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Oxidative/nitrosative stress may be important in the
pathology of Chagas’ disease. Experimental animals in-
fected by Trypanosoma cruzi showed an early rise in
myocardial and peripheral protein-3-nitrotyrosine (3NT)
and protein-carbonyl formation that persisted during the
chronic stage of disease. In comparison, experimental
chronic ethanol-induced cardiomyopathy was slow to de-
velop and presented with a moderate increase in oxidative
stress and minimal to no nitrosative stress after long-term
alcohol feeding of animals. The oxidative stress in both
chagasic animals and animals with ethanol-induced car-
diomyopathy correlated with the persistence of reactive
oxygen species-producing inflammatory intermediates.
Protein-3NT formation in T. cruzi-infected animals was
associated with enhanced nitric oxide expression (in-
ferred by nitrite/nitrate levels) and myeloperoxidase ac-
tivity, suggesting that both peroxynitrite- and myeloper-
oxidase-mediated pathways contribute to increased
protein nitration in Chagas’ disease. We used one- and
two-dimensional gel electrophoresis and Western blot
analysis to identify disease-specific plasma proteins that
were 3NT-modified in T. cruzi-infected animals. Nitrated
protein spots (56 in total) were sequenced by matrix-as-
sisted laser desorption ionization/time of flight mass spec-
trometry and liquid chromatography–tandem mass spec-

trometry and identified by a homology search of public
databases. Clustering of 3NT-modified proteins according
to their functional characteristics revealed that the nitra-
tion of immunoglobulins, apolipoprotein isoforms, and
other proteins might perturb their functions and be im-
portant in the pathology of Chagas’ disease. We also
showed that nitrated peptides derived from titin and �-ac-
tin were released into the plasma of patients with Chagas’
disease. Such modified proteins may be useful biomarkers
of Chagas’ disease. (Am J Pathol 2008, 173:728–740; DOI:

10.2353/ajpath.2008.080047)

Trypanosoma cruzi is the causative agent of Chagas’ dis-
ease.1 Infected hosts do not achieve a sterile immunity.2

Factors implicated in the development of progressive
chagasic cardiomyopathy include parasite persistence
resulting in chronic inflammation of the heart, autoim-
mune response to self-antigens,3 increased apoptosis
and cell death,4 and elevated levels of oxidative stress
that may cause collateral damage to the heart.5

The host response to T. cruzi infection involves activa-
tion of macrophage and neutrophils. Reactive oxygen
species (ROS) are elicited as a consequence of “respi-
ratory burst” of activated phagocytic cells.6,7 NADPH
oxidase, produced by phagocytic macrophages, re-
duces O2 to superoxide.8 Myeloperoxidase (MPO), pro-
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duced by activated neutrophils, uses H2O2 and chloride
(Cl�) ions, and the major end product is the highly reac-
tive hypochlorous acid (HOCl).9 Superoxide and HOCl
can also react to form a hydroxyl radical.10 These cyto-
toxic ROS and nitric oxide (NO) synthesis by inducible
nitric oxide synthase (iNOS) during inflammatory re-
sponses are proposed to contribute to control of T. cruzi
infection,11 although some studies have indicated that
parasites express peroxyredoxins to prevent the ROS-
mediated injurious process.12

The ROS and reactive nitrogen species (RNS) may
have direct toxicity for the host cellular components.13

Multiple defense mechanisms to control oxidative injuri-
ous processes are present in the host cells, yet excessive
ROS/RNS production or compromised antioxidant sys-
tem would result in inefficient removal of free radicals and
oxidative/nitrosative damage. In human patients with
Chagas’ disease, antioxidant/oxidant imbalance is evi-
denced by increased plasma levels of glutathione disul-
fide and malonyldialdehyde14 and decreased levels of
glutathione14,15 and glutathione peroxidase.15,16 In stud-
ies involving experimental models of Chagas’ disease,
increased levels of phospholipid oxidation products and
protein carbonylation products in heart tissue17 were
shown to be associated with oxidative overload18 and inef-
ficient glutathione antioxidant defense.17 Treatment with an-
tioxidants (phenylbutylnitrone, vitamin C, and vitamin E)
attenuated the oxidative effects in both experimental
models18 and human patients with Chagas’ disease.19

Others have shown the macrophage activation of ROS/
RNS and peroxynitrite (ONOO�) formation during T. cruzi
infection20 was associated with increased protein 3-nitro-
tyrosine (3NT) levels in the heart of infected mice.21 Ac-
cordingly, defining targets of oxidative/nitrosative modifi-
cation in Chagas’ disease and the potential functional
consequences that may result is of considerable interest.

In this study, we aimed to identify the protein targets that
are modified during progressive Chagas’ disease. Our data
show that the induction of inflammatory mediators is asso-
ciated with a substantial increase in protein-3NT and pro-
tein-carbonyl formation in chagasic heart and plasma. The
extent of nitrosative stress in chagasic animals was sig-
nificantly higher than that observed in animals with other
cardiomyopathies. By two-dimensional gel electrophore-
sis (2D-GE)/Western blotting and mass spectrometric
[matrix-assisted laser desorption ionization/time of flight
(MALDI-TOF mass spectrometry) and liquid chromatog-
raphy–tandem mass spectrometry (LC-MS/MS)] ap-
proaches, we have identified plasma proteins that are
3NT-modified in a disease-specific manner, and these
would likely be useful biomarkers of the acute and
chronic Chagas’ disease state. We discuss the patholog-
ical significance of protein nitration in Chagas’ disease.

Materials and Methods

Animals and Parasites

Six- to-8-week old C3H/HeN mice or Sprague-Dawley
rats (Harlan Laboratories) were infected with culture-de-

rived T. cruzi trypomastigotes (SylvioX 10/4 strain, 10,000
parasites/animal, intraperitoneally). Animals were sacri-
ficed during acute infection [mice, 27–35 days postinfec-
tion (dpi); rats, 45 dpi] or chronic disease (6 months
postinfection) phase. For some studies, Sprague-Dawley
rats were provided alcohol in drinking water (12%, v/v) for
24 months,22 and tissues harvested. Animal experiments
were performed according to the National Institutes of
Health Guide for Care and Use of Experimental Animals
and approved by the University of Texas Medical Branch
Animal Care and Use Committee.

