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ABSTRACT

The purpose of the present study was to determine if elevated reactive oxygen (ROS)/nitrogen species (RNS) reported to be present in adriamycin
(ADR)-induced cardiotoxicity actually resulted in cardiomyocyte oxidative/nitrative damage, and to quantitatively determine the time course and
subcellular localization of these postulated damage products using an in vivo approach. B6C3 mice were treated with a single dose of 20 mg/kg
ADR. Ultrastructural damage and levels of 4-hydroxy-2-nonenal (4HNE)-protein adducts and 3-nitrotyrosine (3NT) were analyzed. Quantitative
ultrastructural damage using computerized image techniques showed cardiomyocyte injury as early as 3 hours, with mitochondria being the most
extensively and progressively injured subcellular organelle. Analysis of 4HNE protein adducts by immunogold electron microscopy showed appearance
of 4HNE protein adducts in mitochondria as early as 3 hours, with a peak at 6 hours and subsequent decline at 24 hours. 3NT levels were significantly
increased in all subcellular compartments at 6 hours and subsequently declined at 24 hours. Our data showed ADR induced 4HNE-protein adducts
in mitochondria at the same time point as when mitochondrial injury initially appeared. These results document for the first time in vivo that
mitochondrial oxidative damage precedes nitrative damage. The progressive nature of mitochondrial injury suggests that mitochondria, not other
subcellular organelles, are the major site of intracellular injury.
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INTRODUCTION

The anthracycline antibiotic adriamycin (ADR), or dox-
orubucin, is one of the most effective antitumor agents used
to treat human malignancies. Long-term treatment with ADR
is limited by cardiotoxicity. Many studies have demonstrated
biochemical and pathological changes in heart following
ADR treatment. Studies have suggested that mitochondria
are an important subcellular target of ADR-induced car-
diotoxicity. Disruption of mitochondrial cristae, mitochon-
drial swelling, and the presence of myelin figures within mi-
tochondria were ultrastructural pathologic changes observed
following treatment with ADR for 5 days (Yen et al., 1996).
In addition, these changes were correlated with a significant
functional decrease in state 3 respiration and respiratory con-
trol ratio in mitochondrial respiratory complexes I and II (Yen
et al., 1999). Although these specific changes in mitochondria
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could contribute to cardiac injury following ADR treatment,
the specific subcellular sites responsible for cardiomyocyte
injury have remained very controversial. Thus, myofibrils,
sarcoplasmic reticulum (SR), and nuclei have all been pro-
posed as primary sites of injury.

ADR has been shown to affect cardiac myofibrils by re-
duction of mRNA levels of cytoskeletal genes such as alpha
actin, troponin I, and myosin light chain (Ito et al., 1990).
These biochemical changes were correlated with ultrastruc-
tural analysis, which showed changes in myofibril structure,
including loss, disruption, and disassembly of myofibrils. Re-
cently, Mihm et al. (2002) have shown that cardiac myofib-
rils are a primary site of protein nitration following ADR
treatment.

In addition, SR has also been suggested as a target for
ADR-induced cardiotoxicity since depletion of the releasable
SR calcium pool can be demonstrated following ADR treat-
ment (Burke et al., 2002). Evidence against the SR as a major
target of ADR is that overexpression of Ca2+-ATPase in the
SR (SERCA2) in transgenic mice did not result in ameliora-
tion of ADR-induced cardiotoxicity (Burke et al., 2003).

ADR has been demonstrated to exert a multiplicity of
effects on myocardial nuclei. Quantification of ADR-DNA
adducts formation by 32P-radiolabeled DNA has been demon-
strated to be an early marker of ADR-induced cardiotoxicity
(Hahm et al., 2003). Histological and ultrastructural stud-
ies have shown alterations in nucleoli after treatment with
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ADR, including nucleolar segregation, nucleolar fragmenta-
tion, and conversion of nucleoli to a ring shape (Merski et al.,
1976, 1978).

Since it is not certain which subcellular organelle(s) is (are)
the primary target(s) of ADR-induced cardiotoxicity, one pur-
pose of the present experiments was to determine the earli-
est subcellular target of ADR-induced cardiac injury using
a time-course study and quantitative ultrastructural analysis
of pathological lesions in mice. We propose that identifica-
tion of the organelle(s) with the earliest and most prolonged
injury will provide clues concerning the mechanism(s) of
ADR-induced cardiac injury. A second major purpose was to
correlate injury with analysis of oxidative/nitrative damage
products in vivo.

