium (Figure 6D, Table 1). These data provide evi-
dence that enhanced mtROS release attributable to re-
spiratory chain deficiency and not the cellular ROS, is the
prime cause for oxidative stress-mediated mitochondrial
injuries in infected murine myocardium. The importance
of these observations lays in the fact that inhibition of
mitochondrial respiratory complexes and enhanced ROS
release, a self-perpetuating process, would result in in-
creasing order of mitochondrial functional decline and
energy depletion with progression of chagasic cardiomy-
opathy. Antioxidant treatment would likely be effective in
controlling sustained mitochondrial decay in Chagas’
disease.

Concerning the oxidative stress-mediated mecha-
nisms that contribute to mitochondrial functional decline
and may be altered by PBN, it is noted that mitochondrial
respiratory complexes, being the site of ROS release, are
in close proximity to mtROS and are highly susceptible to
oxidative stress. The oxidative modifications may affect
the processing and/or folding of the proteins59 resulting
in inactivation of the respiratory complexes. We have
previously shown 4-hydroxy-2-nonenal-mediated oxida-
tive adduct formation result in catalytic inactivation of the
assembled respiratory complexes.14 The data presented
in this study show that despite a decline in mtROS re-
lease (Figure 3, C and D), PBN-treated/infected mice
exhibited a similar level of oxidative modification of respi-
ratory complexes as was detected in the myocardium of
infected/untreated mice (Figure 5, A and C). These data
imply the beneficial effects of PBN in enhancing the
electron transport chain efficiency and energy output in
infected murine myocardium were not delivered through
prevention of ROS-mediated inactivation of assembled
complexes.

Importantly, infected mice given PBN exhibited mini-
mal oxidation of mitochondrial membranes. Oxidation of
mitochondrial membrane phospholipids and proteins in
infected murine hearts, as noted in this and other re-
ports,14 alters membrane integrity and fluidity and affects
redox potential essential for coupled mitochondrial gene
expression.45 Our data demonstrate that alteration in mi-
tochondrial morphology (Figure 3A) and oxidation of mi-
tochondrial membranes in infected myocardium (Figure
3, B and C) corresponded with a substantial decline in

mitochondria-encoded transcripts (Figure 4). Infected/
PBN-treated mice, capable of arresting the mitochondrial
membrane oxidation and the alteration in mitochondrial
morphology (Figure 3A), exhibited improved expression
of mitochondrial mRNAs (Figure 4) and, subsequently,
restored respiratory complex activities (Figure 1) and
energy status (Figure 2, A and B). It is likely that the
lipophilic nature of PBN allowed it to reach the highly
oxidation-susceptible polyunsaturated fatty acids in the
lipid bilayer, where phenolic head group of PBN scav-
enged the free radicals while lipophilic side chains
aligned with the lipid fatty acids, thus offering membrane
stability and preservation of the structure and integrity of
mitochondria.

It is well documented that ROS and reactive nitrogen
species of inflammatory origin play an important role in
killing T. cruzi in the host.51–53 Treatment with an antioxi-
dant resulting in scavenging of cellular reactive species
may exacerbate parasite survival and replication. We
have observed statistically insignificant differences in the
myocardial level of inflammatory infiltrate, cytotoxic
agents (H2O2) in infected and infected/PBN-treated mice
(Figure 6, data not shown). Subsequently, parasite bur-
den in the myocardium of PBN-treated/infected mice was
similar to that detected in infected/untreated mice (Figure
6A). These data demonstrate that PBN has no deleterious
effects on the host’s ability to kill T. cruzi via activation of
immune mechanisms.

In conclusion, we have shown that acute Chagas’ dis-
ease is accompanied by inefficiency of respiratory com-
plexes resulting in a decline in energy (ATP) level and
increased ROS release in cardiac mitochondria. These
metabolic alterations were associated with free radical-
mediated oxidative insult of mitochondria and reversed
by PBN. Specifically, PBN arrested the oxidative dam-
age-mediated loss in mitochondrial membrane integrity,
preserved redox potential coupled mitochondrial gene
expression, and improved respiratory complex activities
in infected myocardium. Importantly, PBN-mediated nor-
malization of respiratory complex activities led to inhibi-
tion of a feedback cycle of electron transport chain
inefficiency, increased ROS production, and energy ho-
meostasis in acute chagasic hearts. We propose that
antioxidants (eg, PBN) capable of modulating or delaying
the onset of oxidative insult and mitochondrial deficien-
cies in the myocardium would prove to be useful in pre-
serving cardiac functions in the acute Chagas’ disease.
Future studies addressing the effect of PBN and mito-
chondria-targeted antioxidants in altering the mitochon-
drial decay and oxidative pathology, once they are initi-
ated and sustained, as in chronic Chagas’ disease, are
warranted.
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