Plasma Collection and Albumin Depletion

Blood samples were collected in the presence of K3EDTA
and protease inhibitor cocktail (Sigma Chemical Co., St.
Louis, MO P-2714), centrifuged at 2500 � g for 15 min-
utes at 4°C, and supernatant harvested. Plasma samples
were incubated sequentially for 1 hour each at 4°C with
0.1 mol/L NaCl and 42% ethanol and centrifuged at
16,000 � g for 45 minutes at 4°C. Supernatants were
transferred to new tubes, acidified to pH 5.7 using 0.8
mol/L CH3COONa (pH 4.0), incubated for 1 hour at 4°C,
and centrifuged as above. Albumin-containing superna-
tant fraction was transferred to new microtubes. The pel-
lets from first and second centrifugation steps were com-
bined and resuspended in 10 mmol/L Tris buffer, pH 6.8,
and 1 mol/L urea.23 All samples were stored at �70°C
until further use. Protein content was determined using
the Bradford assay (BioRad Hercules, CA).

Immunohistochemistry and Histopathology

Cryostat tissue sections (5 �m) were treated with 0.3%
H2O2/phosphate-buffered saline and avidin/biotin (Vec-
tor Laboratories Burlingame, CA) to block the endoge-
nous reactions and incubated with rabbit anti-3NT anti-
body (1:1000, Millipore Billeria, MA) for 12 hours. After
washing with distilled water, sections were incubated for
30 minutes each at room temperature with biotinylated anti-
rabbit IgG and horseradish peroxidase-conjugated strepta-
vidin (1:150, DAKO Carpinteri, CA). Slides were rinsed with
phosphate-buffered saline and distilled H2O, and color
was developed using diaminobenzidine substrate. Tis-
sue sections were counterstained with hematoxylin.

Enzyme-Linked Immunosorbent Assay (ELISA)

Plasma samples were treated with dinitrophenyl hydr-
azine (DNPH) to derivatize the carbonyl proteins. Dinitro-
phenyl-derivatized carbonyl proteins and 3NT-modified
proteins were detected by ELISA. Briefly, plasma sam-
ples were added in triplicate (100 �l/well). Plates were
blocked with 1% gelatin or reduced bovine serum albu-
min, and incubated with polyclonal anti-DNP antibody
(Sigma Chemical Co.; 1:1000) or anti-3NT antibody (1:
4000 dilution, Millipore).21,24 After incubation with horse-
radish peroxidase-conjugated secondary antibody, color
was developed with Sure Blue TMB substrate (Kirkeg-
aard & Perry Gaithersburg, MA) and absorbance re-
corded at 650 nm using a SpectraMax 190 microplate
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reader (Molecular Devices Sunny Dale, CA). Bovine se-
rum albumin (Sigma Chemical Co.; fatty acid–free) deri-
vatized with 50 mmol/L NaNO2, 10 mmol/L H2O2, and 100
�mol/L horseradish peroxidase was used as a positive
control.25

Enzymatic Assays

All enzymatic assays were conducted in 96-well microti-
ter plates using plasma samples in triplicate (10 �g of
protein/well). Nitrite/nitrate level, indicative of NO produc-
tion by iNOS enzyme, was monitored by the Griess re-
agent assay.26 Briefly, plasma samples were incubated
with spongy cadmium to reduce nitrate to nitrite27 and
incubated with 100 �l of Griess reagent (1% sulfanil-
amide in 5% phosphoric acid and 0.1% N-1-napthyl eth-
ylenediamine dihydrochloride, 1:1,v/v). The change in
absorbance was monitored at 545 nm (standard curve,
0–200 �mol/L sodium nitrite). To measure MPO activity,
plasma samples ([10 �g of protein) were incubated with
0.53 mmol/L O-dianisidine dihydrochloride (Sigma)/0.15
mmol/L H2O2 in 50 mmol/L potassium phosphate buffer
(pH 6.0). Reaction was stopped with 30% sodium azide,
and the change in absorbance measured at 460 nm (� �
11,300 M�1 � cm�1).28 To measure xanthine oxidase
(XOD) activity, plasma samples were incubated with 0.15
mmol/L xanthine in 50 mmol/L phosphate buffer (pH 7.5),
and the rate of uric acid production was recorded at 290
nm (� � 12,200 M�1 � cm�1).29

One- and 2D-GE and Western Blotting

Tissue homogenates or plasma samples (5 �g of protein)
were resolved on 10% acrylamide gels on a mini-Protean
3 system (BioRad) using 0.2 mol/L Tris-HCl anode buffer
(pH 8.8) and 0.1 mol/L Tris-Tricine cathode buffer con-
taining 0.1% sodium dodecyl sulfate. Gels were stained
with 0.005% Coomassie blue G250 (BioRad) and images
were acquired using a FluorChem 8800 image analyzing
system (Alpha Innotech).

The 7-cm (pH 3–10) immobilized pH gradient strips
(BioRad) were rehydrated at 50 V for 12 hours with 250 �l of
lysis/rehydration buffer (2 mol/L thiourea, 7 mol/L urea, 4%
3-[(3-cholamidopropyl)dimethylammonio]propanesulfonate,
0.5% Triton X-100, 1% dithiothreitol, and 0.5% ampholytes;
BioRad) containing a 100 �g of protein sample and a trace
amount of bromophenol blue. Isoelectric focusing was per-
formed on the strips as follows: 500 V for 1 hour, 1000 V for 1
hour, 8000 V for 2 hours, and then at 8000 V for a total of
50,000 Vh. After isoelectric focusing, immobilized pH gradient
strips were sequentially coated with sodium dodecyl sulfate for
15 minutes each in equilibration buffer (50 mmol/L Tris-HCl, pH
8.8; 6 mol/L urea; 30% glycerol; 2% sodium dodecyl sulfate)
containing 1% dithiothreitol (reducing conditions) and 2% io-
doacetamide (alkylating conditions). Equilibrated strips were
subjected to second-dimension electrophoresis using 8 to
10% linear gradient precast Tricine gels (BioRad) on a Crite-
rion cell system at 75 V for 1 hour and then at 120 V until the
dye front reached the bottom of the gel. Gels were fixed in 10%
methanol/7% acetic acid, stained with SYPRO Ruby (BioRad),

destained in 10% ethanol, and imaged using a high-resolution
ProXPRESS proteomic imaging system (Perkin Elmer). The
comparative analysis of different gel images was performed
using Progenesis Samespots software (Nonlinear Dynamics).
The resultant data were further managed and analyzed using
the GenoLogics Proteus proteomics solution.