The biochemical mechanism(s) by which ADR induces
cardiotoxicity has not been fully elucidated. Many mech-
anisms have been proposed to explain ADR-induced car-
diotoxicity, including the affinity of ADR to lipids, calcium
concentration and membrane depolarization, disorder of
membranes, free radical production, injury due to its metabo-
lite (doxorubicinol), and disturbances in iron metabolism
(Cummings et al., 1991; Forrest et al., 2000; Kwok and
Richardson, 2002). Free radical production has been pro-
posed to play a major role in ADR-induced cardiotoxicity. It
has been demonstrated that ADR is a free radical generating
agent due to its quinone structure (Sato et al., 1977). Many en-
dogenous enzymes such as cytochrome P450, NADH dehy-
drogenase, and nitric oxide synthase have been demonstrated
to catalyze the conversion of the ADR quinone structure to
semiquinone free radicals (Doroshow, 1983; Doroshow et al.,
1985; Weinstein et al., 2000). Semiquinone free radicals are
rapidly oxidized in the presence of oxygen to produce super-
oxide radicals (O·−

2 ). Further, superoxide radicals can react
with other reactive oxygen species (ROS)/reactive nitrogen
species (RNS) to form even more highly reactive ROS/RNS.
Several investigators have also demonstrated the capacity
of ADR to induce RNS production. Weinstein et al. (2000)
have shown recently that peroxynitrite is formed in cardiomy-
ocytes in mice after treatment with ADR, and Aldieri et al.
(2002) have demonstrated that ADR induced nitric oxide syn-
thesis with the resultant accumulation of nitrite in cells.

While the prior studies show the presence of ROS/RNS in
ADR treated tissues, interpretation of results is not straight-
forward. First, most of the studies were performed in tissue
homogenates: in these type of studies, the cell types and sub-
cellular sites of ROS/RNS production cannot be identified.
Second, the presence of ROS/RNS does not prove they are
causative in the mechanism(s) of damage. In fact, ROS/RNS
can have physiological functions. Third, increased ROS/RNS
may be neutralized by the complex intracellular antioxidant
defense system, and so oxidative stress may be present but
not result in oxidative damage. The only way to prove that
increased ROS/RNS cause cellular damage is to directly mea-
sure oxidative damage products in situ when they are bound to
macromolecules, since adduct formation to protein or DNA
is well recognized to cause cell injury.

4-Hydroxyl-2-nonenal (4HNE) is a major oxidative prod-
uct derived from the breakdown of polyunsaturated fatty acids
and related esters (Zainal et al., 1999). Further, 4HNE has
been shown to have physiologic roles in cell proliferation
and differentiation (Page et al., 1999), and this compound

may cause cellular damage by modification of intracellular
proteins (Toyokuni et al., 1994). Moreover, it has previously
been shown that treatment of purified protein with 4HNE
leads to enzyme inactivation and protein cross-linking (Tsai
et al., 1998). Intracellular 4HNE reacts rapidly with cysteine,
lysine, and histidine residues of proteins (Spitz et al., 1991;
Doorn and Petersen, 2002). Therefore, increase in 4HNE pro-
tein adducts not only indicates free radical production but also
the subsequent interaction of oxidized lipids with proteins.

It has been shown that protein nitration is due to increases
in ROS/RNS levels. 3-Nitrotyrosine (3NT) has served as a
marker of the production of reactive nitrogen-centered oxi-
dants (ONOO−, ·NO2, etc.). Nitration of active-site tyrosine
residues has been proven to alter protein structure and func-
tion (Kong et al., 1996; Ara et al., 1998). Under pathological
conditions, 3NT has been suggested to modify both transla-
tional and posttranslational protein processes (Hanafy et al.,
2001; Metzen et al., 2003; Willard et al., 2003).

Therefore, the detection of these two biomarkers (4HNE-
protein adducts and 3NT) following ADR treatment would
provide strong evidence for the actual presence of oxida-
tive/nitrative damage. Our experiments were designed to
measure immunoreactive 4HNE protein adducts and 3NT
protein levels using specific antibodies and immunogold la-
beling with image analysis techniques in mice following
treatment with ADR at various time points. The use of im-
munogold labeling with image analysis techniques not only
allows identification of intracellular sites where injury has
occurred, but also permits a quantitative comparison of ox-
idative/nitrative damage products at the site(s) of injury in
control versus treated animals. The high sensitivity, speci-
ficity, and reliability of our immunogold techniques have
been previously confirmed (Zainal et al., 2000). The con-
cept of site-specific formation of oxidative/nitrative damage
products in the cell is highly relevant for the understanding
of how ADR injures cardiac tissues.

Our studies were performed in an acute animal model of
ADR toxicity. Although it takes months for cardiac fibrosis
to occur in humans, we believe that it would be difficult to
interpret biochemical changes in a chronic animal model of
ADR-induced cardiac toxicity since changes related to injury,
repair, fibrosis, and adaptation would be impossible to sepa-
rate from the original changes that caused cell injury. As an
example, the major problem in studying human neurodegen-
erative diseases is that the only tissue available for analysis,
for ethical reasons, is autopsy tissue. In tissues obtained at
this end stage, it is difficult, if not impossible, to analyze early
changes causing these diseases. For these reasons, we believe
the acute model of ADR-toxicity is more relevant.

The present study is novel and important because it proves
that oxidative/nitrative damage occurs at early time points
in vivo in the heart following ADR treatment and provides
quantitative results from various subcellular compartments; it
demonstrates that oxidative damage precedes nitrative dam-
age, which is consistent with the hypothesis of Mikkelen
and Wardman (2003) that ROS changes are amplified by
RNS changes; it demonstrates that mitochondria are the or-
ganelle showing the most progressive and extensive injury;
and because oxidative injury in mitochondria precedes ex-
tensive cardiomyocyte injury, it suggests the possibility that
ROS may be the cause of cardiomyocyte injury. In summary,
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our results demonstrate that significant oxidative/nitrative
posttranslational modifications of proteins occurred at early
time points in cardiomyocyte mitochondria following ADR
treatment.

