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Abstract Purpose: Doxorubicin (DXR) is an anthracy-
cline glycoside with a broad spectrum of therapeutic
activity against various tumors. However, the clinical
use of DXR has been limited by its undesirable systemic
toxicity, especially in the heart and kidney. This study
was designed to test the effectiveness of dietary intake of
pirfenidone (PD) against DXR-induced cardiac and
renal toxicity.Methods: Male Sprague Dawley rats were
placed into four treatment groups: saline injected
intraperitoneally (i.p.) plus regular diet (SA+RD);
DXR i.p. plus regular diet (DXR+RD); saline i.p. plus
the same diet mixed with 0.6% PD (SA+PD); and DXR
i.p. plus the same diet mixed with 0.6% PD
(DXR+PD). The animals were fed regular or regular
plus PD diets 3 days prior to i.p. injections of either
saline or DXR and continuing throughout the study. A
total dose of DXR (16.25 mg/kg) or an equivalent vol-
ume of saline was administered in seven injections

(2.32 mg/kg per injection) three times per week with an
additional dose on the 12th day. At 25 days following
the last DXR or saline injection, some animals were
anesthetized for the measurement of cardiac and pul-
monary function, and others were killed by an overdose
of pentobarbital. At the time the animals were killed,
abdominal fluid was collected. Kidney and heart were
removed, weighed, fixed with 10% formalin or frozen in
liquid nitrogen. The fixed tissues were used for histo-
logical examination and the frozen tissues were used for
biochemical studies. Results: The average volumes of
abdominal fluid in the DXR+RD and DXR+PD
groups were 9.42 ml and 3.42 ml and the protein
contents of abdominal fluid in the DXR+RD and
DXR+PD groups were 218 mg and 70 mg, respec-
tively. A 12.5% mortality occurred in the DXR+RD
group as compared to 0% in DXR+PD group. There
were no changes in any of the cardiac or pulmonary
physiological parameters in any of the four groups.
The changes in the heart and kidney of the DXR+RD
group included reduction in organ weight, increase in
hydroxyproline content of heart, increase in hydroxy-
proline, and lipid peroxidation in the kidney and
plasma, and increase in protein concentration in urine
as compared to rats in the control, SA+RD and
SA+PD groups. Treatment with PD abrogated the
DXR-induced increases in hydroxyproline content in
the heart and kidney, lipid peroxidation of the kidney
and plasma, and protein content of the urine in the
DXR+PD group. DXR treatment alone caused dis-
organization of cardiac myofibrils, vacuolization of the
myofibers, and renal tubular dilation with protein casts
in both the cortical and medullary regions. Treatment
with PD minimized the DXR-induced histopathologi-
cal changes of heart and kidney in the DXR+PD
group. Conclusions: Treatment with PD reduced the
severity of DXR-induced toxicity as assessed by re-
duced mortality, diminished volume of recovered fluid
in the abdominal cavity, and severity of cardiac and
renal lesions at both the biochemical and morpho-
logical levels. These results indicate that PD has the
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potential to prevent DXR-induced cardiac and renal
damage in humans on DXR therapy.

Keywords Doxorubicin Æ Pirfenidone Æ Antioxidant Æ
Heart Æ Kidney

Introduction

Doxorubicin (DXR) is an anthracycline glycoside with a
broad spectrum of therapeutic activity against a variety
of human neoplasms [7, 12]. However, the clinical use of
DXR has been limited by its undesirable side effects,
especially cardiac and renal toxicity [8, 9, 12]. Cardiac
toxicity usually appears in the form of congestive heart
failure and develops within 1 to 6 months after initiation
of therapy in humans [8, 12]. DXR-induced cardiac
damage is characterized by a progressive degeneration of
heart muscle and is dependent on the total amount of
the drug administered [16]. Cardiac and renal damage
has also been reported in laboratory animals following
treatment with DXR [6, 24, 29, 30, 42]. Nephropathy
has also been reported in cancer patients on DXR
therapy, as well as in experimental animals treated with
DXR [9, 39, 42, 49]. However, it is not yet clear whether
DXR-induced cardiac toxicity precedes nephrotoxicity
or follows nephrotoxicity. Similarly, how DXR treat-
ment differentially affects the cardiac and renal function
is also not known.

It is believed that biochemical mechanisms for DXR-
induced heart and kidney damage involve the generation
of reactive oxygen species (ROS) as a consequence of
redox cycling [19]. ROS initiate free-radical-mediated
chain reactions resulting in the conversion of membrane
unsaturated fatty acids into lipid peroxide [10, 39, 49]. In
addition, inactivation of creatine kinase [14], and iron
regulatory proteins that modulate the fate of mRNAs
for transferrin receptor and ferritin have also been
implicated in DXR-induced cardiotoxicity [36].