Samples resolved by 1D-GE or 2D-GE were trans-
ferred to polyvinylidene difluoride membranes using a
wet vertical Criterion Blotter (BioRad). Membranes were
blocked for 1 hour with 5% nonfat dry milk (BioRad) in 50
mmol/L Tris-HCl (pH 7.4) containing 150 mmol/L NaCl
and 0.05% Tween 20 (TBST). All antibody dilutions were
made in 5% nonfat dry milk-TBST. Membranes were in-
cubated (4°C overnight) with the following primary anti-
bodies: mouse anti-3NT monoclonal antibody (1:5000,
clone 1A6), rat anti-3NT antibody (1:5000, Millipore), and
mouse anti-ApoAI antibody (1:5000, Biodesign Interna-
tional Saco, Maine). The DNP-derivatized carbonyl pro-
teins were probed with rabbit anti-DNP antibody
(1:4000, Sigma).17 Membranes were washed with
TBST, incubated with horseradish peroxidase-conju-
gated secondary antibody (1:15,000, Southern Biotech
Birmingham, AL) for 1 hour, and signal was developed
by an enhanced chemiluminescence detection system
(GE Healthcare, Piscataway, NJ).

Mass Spectrometry

Gel spots (�1 mm) were incubated at 37°C for 30 min-
utes each in 100 �l of 50 mmol/L NH4HCO3, followed by
100 �l of dH2O. Gel spots were then dehydrated in 100 �l
of acetonitrile twice for 5 minutes each, dried, and in-gel
proteins were digested with 100 ng of trypsin in 25
mmol/L NH4HCO3 at 37°C for 6 hours. Peptides were
analyzed by either a MALDI-TOF-MS tandem mass spec-
trometer (ABI 4800 Proteomics Analyzer, Applied Biosys-
tems Foster City) or by nanoLC-MS/MS using an LTQ
(Thermo Fisher) or an LTQXL (Thermo Fisher Pittsburgh,
PA) electrospray ionization-linear ion trap mass spec-
trometer. For MALDI-TOF-MS, peptide samples were pu-
rified with a ZipTip (Millipore) and reconstituted with 0.4%
acetic acid before analysis. A 1:1 dilution of peptide
solution with MALDI matrix solution (Agilent Technologies
Santa Clara, CA) was used for MALDI spotting and ana-
lyzed at the Protein Chemistry Laboratory of the Biomo-
lecular Resource Facility, University of Texas Medical
Branch.

For LTQ analysis, an in-house fabricated nanoelectro-
spray source and an HP1100 solvent delivery system
(Agilent Technologies) were coupled to LTQ. Samples
were automatically delivered by a FAMOS autosampler
(LC Packings, Dionex) to a 100-�m internal diameter
fused silica capillary precolumn packed with 2 cm of
200-Å pore size Magic C18AQ material (Michrom Biore-
sources Auburn, CA). The samples were washed with
solvent A (5% acetonitrile in 0.1% formic acid) on the
precolumn, eluted with a gradient of 10 to 35% solvent
B (100% acetonitrile) over 30 minutes to a 75-�m �
10-cm fused silica capillary column packed with 100-Å
pore size Magic C18AQ material (Michrom Biore-
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sources), and then injected into the mass spectrometer
at a constant column tip flow rate of �300 nl/min.
Eluting peptides were analyzed by nanoLC-MS and
data-dependent nanoLC-MS/MS acquisition, selecting
the three most abundant precursor ions for MS/MS with
a dynamic exclusion setting of 1 minute.30

For LTQXL analysis, peptide samples were loaded into
a C18 trap column (1 �l C18, OPTI-PAK) and washed for
10 minutes with 2% acetonitrile/0.1% formic acid at 5
�l/min. The separation was performed in a capillary re-
verse-phase column (Acclaim, 3 �m C18, 75 �m � 25
cm, LC Packings, Dionex Sunny Vale, CA) connected to
a nanoLC system (nanoLC 1D plus, Eksigent Technolo-
gies Dublin, CA). Peptides were eluted in a gradient
solvent of 0 to 40% (solvent A, 2% acetonitrile/0.1% for-
mic acid; solvent B, 80% acetonitrile/0.1% formic acid) for
30 minutes and directly analyzed in the LTQXL. MS spectra
were collected in centroid mode in a range from 400 to 1700
m/z, and the three most abundant ions were submitted
twice to fragmentation (35% normalized collision energy)
before dynamically excluded for 120 seconds.

The peptide mass profiling data were submitted to
Mascot (Matrix Science) and searched against NCBI da-
tabase using GPS Explorer (version 3.6, Applied Biosys-
tems). The criteria for positive identification of the pro-
teins was a MOWSE score of �42, as calculated by a
Mascot scoring algorithm, mass accuracy of 50 ppm,
and mapping of at least two peptides/protein. All identi-
fied protein sequences were compared using a BLAST
tool31 at the NCBI database. Sequences with low BLAST
scores were re-analyzed at GeneDB. All MS/MS spectra
from peptides with 600 to 3500 da and at least 15 frag-
ments were converted into DTA files using Bioworks ver-
sion 3.3.1 (Thermo Fisher). The DTA files were submitted
to database search using TurboSequest32 (available in
Bioworks) against the mouse IPI version 3.25 (http://
www.ebi.ac.uk/IPI/IPImouse.html Jan 2007) and TcruziDB
version 5.0 (http://tcruzidb.org Aug 2005) databases,
concatenated with the reverse version of the same data-
bases. The parameters for database search were: one
missed cleavage site for trypsin digestion, carbamidom-
ethylation of cysteine residues as fixed modification, and
oxidation of methionine and nitrosylation of tyrosine res-
idues as variable modifications. Mass tolerance was set
to 2.0 and 1.0 da for intact peptides and fragment ions,
respectively. The following filters were applied in Bio-
works for protein validation: DCn �0.1; protein probability
�1 � 10�3; and Xcorr �1.5, 2.0, and 2.5 for singly-,
doubly- and triply-charged peptides, respectively. With
these parameters, no false positive hits were observed.

Statistical Analysis

Five to eight animals were included in each experimental
group. All experiments were repeated at least three
times. Data are presented as mean values � SD. The
results were compared by Mann-Whitney-Wilcoxon test,
and P � 0.05 was considered significant.

Results

Histopathological analysis of cardiac tissue sections from
T. cruzi-infected and ethanol-fed animals is shown in Fig-
ure 1, A–D. The acutely infected animals (45 dpi) exhib-
ited an extensive infiltration of inflammatory infiltrate in the
myocardium (Figure 1B). Some of the inflammatory foci
were associated with parasitic nests. During chronic
stage (6 months pi), chagasic animals maintained a mod-
erate level of diffused inflammatory response associated
with tissue fibrosis and cell death (Figure 1C). The effect
of ethanol was evident after long-term feeding for 24
months when animals exhibited a modest tissue fibrosis
and scattered inflammation in the heart (Figure 1D).