MATERIALS AND METHODS

Animals and Treatments: Mice were from Jackson labo-
ratory (Bar Harbor, ME) and housed at the animal facility of
the University of Kentucky. Males from inbred B6C3 mice,
age 10–13 weeks and weight 22–28 grams, were used for
this study. In experiment 1, for both ultrastructural pathol-
ogy and immunogold analysis, mice were injected intraperi-
toneally with 1 dose of either ADR (Pharmacia and Upjohn,
Kalamazoo, MI) at 20 mg/kg (a dose that causes heart in-
jury during the first 5 days but demonstrates low mortality
rate, n = 2 mice for each time point) or the same volume
of saline (2.9% sodium chloride solution, n = 1 mouse for
each time point) as a control. Mice were euthanized by in-
jection with 20 mg/kg of pentobarbital (Abbott Laboratories,
North Chicago, IL) intraperitoneally at 4 different time points
(0, 3, 6, 24 hours). Heart tissues from the left ventricle were
then cut into 1-mm cubes and processed for further studies.
The time period from euthanasia to placement of tissues into
fixative was approximately 15 minutes. Thus, the time point
labeled “zero” was actually approximately 15 minutes after
the initial ADR dose; this lag period was present for each
time point studied in the text.

In experiment 2, mice were treated with ADR (n = 2 mice)
or saline (n = 1 mouse) and analyzed at 5 days for ultra-
structural pathological analysis. The experimental proce-
dures were approved by the Institutional Animal Care and
Use Committee of the University of Kentucky.

Morphometric Quantification by Electron Microscopy:
Heart tissues from the left ventricle were fixed, embedded,
and processed for routine electron microscopy as previously
described (Yen et al., 1996). Three embedded blocks from
each heart for each mouse were sectioned and transferred to
copper grids. Only longitudinal sections of cardiac muscle
were used for the study. Grids were observed in an electron
microscope (Hitachi H-600) operated at 75 kV. Random sam-
pling was achieved by scanning the grid at low magnification
so that cell injury was not apparent, yet gross sample arti-
facts (folds in tissues, dust particles, etc.) could be avoided.
Grids were systematically scanned from top to bottom and
from left to right so that photographs of entire cardiomy-
ocyte cells were taken at ×10,000 magnification every 10–
15 grid fields. Thirty cardiomyocyte cells were photographed
for each mouse group. All quantitative ultrastructural data
(mitochondrial or cytoplasmic damage) were analyzed from
the same samples.

Mitochondria with any or several of the following ultra-
structural criteria were used for determination of area in-
volved by mitochondrial damage: mitochondrial swelling,
mitochondria with the presence of myelin figures, mitochon-
dria with loss of cristae, degeneration of mitochondria with
disorganized cristae, lysosomal degradation of mitochondria,
vacuolization in mitochondria, and mitochondrial membrane
disruption. In the Results and Discussion sections, mitochon-
drial “damage” refers to mitochondria with any or several of
the noted ultrastructural criteria. The data for mitochondrial

damage were presented as the average of the area involved by
mitochondrial damage divided by the total area of mitochon-
dria analyzed from 30 cells in each group at each time point.

Cytoplasm with any or several of the following ultrastruc-
tural criteria were used for identification of area involved by
cytoplasmic damage: myofibrillar disorganization intracyto-
plasmic vacuolization, intracellular edema, the presence of
myelin figures, and disruption of cell membranes. In the Re-
sults and Discussion sections, cytoplasmic “damage” refers
to cytoplasm with any or several of the noted ultrastructural
criteria. Cytoplasmic damage data was presented as the av-
erage of the area involved by cytoplasmic damage divided
by the total cytoplasmic area from 30 cells in each group at
each time point. The damaged areas of each subcellular com-
partments were measured in µm2 using image analysis soft-
ware Scion Image Beta 4.02 (Scion Corporation, Frederick,
Maryland) with a PC computer (Dell OptiPlex GX200) as
described previously (Oberley, 2002).

Ultrastructural Localization and Relative Quantification
of 4HNE Modified Protein Adducts, 3NT, and Beta-Actin:
Heart tissues from the left ventricle were fixed, embedded,
and processed for immunogold electron microscopy as de-
scribed previously in detail (Oberley, 2002). Two embedded
blocks from each heart for each mouse were sectioned and
transferred to nickel grids. Only longitudinal sections of car-
diac muscle were used for the study. Grids were rinsed with
TBS, blocked with BSA-C, and then washed with TBS. The
grids were incubated with primary antibodies [rabbit anti-
4HNE modified proteins polyclonal antibody (obtained from
Dr. Luke Szweda, Case Western University, Cleveland, OH)
diluted 1:80, rabbit anti-3NT antibody (Upstate Biotechnol-
ogy, Lake Placid, NY) diluted 1:400, and rabbit anti-beta
actin antibody (Santa Cruz Biotechnology Inc., Santa Cruz,
CA) diluted 1:80] at 4◦C overnight in a humidified chamber.
The grids were incubated with diluted (1:75) gold conjugated
secondary antibody (15 nm gold conjugated goat anti-rabbit
IgGH+L, BB International Cardiss, UK) for 90 minutes at
room temperature. Grids were then rinsed in TBS, counter-
stained with uranyl acetate, observed, and photographed with
an electron microscope (Hitachi H-600) operated at 75 kV.