As a first step in investigating the oxidative/nitrosative
stress, we monitored the cardiac level of protein modifi-
cations in chagasic animals. In agreement with inflamma-
tory responses, a very high level of protein nitration was
detected in the myocardium of acutely infected animals
(Figure 1F). In chronic chagasic myocardium, though
lesser than that detected in acute phase, the extent of

Figure 1. Histological analysis. Sprague-Dawley rat were infected with T.
cruzi or fed ethanol in drinking water. Cryostat sections of the heart tissue
were subjected to hematoxylin and eosin staining (A–D) and immunohisto-
logical staining with anti-nitrotyrosine antibody (E–H). Shown are micro-
graphs from normal rats (A and E), rats with acute (45 dpi, B and F) and
chronic (150 dpi, C and G) T. cruzi infection, and rats with chronic alcohol
feeding for 24 months (D and H). C and D show the infiltration of inflam-
matory infiltrate in chronic heart. Original magnification, �10.
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protein nitration was significantly higher than the normal
controls (compare Figure 1, G and E, respectively). Eth-
anol-fed rats exhibited minimal to no nitration of cardiac
proteins (Figure 1H). Comparison of the immunoreactivity
for DNP-derivatized carbonyl proteins using anti-DNP an-
tibody showed a significant increase in the protein oxi-
dation level in chagasic and ethanol-induced cardiomy-
opathy (EICM) hearts as compared to controls. The
extent of protein carbonylation in chronically infected and
ethanol-fed animals was not disease-specific (data not
shown). Together, these results suggest that T. cruzi in-
fection elicits strong inflammatory responses and oxida-
tive/nitrosative stress that persist in the heart during
chronic phase. Alcohol-induced cardiomyopathy is slow
in development and is associated with mild inflammatory
and oxidative responses and minimal nitrosative stress.

In agreement with the cardiac results, plasma level of
protein nitration was increased in T. cruzi-infected ani-
mals. The 3NT-modified proteins, determined by ELISA,
were increased by 272% and 142% in plasma of acutely
and chronically infected chagasic animals, respectively.
Protein-3NT level in EICM plasma was not significantly
different as compared to controls (Figure 2A). Western
blot (WB) analysis with anti-3NT antibody validated the
ELISA results. By WB, we detected approximately three-
fold increase in nitration of several proteins in chagasic
plasma as compared to that detected in normal controls
(Figure 2B, arrows). In plasma of chronic ethanol-fed
animals, the pattern of 3NT-modified proteins was similar
to that noted in normal controls (Figure 2B). Specificity of
the anti-3NT antibody was validated by a loss in signal on
pretreatment of the nitrated bovine serum albumin with 20
mmol/L dithionite that reduces 3-nitrotyrosine to 3-amin-
otyrosine, not detectable by anti-3NT antibody, also de-
scribed in a previous study.33 Coomassie blue staining of

the membranes verified equal loading of all protein sam-
ples and showed that some of the 3NT-modified proteins
were uniquely expressed in chagasic samples (Figure
2C, arrows). Comparison of the immunoreactivity for car-
bonyl proteins by ELISA (Figure 2D) and Western blotting
(data not shown) showed a similar extent and pattern of
protein oxidation in chagasic and EICM plasma. These
results validate that protein oxidation occurs in T. cruzi-
induced Chagas’ disease and EICM and that nitrosative
stress is induced in a disease-specific manner.

We measured the activities of the XOD, MPO (source
of oxidants), and nitrate/nitrite level (indicative of iNOS-
mediated NO production) to identify the intermediates
involved in the formation of ROS/RNS in chagasic and
EICM conditions. The increase in protein-3NT formation
in acute chagasic plasma was paralleled by 116%,
178%, and 101% increase in XOD, MPO, and iNOS (in-
ferred by nitrite level) activities, respectively (Figure 3). In
chronic chagasic plasma, we noted 59% and 88% in-
crease in XOD and MPO activities that was comparable
to that detected in EICM plasma samples (Figure 3, A and
B). Noticeably, nitrite level was significantly increased in
chronic chagasic plasma (47% increase), but not in the
EICM samples, when compared to those detected in nor-
mal control plasma (Figure 3C). These results suggest that
ROS-producing intermediates (XOD, MPO) are increased in
both T. cruzi-infected and ethanol-fed animals, while RNS-
producing intermediate (ie, iNOS) is mainly enhanced in
Chagas’ disease of infectious etiology.

Toward identifying the plasma proteins that are nitrosy-
lated and may be diagnostic of disease state and/or
pathology, we proceeded to develop the plasma pro-
teome. The plasma dynamic range of proteins over 10
orders of magnitude makes it difficult to achieve an in-
depth proteomic analysis. To facilitate the resolution and
identification of low-abundance proteins, we used a
chemical-based extraction method for the removal of

Figure 2. Plasma protein nitration is increased in chagasic rats. A: ELISA was
performed for 3NT-protein detection in plasma samples from T. cruzi-
infected acute and chronic rats and rats chronically fed with ethanol (EtOH).
B: Plasma samples were resolved by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, and Western blot analysis was performed with
anti-nitrotyrosine antibody. Coomassie blue staining of the membrane is
shown in C. Arrows indicate the differentially expressed/modified proteins
in chagasic plasma. D: Plasma samples were treated with dinitrophenyl
hydrazine, and DNP-derivatized carbonyl-proteins detected by an ELISA
using an anti-DNP antibody. Data (mean � SD) are representative of three
independent experiments.*P � 0.05; **P � 0.01.

Figure 3. Inflammatory mediators in chagasic plasma. Plasma samples were
obtained from normal rats, T. cruzi-infected rats during acute (45 dpi) and
chronic (150 dpi) stages, and the ethanol-fed chronic (24 months after
treatment) rats. The specific activities of XOD (A) and MPO (B) enzymes and
the nitrite level (C) were determined as described in Materials and Methods.
Data (mean � SD) are representative of three independent experiments. P �
0.05; **P � 0.01.
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albumin, the most abundant protein in the serum. As
shown in Figure 4A, the albumin-rich plasma fraction
consisted of �90% albumin, resulting in a better resolu-
tion of less abundant proteins in the albumin-depleted
plasma fraction. The comparative pattern of nitration ver-
sus protein concentration for albumin-rich plasma frac-
tions from chagasic samples is shown in Figure 4, B and
C. The 66-kd albumin was present at equal concentration
in all samples (Figure 4C) and appeared to be not heavily
nitrated in chagasic plasma (Figure 4B). Of the three
additional bands in chagasic albumin-rich plasma frac-
tion, two bands (55 and 21 kd) were found to be differ-
entially expressed as well as nitrated when compared to
normal albumin-rich plasma fraction. Protein sequencing
identified 55- and 21-kd bands as heavy and light immu-
noglobulin chains, respectively.