For experimental grids stained with anti-3NT antibody, the
rinsing step, blocking step, and incubation with the primary
antibody were performed under a vacuum system to protect
against the reactions of ROS/RNS with atmospheric oxygen
and nitrogen. The reaction of nitric oxide with oxygen leads
to nitrogen dioxide (·NO2) production, which is known to
nitrate tyrosine residues with Km = 2.9 × 107 [M−1 s−1] in
vivo (Halliwell, 1997; Kirsch et al., 2002). Even though the
reaction rate is relatively slow in aqueous phase under phys-
iological conditions, to protect against false positive results,
the grid samples were kept under vacuum conditions before
staining with the primary antibody. Samples not treated in this
fashion showed increasing nonspecific labeling as a function
of time after exposure to air (data not shown).

As a control, normal rabbit serum (1:1000, DAKO Inc.,
Carpinteria, CA) and antibody diluent (ScyTek, Logan, Utah)
were used in place of the primary antibody; these controls
resulted in trace background labeling (data not shown).

For relative quantification of the immunoreactive protein
of interest (4HNE modified proteins, 3NT, and beta-actin) in
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an experimental group versus a control group, all of the sec-
tions were stained simultaneously under the same conditions.
Random sampling was achieved by scanning the grid at low
magnification so that immunogold beads could not be seen,
yet gross sample artifacts (folds in tissues, dust particles, etc.)
could be avoided. Grids were scanned systematically from
top to bottom and from left to right, and then photographs of
entire cardiomyocyte cells were taken at ×12,300 magnifi-
cation every 10–15 grid fields.

Photographs of 30 cardiomyocyte cells were taken from
each mouse group. The areas of each compartment (mito-
chondria, cytoplasm, and nucleus) were outlined and mea-
sured by image analysis software as previously described
(Zainal et al., 1999). Gold beads within specific subcellular
compartments were then counted manually; over 1,000 gold
beads were counted per group. The mean density of gold
beads/µm2 area was expressed as mean value ± SEM of
30 cardiomyocyte cells.

Antibody Specificity: Antibody for 4HNE-modified pro-
teins has been previously described in detail (Uchida et al.,
1993; Zainal et al., 1999, 2000). Rabbit polyclonal IgG anti-
3NT was a commercial antibody that was raised against
nitrated keyhole limpet hemocyanin. The specificity of this
antibody was verified by pre-absorption with 5 mM 3NT for
3 hours at room temperature; cardiomyocytes showed no sig-
nificant positive staining after pretreatment of antibody with
antigen (data not shown). Anti-beta actin (internal control)
antibody used was a commercial rabbit polyclonal antibody
raised against a recombinant protein corresponding to amino

FIGURE 1.—Representative high magnification electron micrographs demonstrating ultrastructural lesions identified in mice treated with 20 mg/kg ADR. After
injection with ADR, ultrastructural examination of mouse hearts at 24 hours showed significant pathologic changes including: vacuole within mitochondria (a),
mitochondria with myelin figure (b, arrow), intracellular vacuolization (c), and membrane disruption resulting in separation of plasma cell membranes (d, arrow).
M; mitochondria. V; vacuolization. Myo; myofibril.

acids 180–375 mapping at the carboxyl terminus of beta-actin
of human origin. Western blot analysis showed this antibody
reacted with authentic beta-actin (unpublished results).

Statistical Analysis: Quantitative results were expressed
as means ± SEM. Statistical evaluations were performed with
the SPSS10 for Windows program (SPSS Inc., Chicago, IL).
Multiple comparisons of the 0 hour versus other time points
were performed by a 1-way ANOVA followed by the post hoc
test (LSD). Mean differences were considered significant at
p ≤ 0.05 as indicated in the Results section and figures.

RESULTS

Mitochondria are the Subcellular Organelle Most
Extensively and Progressively Injured
in Adriamycin-Induced Cardiac Toxicity

Ultrastructural pathological examination of heart follow-
ing saline treatment showed rare loss of mitochondrial cristae
and swollen mitochondria. In contrast, ADR-treated mice
showed dramatic subcellular changes, including mitochon-
drial vacuolization, the presence of myelin figures, intracyto-
plasmic vacuolization, and cellular and mitochondrial mem-
brane disruption (Figure 1).