The complex mixture of proteins in albumin-depleted
plasma fractions from normal and chagasic animals were
not appropriately resolved by 1D-GE (data not shown),
and thus we performed 2D-GE. Representative 2D-gel
images of WB analysis using anti-3NT antibody (A) and
SYPRO Ruby staining (B) of plasma from normal mice
(Figure 5), and acutely (Figure 6) and chronically (Figure
7) infected animals are shown. The gel images were
superimposed according to relative molecular mass and
isoelectric point (pI), and a grid corresponding to the
exact dimension of the gels was used to overlay the
images. Comparative densitometric analysis of SYPRO
Ruby staining versus immunoreactivity with anti-3NT an-
tibody identified protein spots that were differentially ex-
pressed/nitrated in a disease state-specific manner (Ta-
bles 1 and 2 ). In general, the extent of nitration of various
proteins was more pronounced in acute plasma and
continued to persist during chronic stage of disease de-

velopment (Tables 1 and 2). These protein spots were
excised from the SYPRO Ruby-stained gels, were di-
gested in gel with trypsin, and tryptic peptides were
analyzed by mass spectrometry. Of the 56 proteins sub-
mitted to mass spectrometry, 39 were identified by
MALDI-MS/MS (Table 1). An additional 11 proteins were
identified by LC-MS/MS analysis (Table 2). Six of the 56
(spot 51–56) protein spots were not identified by either of
the mass spectrometric approaches.

Our data show that immunoglobulin (antibody) family
members, including IgG and IgA light chains, IgG-�,
-�2a, and -�3 heavy chains, and IgH-6 (spots 9–22),
were nitrated in chagasic plasma. Comparative densito-
metric analysis of the images from WB with anti-3NT
antibody (panel A in Figures 5–7) showed that the nitra-
tion of several immunoglobulin light and heavy chains
was two- to sixfold higher in infected mice as compared
to the normal controls. The extent of nitration of the im-
munoglobulins was significantly higher in acute mice
than in the chronic mice (Table 1). We noted increased

Figure 4. A: Fractionation of plasma and enrichment of low to abundant
proteins. C3H/HeN mice were infected with T. cruzi and sacrificed during
the acute (A) or chronic (C) stages. Plasma samples were collected on
K3EDTA, and the abundant proteins removed as described in Materials and
Methods. WP, whole plasma; ARPF, albumin-rich plasma fraction; ADPF,
albumin-depleted plasma fraction; N, normal mice. B and C: Nitration of
albumin-rich plasma fraction from chagasic mice. The albumin-rich plasma
fractions from normal and infected (acute and chronic) mice were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and Western
blot analysis was performed using mouse anti-3-nitrotyrosine antibody (B).
Coomassie blue stain of the membranes is shown in C. Arrows indicate the
protein bands that were submitted to mass spectrometry. Data are represen-
tative of three independent experiments.

Figure 5. Plasma proteome from normal mice. Dealbuminated plasma sam-
ples from normal mice were resolved by 2D-GE, and proteins were trans-
ferred to polyvinylidene difluoride membrane. Shown are the representative
images from Western blot analysis with anti-nitrotyrosine antibody (A) and
gel-staining with SYPRO Ruby (B). Plasma proteins that were nitrated
(marked with arrow and numbered in B) were identified by mass spectrom-
etry (Tables 1 and 2). Data are representative of three independent
experiments.
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nitration of C3b (spot 23), which is a member of both
classical and alternate complement pathways. Two pro-
teins, identified as Ig� light chain (spot 19) and serum
amyloid P component precursor (spot 30), were nitrated in
chronic chagasic plasma only. Several other plasma pro-
teins that were nitrated in the acute and/or chronic condi-
tions include �1-antitrypsin, �1-fetoprotein (members of the
�1-globulin family), and �- and �- fibrinogen chains.

We also identified six protein spots that matched apo-
lipoprotein A (ApoAI) and were nitrated (two- to threefold)
in acute and/or chronic chagasic plasma. The identifica-
tion of ApoAI in multiple spots can be explained by the
fact that ApoAI is expressed as prepro- form (267 amino
acids) that is cleaved at N-terminal resulting in formation
of a proApoAI (249 amino acids) and mature ApoAI (243
amino acids). Accordingly, of the six ApoAI protein spots,
one matched with repeat domain of ApoAI/A4/E and five
matched with a precursor or processed form of ApoAI.

Among other nitrated proteins that were detected in the
plasma of infected mice, we identified peptides for titin
repeat domain of cardiac titin (spots 31 and 32), and the

actin repeat domain (spot 33) found in the �-actin and
myosin heavy chain. The release of �-actin-, myosin-, and
titin peptides was increased by two- to threefold in acute
and chronic mice and is indicative of myocyte injury/
death. Importantly, 100% of the released �-actin, myosin,
and titin peptides were 3NT-modified, suggesting that
ROS/RNS-induced myocyte injuries initiated the protein
degradation/release.

The proteomic studies also identified the proteins that
were changed in expression in acute and chronic cha-
gasic plasma (Tables 1 and 2). The immunoglobulins and
immune-related coagulation proteins were, in general,
increased in expression level and nitration in both acute
and chronic conditions. In contrast, protein level of ni-
trated ApoAI isoforms was decreased in chronic cha-
gasic plasma (Tables 1 and 2). Other chagasic plasma
proteins did not exhibit a change in expression with re-
spect to increase in nitration level. For example, in-
creased nitration of �1-fetoprotein (spot 2), �1-antitrypsin
(spot 5), and some of the apolipoprotein isoforms (spots

Figure 6. Plasma proteome from T. cruzi-infected acute mice. Dealbumin-
ated plasma samples from acutely infected mice (25–30 dpi) were resolved
by 2D-GE. Shown are the representative images from WB analysis with
anti-3NT antibody (A) and gel staining with SYPRO Ruby (B). Nitrated
proteins (marked with arrow and numbered in B) were identified by mass
spectrometry (Tables 1 and 2). Data are representative of three independent
experiments.

Figure 7. Plasma proteome from T. cruzi-infected chronic mice. Dealbumin-
ated plasma samples from chronically infected mice (150 dpi) were resolved
by 2D-GE. Shown are the representative images from WB analysis with
anti-3NT antibody (A) and gel staining with SYPRO Ruby (B). Nitrated
proteins (numbered) were identified by mass spectrometry (Tables 1 and 2).
Data are representative of three independent experiments.
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25–29) was not associated with a similar increase in their
expression in acute plasma of infected mice. Likewise,
many of the proteins (eg, spots 2–4, 36, 43, 44) that were
nitrated in chronic conditions were not altered in their
expression level in chagasic plasma.