For quantitation of the degree of cardiac injury, we mea-
sured the areas of mitochondrial (Figure 2) and cytoplasmic
damage in cardiomyocytes. Quantitative data are demon-
strated in Figure 3. After exposure to ADR, mitochondrial
damage was present as early as 3 hours and significantly in-
creased at 6 and 24 hours (p-value ≤ 0.05 when compared
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FIGURE 2.—Morphometric quantification of mitochondrial damage area (×10,000). (a) Mice treated with saline at 0 hour demonstrated mitochondria with
focal loss of cristae (arrow). (b) Mice treated with ADR at 0 hour demonstrated a few ultrastructural changes including mitochondria with disorganized cristae
and vacuolization (arrow). (c) Mice treated with saline at 24 hours. (d) Mice treated with ADR at 24 hours demonstrated the most mitochondrial damage.
(e) Higher magnification (×12,300) of mitochondrial damage of mice treated with ADR at 24 hours, which included vacuolization in mitochondria (V), mitochondria
with the presence of myelin figures (arrow), degeneration of mitochondria with disorganized cristae (D) and lysosomal degradation of mitochondria (*). For each
photograph, areas involved by mitochondrial damage were outlined. Note: mitochondria with focal loss of cristae (a) may represent fixation artifact or actual injured
mitochondria.
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FIGURE 3.—Quantitative analysis of damaged areas in mice treated with ADR
or saline at early time points. (a) Mitochondrial damage, (b) Cytoplasmic dam-
age. Mitochondrial damage first appeared at 3 hours, significantly increased at
6 hours after treatment with ADR, and was further increased at 24 hours. Mito-
chondrial damage was greater than cytoplasmic damage. Cytoplasmic damage
did not increase statistically when examined at the time points indicated. Mi-
tochondrial damage of ADR treated mice was greater than saline treated mice.
ADR, black bars, saline, striped bars. *p ≤ 0.05 when compared with 0 hour.

with 0 hour). Mitochondrial damage (areas involved by mito-
chondrial damage/total mitochondrial area) at 24 hours was
increased about 8-fold when compared with mice treated with
ADR at 0 hours. As shown in Figure 3, mitochondrial dam-
age areas were greater than areas involved by cytoplasmic
damage when compared at 24 hours (about 2-fold differ-
ences). There was no major difference in cytoplasmic damage
of mice treated with ADR versus saline at any time points ex-
amined. In addition, we observed very little cytoplasmic dam-
age in cardiac tissues treated with ADR at 24 hours. These
data indicated that mitochondria were one major target of
ADR-induced cardiac injury during the first 24 hours.

We also treated a different set of mice in a second experi-
ment with ADR at 20 mg/kg or saline and analyzed cardiac
tissues at 5 days to investigate whether a longer time period
following ADR treatment resulted in greater cardiac injury.
As shown in Figure 4, the data from mice treated with ADR
at 5 days showed more injury in both categories (mitochon-
drial damage increased about 7-fold and cytoplasmic dam-
age increased about 6-fold) than mice treated with ADR at
24 hours. These data demonstrated that damage initiated by a
single dose of ADR resulted in progression of cardiac injury
for at least 5 days. Comparing mitochondrial and cytoplas-
mic damage from 24 hours and 5 days after ADR treatment,
mitochondrial damage was greater than cytoplasmic damage

FIGURE 4.—Morphometric quantification of damaged areas in mice treated
with 20 mg/kg ADR or saline treatment at 5 days. The ultrastructural lesions
in cardiomyocytes were greatly increased in mice treated with ADR at 5 days
in comparison with cardiomyocytes from saline-treated mice. Mitochondrial
damage was significantly higher than cytoplasmic damage. All area data were
measured in µm2. ADR, black bars, saline, striped bar. *p ≤ 0.05 when cyto-
plasmic damage was compared with mitochondrial damage. Note that the Y-axis
is greatly expanded (4 times) in Figure 4 relative to Figure 3 because of the large
increase in damage.

at both time points with a consistent ratio between subcellular
compartments (about 2-fold). These data suggested that the
extensive damage observed in the cytoplasm was probably
secondary to progressive mitochondrial damage.

Quantitative Immunogold Ultrastructural Analysis
Identifies Oxidative Damage of Proteins in Mitochondria
as an Early Event in Adriamycin-Induced Cardiotoxicity

To determine the effect of ADR on lipid peroxidation-
modified proteins, the same set of mice used in the ultra-
structural analyses described previously were utilized and im-
munogold analysis for 4HNE protein adducts was performed
as described in Materials and Methods. Gold beads represent-
ing 4HNE protein adducts are demonstrated in Figures 5a and
5b and are seen in significant numbers over mitochondria.
Significant label was also observed over myofilaments.

As shown in Figure 6a, there were low levels of immunore-
active 4HNE protein adducts in mice treated with saline at
6 hours, which could be related to 4HNE physiological func-
tions. The results in Figures 6b and 6c demonstrated that
immunoreactive 4HNE protein adducts were identified in
mitochondria at time points before nuclei and cytoplasm,
with the label in mitochondria being detected as early as
3 hours after treatment with ADR. In all 3 subcellular com-
partments, the maximal level of immunoreactive 4HNE pro-
tein adducts occurred at 6 hours (2.5–3-fold increase when
compared with saline treatment in all 3 compartments), and
then subsequently declined at 24 hours. These data indicated
that 4HNE protein adducts in mitochondria were produced
at an early time point following ADR treatment.

Quantitative Immunogold Ultrastructural Analysis
Identifies Nitrative Damage of Proteins in Mitochondria
Following Adriamycin Treatment

To determine the effect of ADR on protein nitration, the
same set of mice used in the ultrastructural analysis and 4HNE
studies described before were utilized and immunogold
analysis for immunoreactive 3NT protein was performed as
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FIGURE 5.—Representative immunogold EM photographs using antibody against 4HNE-modified protein or 3NT in cardiomyocyte cells (×12,300). Mice treated
with saline demonstrated low labeling of 4HNE protein adducts (a) or 3NT (c) in all subcellular compartments. Mice treated with 20 mg/kg ADR showed significant
labeling of 4HNE protein adducts (b) or 3NT (d) in mitochondria (M) and myofilaments (Myo). Arrows and double arrows point to gold beads, which indicated
positive 4HNE protein adducts or 3NT labeling in mitochondria and myofilaments, respectively.

described in Materials and Methods. Gold beads demonstrat-
ing immunoreactive 3NT proteins are shown in Figures 5c
and 5d.

As shown in Figure 7a, mice treated with saline showed
that protein nitration in cardiomyocytes was localized more
extensively to mitochondria than other subcellular compart-
ments. Mice treated with saline did not show any significant
differences in immunoreactive 3NT protein levels at 3, 6,
and 24 hours in comparison to 0 hr treatment in all 3 com-
partments. In contrast, immunoreactive 3NT protein levels
in ADR treated mice were increased significantly in all sub-
cellular compartments at 6 hours following ADR treatment,
with subsequent decline at 24 hours (Figures 7b and 7c). In
contrast to 4HNE, analysis of the labeling density ratio of
ADR/Saline for 3NT showed increased but equal ratios at
6 hours in all subcellular compartments (compare Figures 6
and 7). These data indicated that 3NT formation occurred in
all subcellular compartments and at a later time point than
4HNE protein adducts.

The Effect of ADR on the Housekeeping Protein Beta-Actin
We have measured beta-actin immunoreactive protein lev-

els by using specific antibody with immunogold labeling and
image analysis techniques to confirm the fact that the alter-
ations in our modified proteins of interest (4HNE and 3NT)
were real and not due to changes in overall protein expres-
sion induced by ADR. Beta-actin labeling was found primar-
ily over myofibrils. There were no significant differences in

beta-actin protein levels when comparing mice treated with
ADR or saline at any time points (data not shown).

DISCUSSION

Our studies are the first to document and quantify levels of
oxidative/nitrative damage products in situ in specific subcel-
lular locations in cardiac tissues following ADR treatemnt.
We established that ADR-induced 4HNE protein adduct for-
mation in mitochondria occurred at an early time preceding
protein nitration and extensive cell injury. Since 4HNE pro-
tein adducts are a marker of ROS formation and 3NT is a
marker of combined RNS and ROS production, we hypoth-
esized that an imbalance of ROS production in mitochon-
dria at 3 hours stimulated ·NO production in all subcellular
compartments at 6 hours with a coincident peak of mito-
chondrial injury at 3–6 hours. Our results are consistent with
the hypothesis of Mikkelsen and Wardman (2003) that ROS
changes are amplified by RNS changes. Time-course data in
a second experiment indicated that injury identified 5 days
after treatment with ADR was more prominent than injury
observed 1 day after treatment.

Our ultrastructural time course data demonstrated for the
first time that mitochondria were an early and the most exten-
sively and progressively injured organelle in ADR-induced
cardiotoxicity. These results are consistent with a previous
qualitative analysis conducted in our laboratory (Yen et al.,
1996). Moreover, our studies did not find any significant
difference in the degree of injury between subsarcolemmal
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FIGURE 6.—Quantitative analysis of density of 4HNE gold labeling. (a) Mice treated with saline; (b) Mice treated with ADR at 20 mg/kg; and (c) Ratio of labeling
density (ADR/Saline). Immunoreactive 4HNE protein adducts were present in all subcellular compartments. Levels were higher after ADR treatment in mitochondria
as early as 3 hours with a peak at 6 hours, with subsequent decline at 24 hours. *p ≤ 0.05 when compared with 0 hours.

mitochondria (beneath the sarcolemma membrane) and in-
terfibrillar mitochondria (between the myofibrils) (data not
shown), providing an internal control that the mitochondrial
injury identified was not due to sampling techniques. The
cardiac mitochondrial ultrastructural damage identified in
our experiments in ADR-treated mice may correlate with re-
ported biochemical changes in injured mitochondria, such as
permeability changes in the mitochondrial membrane, elec-
trolyte transport dysfunction, alterations in respiratory chain
enzyme activities, decrease in ATP content and/or reduction
in oxygen consumption (Aversano and Boor, 1983).