To independently validate the identity of nitrated pro-
teins identified by 2D-GE/WB with anti-3NT antibody and
mass spectrometry, we chose to perform WB with protein

(ApoAI)-specific antibody. Plasma proteins from normal
and acutely infected mice were resolved by 2D-GE and
probed with anti-ApoAI antibody or anti-3NT antibody
(Figure 8). Anti-ApoAI antibody recognized several pro-
tein spots (relative molecular mass range of 23–30 kd) in
normal and acute plasma (Figure 8, A and D). Anti-3NT
antibody cross-reacted with many of the anti-ApoAI-recog-
nized protein spots in chagasic plasma only (Figure 8, B and

Table 1. Identification of Differentially Expressed/Nitrated Proteins in Chagasic Plasma by MALDI-MS/MS

Spot
no. Protein name

GI no.
(NCBI database)

Predicted
MW (kd)

Experimental
relative MW (kd)

No. of peptide
matches

Albumin family
1 Albumin precursor 5915682 68 81 9

�-Globulins
2 �1-Fetoprotein 191765 72 77 10
3 �1-Antitrypsin (�1-protease inhibitor-2) 191844 53 58 10
4 �1-Antitrypsin (�1-protease inhibitor-6) 68068019 53 58 11
5 �1-Antitrypsin precursor 68068019 53 100 20

Coagulation proteins
6 Fibrinogen � chain, C-term globular

domain
13529485 55.4 55 24

7 Fibrinogen � chain 15593264 52 52 8
8 Fibrinogen related domain (FReDs) 74143675 50 58 20

�-Globulins/Immunoglobulins
9 Igh-6 protein 31418378 68.5 85 10

10 Igh-6 protein 31418378 68.5 85 6
11 Igh-1a protein 62028521 51.8 52 6
12 IgG�2a heavy chain 406253 52.2 55 6
13 IgG�2a heavy chain 406253 52.2 55 7
14 IgG�3 heavy chain precursor 1304160 52.2 53 4
15 � (b) haplotype heavy chain 52382 50.7 80 5
16 IgG2b � light chain, antigen-binding

Fab fragment
443113 24 24 7

17 Ig� light chain V-III region 125806 14.5 25 9
18 Ig� light chain, C-region 541736 23.9 24 10
19 Ig� light chain 541736 23.9 27 10
20 IgG1 light chain, nucleic acid-binding

Fab fragment
498315 23.3 24 6

21 Agglutinating monoclonal antibody
light chain

2950241 24 24 5

22 IgA light chain, Fab fragment to
cytochrome P450 aromatase

7766934 24.1 24 7

Complement
23 Complement C3 precursor, C3 � chain 1352102 75 55 10

Apolipoproteins
24 Apolipoprotein A-I precursor 109571 30.3 27 6
25 Apolipoprotein A-I precursor 109571 30.3 22 7
26 Apolipoprotein A-I precursor 109571 30.3 21 6
27 Apolipoprotein A-I precursor 109571 30.6 22 10
28 Apolipoprotein A-1 61402210 23.0 22 7
29 Apolipoprotein A1/A4/E repeat domain 74149657 30.6 23 12

Amyloid proteins
30 Serum amyloid P component

precursor
134198 26.1 30 8

Others
31 Titin isoform N2-B repeats 77812699 3004 88 69
32 Titin isoform N2-B repeats 77812699 3004 50 67
33 �-Actin 1/spectrin repeats 61218045 45 55 13
34 Unnamed protein 26337783 31.4 50 7
35 Unnamed protein 74140800 101.6 88 5
36 Unnamed protein 74153162 59.4 72 8
37 Unnamed protein 74137565 70.7 90 16
38 Unnamed protein 74203381 70.7 80 21
39 Unnamed protein 26341396 67 76 7

(table continues)
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E). SYPRO Ruby staining of the gels showed equal loading of
all protein samples (Figure 8, C and E). These data verify the
identity of nitrated ApoAI in chagasic plasma and validate the
identification of proteins by mass spectrometry.

Discussion

We have shown that T. cruzi infection-induced oxidative/
nitrosative stress affects host proteins. The extent of pro-

Table 1. Continued

% sequence
coverage Score

Change in expression*
Increase in protein 3-NT

formation†

Acute Chronic Acute Chronic

33 108 ns ns 2.8 ns

38 86 ns ns 3.8 3.6
26 82 1.8 �1.8 3.4 2.2
30 96 2.2 ns 5.1 1.8
51 62 ns ns 4.7 ns

50 204 4.8 2.3 2.2 1.06

22 79 2.8 1.9 2.3 ns
51 257 2.5 4.3 4.9 2.4

21 108 ns ns 2.3 ns
22 60 ns ns 4.2 ns
26 58 4.1 �4.3 5.5 �2.8
28 51 2.5 ns 3.4 1.7
16 55 2.5 ns 6.1 1.2
20 58 3.9 3.3 2.4 1.2
21 58 3.06 2.04 2.8 ns
34 108 3.09 2.65 1.9 ns

41 56 3.7 1.8 1.0 �2.3
20 73 3.9 3.4 1.8 ns
26 46 ns 5.7 ns 1.7
35 84 3.4 3.2 1.7 ns

26 61 3.8 3.2 2.4 1.1

33 70 3.7 3.2 1.5 1.1

27 57 4.2 2.5 3.1 1.5

29 67 3.2 2.6 2.2 1.2
30 69 ns �2.5 1.8 1.4
20 81 ns �2.4 1.6 1.4
25 110 ns �1.8 1.6 1.2
22 87 ns �2.7 1.1 �1.6
37 122 ns ns 2.8 1.6

33 77 1.9 2.8 ns 2.5

19 59 3.5 2.2 3.1 ns
15 57 2.6 1.7 2.7 ns
51 71 3.5 2.8 5.5 1.9
35 56 ns ns 1.6 1.2
21 56 ns ns 1.5 �3.5
31 56 ns ns 4.2 2.1
27 93 ns ns 4.0 1.4
38 186 ns ns 3.6 ns
25 100 ns ns 1.4 ns

T. cruzi-infected C3H/HeN mice were sacrificed during acute infection or chronic disease stage. Plasma proteins were resolved by two-dimensional
gel electrophoresis, and 3-nitrotyrosine-modified proteins were detected by Western blotting. Differentially nitrated protein spots were sequenced by
MALDI-MS/MS. ns, not significant.

*Change in expression is presented as fold change from control; cut-off value was set at �1.8. Values for repressed genes are log transformed.
†Increase in nitration level is presented as fold change from controls after normalization of background signal. The expression and nitration level

was quantitated by densitometric analysis.
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tein oxidation and nitration in heart tissue and plasma of
infected animals correlated with the magnitude of inflam-
matory responses in acute and chronic conditions. Com-
parative studies in ethanol-fed animals showed that EICM
is slow in development and is and associated with mild
inflammatory and oxidative responses in the heart or
plasma. We have developed chagasic plasma proteome

and identified proteins that are nitrated in disease- and
disease state-specific manner.

Our objective in this study was to identify the oxidative/
nitrosative modifications that are distinctly enhanced dur-
ing the course of T. cruzi infection and disease develop-
ment, and may provide clues to pathological process in
Chagas’ disease. A comparative analysis of cardiac and

Table 2. Additional Differentially Expressed/Nitrated Proteins in Chagasic Plasma Identified by LC-MS/MS Analysis

Spot
no. Protein name

Accession
no.

Predicted
MW (kd)

Experimental
relative MW

(kd)

No. of
peptide
matches Score

Change in
expression*

Increase in
protein 3-NT
formation†

Acute Chronic Acute Chronic

Albumin family
40 Serum albumin

precursor
IPI0013695 68.6 81 3 100 ns ns 3.6 ns

41 Serum albumin
precursor

IPI0013695 68.6 78 11 128 ns ns 1.3 ns

42 Serum albumin
precursor

IPI0013695 68.6 76 2 108 ns ns 2.2 ns

�-Globulins
43 Trypsinogen 16 IPI00130391 26.1 25 1 40 ns ns ns 3.1
44 �-Macroglobulin

precursor
IPI00126194 165.7 110 3 20 2.5 ns ns 2.3

�-Globulins/
immunoglobulins

45 Ig � chain V-III
region MOPC 41
precursor

IPI00137967 14.30 27 1 8 5.7 3.5 1.6 1.6

46 Ig � chain V-III
region MOPC 321
precursor

IPI00464396 14.51 28 2 10 ns �1.8 ns ns

47 Ig � chain V-IV
region

IPI00352901 17.1 30 1 10 6.6 9.7 ns 1.7

48 MHC (Qa) Q10-k
class 1 antigen

IPI00321666 37.22 28 1 10 5.3 3.1 1.6 1.3

49 Ig � light chain C
region

IPI00406213 23.9 28 1 10 3.8 5.7 2.0 ns

Others
50 �-2-HS-glycoprotein

precursor
37.3 20 1 10 ns ns 1.2 ns

T. cruzi-infected C3H/HeN mice were sacrificed during acute or chronic disease stage. Plasma proteins were resolved by two-dimensional gel
electrophoresis, and 3-nitrotyrosine modified proteins were detected by Western blotting. Differentially nitrated protein spots were sequenced by
LC-MS/MS. ns, not significant.

*Change in expression is presented as fold change from control; cut off value was set at �1.8. Values for repressed genes are log transformed.
†Increase in nitration level is presented as fold change from controls after normalization of the background signal. The expression and nitration level

was quantitated by densitometric analysis.

Figure 8. Validation of nitration of apolipopro-
tein A in chagasic plasma. Dealbuminated
plasma fractions from normal (A–C) and acutely
infected (D–F) mice were resolved by 2D-GE
and stained with SYPRO Ruby (C, F). Proteins
were transferred to polyvinylidene difluoride
membranes, and Western blot analysis was per-
formed using anti-ApoAI (A, D) antibody. Mem-
branes were stripped and then probed with anti-
3NT (B, E) antibody.
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plasma samples from T. cruzi-infected and ethanol-fed
animals showed that T. cruzi-induced inflammatory re-
sponses and oxidative/nitrosative modifications were
widely distributed in the heart and plasma of acute ani-
mals and persisted during chronic phase. A substantial
increase in cardiac protein carbonylation17 and nitra-
tion21 in animal models of T. cruzi infection and disease
development has also been shown in previous studies. In
ethanol-fed animals, a milder increase in cardiac and
plasma level of inflammatory and oxidative responses
was noted only after a long-term alcohol feeding. Inter-
estingly, animals with EICM exhibited statistically insig-
nificant change in protein nitration when compared to T.
cruzi-infected animals that were presented with extensive
nitration of plasma and cardiac proteins. The low nitrosa-
tive stress and slow evolution of cardiomyopathy in eth-
anol-fed animals as compared to T. cruzi-infected animals
suggest that protein nitration plays an important role in
Chagas’ disease.

During T. cruzi infection, macrophage and neutrophil
activation play a central role in the antiparasite defense.
Several investigators have used in vitro assay systems or
animal models and demonstrated that T. cruzi-mediated
macrophage activation result in increased levels of su-
peroxide formation by the NADPH oxidase-dependent
respiratory burst.20,34,35 Besides oxidative stress of in-
flammatory origin, chagasic host exhibits compromised
mitochondrial respiratory chain efficiency in the heart17,18

that contributes to a substantial increase in ROS gener-
ation in cardiomyocytes. Increased expression of XOD
(superoxide source), as noted in this study, suggest that
endothelial ROS may also be produced in chagasic an-
imals. In addition to ROS, activated macrophages can
produce large amounts of NO by iNOS. We have noted
plasma NO level, measured by its end product NO2

�/
NO3

�, increased in response to T. cruzi infection and
persisted during chronic stage. Others have demon-
strated high level of iNOS expression and NO production
in splenocytes from T. cruzi-infected mice36 and macro-
phages in vitro infected with T. cruzi.37 Thus, conditions
conducive to NO and superoxide reaction resulting in
peroxynitrite formation that is a strong nitrating agent
exist in T. cruzi-infected host. Additionally, enhanced ex-
pression of MPO in T. cruzi-infected mice, as noted in this
study, suggest that MPO-mediated oxidation of nitrite
resulting in the formation of highly reactive nitryl chloride
would also contribute to protein tyrosine nitration in cha-
gasic host. No change in nitrate/nitrite level in chronic
ethanol-fed animals indicates that iNOS-dependent NO
production is not induced and explains the absence of
nitrosative stress during EICM.