While the present study established that mitochondrial
injury is an important event in ADR toxicity, other sub-
cellular compartments have been shown to be damaged in
ADR-induced cardiotoxicity. For example, Ito et al. (1990)
demonstrated that myocardial injury resulting from treatment
with ADR was characterized by significant myofibril loss and

sarcotubular swelling. However, Ito et al. (1990) studied my-
ocardial injury after treatment with ADR for 8 days, which
was only one time point and longer than our experimental
design. Our experiments have also shown an increase in cyto-
plasmic injury, including loss of myofibrils, and myofibrillar
disorganization following treatment with ADR, but the my-
ofibrillar injury was less extensive than mitochondrial injury
and occurred at a later time point (specifically 5 days after
ADR treatment). Overall, our results may be explained by
the possibility that increasing mitochondrial damage at later
times following ADR treatment may result in more exten-
sive myofibrillar damage. Therefore, myofibrillar injury may
be a secondary event after primary mitochondrial dysfunc-
tion. In fact, mitochondrial dysfunction can lead to imbal-
ance of Ca2+ uptake and loss of ATP production, factors that
are known to be important in normal myofibrillar function
(Gosalvez et al., 1974; Revis and Marusic, 1979).
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FIGURE 7.—Quantitative analysis of density of 3NT gold labeling. (a) Mice treated with saline (b) Mice treated with ADR at 20 mg/kg (c) Ratio of labeling density
(ADR/Saline). Protein nitration (3NT) was present in all subcellular compartments. 3NT levels were increased after ADR treatment in all compartments at 6 hours,
with subsequent decline at 24 hours. ∗ p ≤ 0.05 when compared with 0 hours.

Many studies have established that nuclear changes oc-
curred in ADR-induced cardiotoxicity. Histological and ul-
trastructural studies have shown alterations in the nucleolus
after treatment with ADR, including nucleolar segregation,
nucleolar fragmentation, and conversion of nucleoli to a ring
shape (Lambertenghi-Deliliers et al., 1976; Merski, 1976).
We did not observe apoptotic nuclei or major nucleolar mor-
phologic changes in our experiments. However, we observed
small changes in nuclear and nucleolar areas following ADR
treatment at 6 and 24 hours respectively (data not shown).
These changes were not extensive enough to account for
changes in labeling density and were not progressive as ob-
served with mitochondrial damage.

Many studies have suggested that ROS are a primary cause
of ADR-induced cardiotoxicity. Although it is known that
ROS and RNS are increased in heart following ADR treat-
ment, and it has been demonstrated that ROS/RNS can in-
activate cardiac enzymes in vitro, the exact significance of

these studies is questionable since there are extensive de-
fense systems against ROS that could protect against in-
creased ROS/RNS in vivo. The present study proved that
these defense systems were not sufficient to protect against
ROS/RNS since oxidative/nitrative damage products were
detected in situ using a technique that was suitable to ad-
dress this problem, i.e., quantitative immunogold electron
microscopy. We demonstrated in previous studies [in Rhesus
monkeys with a large number of animals (Zainal et al., 2000)]
a tight correlation between our immunogold labeling proce-
dure and biochemical analysis.

Our data indicated that immunoreactive 4HNE protein
adducts were present in both physiological (low levels of
immunoreactive 4HNE protein adducts in mice treated with
saline) and pathological conditions (high levels of immunore-
active 4HNE protein adducts after treatment with ADR).
Treatment of mice with ADR resulted in immunoreactive
4HNE protein adducts formation in cardiac mitochondria at
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very early times after treatment (3 hours). Western blot anal-
ysis confirmed an increase in 4HNE protein adducts in car-
diac tissues of ADR vs. saline treated mice, thus confirming
the immunogold analysis presented in this study (data not
shown); the information gained from Western analysis was
limited since whole cell homogenates were used and thus
the subcellular localization of 4HNE-protein adducts could
not be determined. The early elevation of lipid peroxidation-
modified protein formation in mitochondria correlated with
an increase in mitochondrial injury at similar time points.
Several proteins, lipids, and metabolic enzymes in mito-
chondria can be inactivated through modification by ROS
(Reinheckel et al., 1998). Similarly, free 4HNE and many
aldehydes can also act as toxic molecules, since they are
reactive and diffusible. 4HNE protein adducts in cell mem-
branes have been shown to cause changes in cell membrane
fluidity and integrity; these changes have been shown to mod-
ify membrane protein functions, including ATP-ase activity,
Na+-K+ ion pump activity, and functioning of the membrane
transport system (Chiarpotto et al., 1999; Fleuranceau-Morel
et al., 1999; Paola et al., 2000; Singhal et al., 2003). More-
over, 4HNE protein adducts have been demonstrated to alter
mitochondrial energy metabolism in heart (Poli et al., 1985;
Nguyen and Picklo, 2003). Recently, Benderdour et al. (2003)
have shown that cardiac mitochondrial NADP+isocitrate de-
hydrogenase is a target for modification by 4HNE following
oxidative stress. Biochemical alterations of membrane pro-
teins may precede pathological changes, such as disruption of
cell membranes, cell swelling, and intracellular vacuolization
(Cotran et al., 1999). Moreover, free 4HNE may function as
a signal transduction molecule by activation of inflammatory
cytokines and chemokines, with resultant injury to cardiac
tissues (Parola et al., 1993).