Toward identifying the nitrated proteins that may pro-
vide clues to disease-specific pathological processes,
we have used a widely accepted 2D proteomic/Western
blotting approach to resolve the 3NT-modified plasma
proteins in chagasic mice and identified the selected
proteins by MALDI-TOF-MS and nanoLC-MS/MS. Our
data demonstrate that nitration of plasma proteins was
not merely a function of their relative abundance and
occurred in a selective manner associated with disease
state. A total of 56 protein spots were found to be differ-

entially nitrated in plasma of infected mice during the
course of disease development. The sequencing of the
nitrated protein spots and clustering of the identified
proteins according to their functional characteristics re-
vealed the molecular print of the biological processes
that might be perturbed and contribute to parasite per-
sistence and Chagas’ disease development.

In vitro studies have shown that ROS/RNS treatment of
IgG resulted in decreased antigen-binding capacity and
complement C3 and C1q fixation38 and impaired the Fc
receptor binding to macrophages.39 Oxidation/nitration
of IgGs is increased in rheumatoid40 and juvenile idio-
pathic arthritis41 and lupus erythematosus42 and is im-
plied to be of pathological importance in human autoim-
mune diseases. In T. cruzi-infected animals, several of the
light and heavy chains of immunoglobulins and �-globu-
lins, and the C3b component of the complement system
were nitrated (two- to threefold increase) in acute phase,
and nitration of a majority of these molecules persisted
during chronic stage. Our data provide an impetus to
identify the site and extent of nitration in IgG molecules
and its effect on antibody assembly and/or activity
against the parasite and self-antigens. We propose that if
the anti-parasite IgGs are excessively nitrated in the Fab
region, it may change the specificity or plasticity of anti-
gen-binding site resulting in decreased recognition of
parasite antigens or increased immunoreactivity against
self-antigens. Alternatively, if 3NT modifications are ac-
crued in the Fc region, it may alter the binding of the
antigen-IgG immune complex to Fc receptor on macro-
phages, and along with nitrated C3b, result in compro-
mised complement activation/fixation and host’s capacity
to clear parasite infection. We will pursue identifying the
biological impact of IgG nitration on affinity and avidity of
anti-parasite antibodies in future studies.

Nitration of two different sets of plasma proteins plays
a role in atherosclerotic plaque formation. The nitration of
fibrinogen chains (�, �, �) is suggested to promote a
prothrombotic state43 via its enhanced interaction with
thrombin,44 resulting in accelerated fibrin clot formation
that is routinely found in subjects with coronary artery
disease.45 The protective action of ApoAI/high-density
lipoprotein in cardiovascular diseases is attributed to its
role in reverse cholesterol transport.46 ApoAI is suscep-
tible to MPO-mediated oxidative chlorination and nitra-
tion.47 Oxidized ApoAI was decreased in its ability to
promote adenosine triphosphate-binding cassette A1
(ABCA1)-dependent, low-density lipoprotein-cholesterol
efflux from cholesterol-laden macrophages48 and inhibit
inflammatory properties of oxidized low-density lipopro-
teins.49 We have noted a two- to fourfold increase in
nitration of fibrinogen (� and � chains) and a one- to
twofold increase in nitration of ApoAI isoforms in acutely
and chronically infected mice (Tables 1 and 2). The ni-
tration of ApoAI isoforms in chagasic plasma occurred in
parallel with increased MPO activity (Figure 3). Further,
patients with Chagas’ disease show the same pattern of
atherosclerotic disease as is seen in other cardiomyo-
pathic population after an episode of acute myocardial
infarction.50 Thus, our data along with the observations in
literature allow us to propose that persistently nitrated
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fibrinogen and ApoAI may result in increased fibrin clot
formation and decreased cholesterol efflux, respectively.
When present in excess, both these processes can con-
tribute to artery blockage and myocardial infarction, to be
further examined in experimental animals and patients
with Chagas’ disease.

Beyond cholesterol efflux, ApoAI/high-density lipopro-
tein is shown to regulate cytokine production in mono-
cytes/macrophages via inhibiting the T cell signaling of
monocytes, and thereby controls inflammatory cytotoxic-
ity.51 A decline in ApoAI level is associated with autoim-
mune inflammatory diseases, eg, juvenile rheumatoid
arthritis, systemic lupus erythematosus, and multiple
sclerosis,52 while oxidized ApoAI is suggested to impart
proinflammatory properties.53 Our data show that the
ApoAI level was decreased (more than twofold) in
chronic mice and more than 50% of the expressed ApoAI
was nitrated (Table 1). Chagasic chronic inflammation is
characterized by infiltration of inflammatory cells, ie,
monocytes and T cells into the heart.54 Although mono-
cytes/macrophages and stimulated T cells contribute to
control of acute parasite infection via release of inflam-
matory mediators and cytotoxicity against infected cells,5

the stimuli that contribute to persistence of chronic in-
flammation in chagasic host are not clearly delineated.
We propose that increased 3NT versus normal ApoAI
ratio level may result in dysregulated production of cyto-
kines and their respective inhibitors and impart chronic
inflammation in Chagas’ disease. A significant increase
(four- to fivefold, Table 1) in nitration of �1-antitrypsin, a
host defense against toxic enzymes of inflammatory
cells,55 may further exacerbate the inflammation-induced
tissue damage in Chagas’ disease.

The finding of oxidized peptides representing cy-
toskeletal proteins (�-actin and titin) in chagasic plasma
deserves specific mention. The titin filaments ensure the
elasticity and extensibility of the sarcomere and thereby
cardiac contractility. Others have shown a loss of titin and
reduction of contractile apparatus in heart failure.56 The
myocardial nitrosative stress was increased in acute and
chronic animals (Figure 1), and all of the � actin and titin
peptides released in the plasma were 3NT-modified (Fig-
ures 6 and 7; Table 1). It is thus reasonable to suggest
that nitrosative stress-induced cellular injuries initiated
protein degradation/release and myocyte damage in
chagasic animals. A continuous loss of cytoskeletal pro-
teins due to persistent nitrosative stress in the heart (Fig-
ure 1) is anticipated to promote the ventricular stiffness
and contribute to heart failure during chronic disease
phase and will be examined in future studies.

In summary, we have shown that induction of inflam-
matory mediators during T. cruzi infection elicit oxidative/
nitrosative stress that affects host proteins. Many of the
plasma proteins were nitrated in a disease-specific man-
ner and would be useful biomarkers of the acute and
chronic Chagas’ disease states. Further, nitration of spe-
cific sets of proteins provided clues to pathophysiology of
Chagas’ disease. Of significant importance are the ob-
servations of increased nitration of immunoglobulins and
ApoAI that may provide the basis for parasite persis-

tence/autoimmunity and atherosclerotic responses, re-
spectively, in Chagas’ disease.
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