In the present study, immunoreactive 4HNE protein
adducts subsequently declined at 24 hours after ADR treat-
ment. Superoxide radical, hydroxyl radical, lipid, protein,
and iron are necessary for 4HNE protein adduct formation.
Studies have also shown that free 4HNE is a chemoattractant
and rapidly destroyed by white blood cells (Curzio, 1988);
however, in our studies, we did not observe any white blood
cell infiltration in cardiac tissues. We suggest that at 24 hours
4HNE protein adducts may have been removed by the pro-
teasome (Grune et al., 1995) and/or lysosome systems in the
cell. However, ultrastructural cellular injury at 24 hours was
not reduced; this result is consistent either with the hypothe-
sis that 4HNE protein adducts are not causal in ADR-injury
or that the oxidative damage needs to be present for only a
short time to cause prolonged injury. Previous in vitro studies
suggest that the latter possibility is correct; in model systems,
it was demonstrated that 90% of adduct aldehydes disap-
peared rapidly within 10 minutes, whereas the injury effects
appeared after 1–4 hours and could be prolonged for a few
days even though no trace of aldehydes could be detected
(Barrera et al., 1994, 1996; Dianzani, 1998).

We also studied nitrative damage in cardiomyocytes fol-
lowing ADR treatment. 3NT has served as a marker of the
production of reactive nitrogen-centered oxidants (ONOO−,
·NO2, etc.). In the present study, we demonstrated the pres-
ence of immunoreactive 3NT protein in all 3 subcellular
compartments in mice treated with saline, which indicated
physiological functions of RNS. Interestingly, under these

conditions, mitochondria had higher 3NT levels than the
cytoplasm or nucleus. ·NO has been demonstrated to be a
modulator of cardiac oxygen consumption, mediated through
reduction of cytochrome oxidase complex I and II activi-
ties (Granger and Lehninger, 1983; Burcham, 1998; Brown,
2001). The significant levels of 3NT found in mitochondria
of mice treated with saline may be the result of physiological
events in which peroxynitrite is present at low levels.

We have shown that 3NT was present at increased lev-
els in cardiomyocytes following ADR treatment. The 3-
Nitrotyrosine was shown to increase in cardiomyocytes at
6 hours after ADR treatment and then declined at 24 hours.
The 3NT formation was observed in all subcellular compart-
ments. We hypothesize that the increase in immunoreactive
3NT protein observed was due to the reaction of ·NO with
superoxide radical to form peroxynitrite and other RNS. It
is not certain that 3NT results only from the formation of
peroxynitrite, but peroxynitrite is the most likely source in
vivo (Beckman et al., 1994). Increased production of either
·NO or superoxide radical may be sufficient to cause the for-
mation of these species. ·NO may increase levels of oxida-
tive stress by generation of peroxynitrite, a highly cytotoxic
oxidant, but paradoxically may decrease the levels of oxida-
tive stress by neutralizing the toxic superoxide radical and
preventing iron-catalyzed hydroxyl radical formation. In ad-
dition, ·NO has been shown to protect cells against hydro-
gen peroxide-mediated injury by regulation of mitochondrial
respiration, which may lead to the maintenance of mitochon-
drial membrane potential following injury and hence prevent
apoptosis (Paxinou et al., 2001). Likewise, there are several
mitochondrial proteins that can rapidly react with ·NO, exam-
ples being metalloproteins, cytochromes, and thiol proteins
(Brown, 2001; Costa et al., 2003; Thomas et al., 2003). The
nitration of these proteins can modulate their functions. How-
ever, which protein(s) is the actual target for tyrosine nitration
needs to be the subject of further study.

Using similar immunogold labeling techniques, our 3NT
data are in contrast with the studies of Mihm et al. (2002),
which demonstrated that at 5 days after treatment of mice with
20 mg/kg ADR, the density of immunoreactive 3NT protein
levels in cardiac myofibrils was higher than that found in
mitochondria. Our studies have also shown immunoreactive
3NT protein levels in myofibrils were significantly increased
at 6 hours after treatment with ADR but levels were less than
levels in mitochondria. The study of Mihm et al. (2002) did
not protect tissue from air, which may explain the discordant
results.

Our data indicated that ADR induced lipid peroxidation in
mitochondria at early times, with subsequent nitrative dam-
age product formation in all subcellular compartments and
extensive cell injury at later times. Therefore, mitochondria
are a primary site of oxidative/nitrative damage products and
the organelle most extensively and progressively involved
in ADR-induced cardiotoxicity. The injury to the other or-
ganelles appears to be a secondary event after the injury
to mitochondria. An understanding of how ROS/RNS affect
ADR-induced cardiotoxicity is a requirement for evaluating
the role of antioxidants in protection against cardiomyocyte
injury. Moreover, cardiomyocyte mitochondria are postulated
to represent the major source of ROS /RNS production dur-
ing ADR-induced cardiotoxicity. These free radicals cause
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extensive oxidation and nitration of proteins. However, which
protein target(s) are most responsible for cellular injury re-
mains to be established.
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