Pirfenidone (PD, Deskar, 5-methyl-1-phenyl-2-(1H)
pyridone) is a new investigational drug. This compound
has been demonstrated in several laboratories including
our own tohave anti-inflammatory andantifibrotic effects
in animal models [25, 26, 28], and these effects are
attributed to its ability to directly scavengeROS including
O2

), H2O2, and ÆOH, thereby preventing lipid peroxida-
tion both in vitro and in vivo [17, 38]. The present study
was designed to test the effectiveness of dietary intake of
PD in reducing DXR-induced cardiac and renal toxicity
in rats at structural, biochemical and functional levels.

Materials and methods

Animals

Male Sprague Dawley rats (Charles River, Boston, Mass.), 7–
8 weeks old, were used in this study. The average initial body
weight of the animals was 207±1 g (±SE). The rats were housed

individually in polycarbonate cages in facilities approved by the
American Association for the Accreditation of Laboratory Animal
Care. The animals were acclimatized to laboratory conditions for
1 week prior to starting the experiments. A 12 h/12 h light/dark
cycle was maintained in the housing facilities. The animals were
weighed and distributed among the various groups based on their
body weight to attain approximately the same mean weight in all
groups. The animals had free access to water and food that con-
sisted of pulverized Rodent Laboratory Chow 5001 (Purina Mills,
St. Louis, Mo.) or the same pulverized food mixed with 0.6% PD
(w/w) ad libitum. PD was generously donated by Marnac (Dallas,
Tx.). DXR solution (2 mg/ml) was purchased from Pharmacia &
Upjohn (Milan, Italy), and all other chemicals were obtained from
Sigma Chemical Company (St. Louis, Mo.) with a purity of
>99%.

The rats were placed into four treatment groups: saline injected
intraperitoneally (i.p.) plus regular diet (SA+RD); DXR i.p. plus
regular diet (DXR+RD); saline i.p. plus the same diet mixed with
0.6% PD (SA+PD); and DXR i.p. plus the same diet mixed with
0.6% PD (DXR+PD). The animals were fed either regular diet or
regular diet plus PD 3 days prior to i.p. injections of either saline or
DXR and continuing throughout the entire course of the study.
The regimen of DXR administration was approximately the same
as reported by Mostafa et al. [40]. Briefly, DXR hydrochloride
(2.32 mg/kg) or an equivalent volume of sterile isotonic saline was
injected i.p. three times per week for 2 weeks with one additional
dose on the 12th day. The animals were weighed two or three times
per week and their daily food intake was monitored for the entire
37 days of the study.

Sample collection

After 25 days following the last DXR or saline injection, the rats
used for biochemical and histological evaluations were killed by an
overdose of sodium pentobarbital (70 mg/kg i.p.), and those used
for the measurement of cardiovascular and pulmonary functions
were anesthetized with a mixture (4 ml/kg i.p.) of a-chloralose/
urethane (0.1 g/kg a-chloralose/10 g/kg urethane). After anesthe-
sia, urine was collected from the bladder and then ascitic fluid, if
present, from the peritoneal cavity. Blood was obtained by cardiac
puncture or via the abdominal aorta. Immediately after collecting
the blood, the left and right kidneys were removed and weighed
individually. The left kidney was cut into four cross-sections using
a sharp razor blade and placed in 10% buffered formalin. The right
kidney was flash-frozen in liquid nitrogen and stored at )80�C. The
heart was also removed, weighed and placed in 10% formalin or
frozen in liquid nitrogen. The fixed tissues were used for histolog-
ical studies. The frozen tissues were used for the determination of
hydroxyproline and lipid peroxidation content.

Measurement of cardiovascular and pulmonary functions

After anesthetizing the rats with the a-chloralose/urethane mixture,
a cannula was placed in the trachea and in both femoral arteries.
The left femoral artery was cannulated with a 1.5 FR temperature
probe (Columbus Instruments, Columbus, Ohio) and advanced so
the tip was approximately at the level of the descending aorta. The
right artery was cannulated with PE50 tubing and this line was used
for the measurement of blood pressure and blood gases. A
thermistor (Physitemp Instruments, Clifton, N.J.) was placed in the
rectum for the measurement of body temperature. Blood pressure
was measured using a Spectramed DTX pressure transducer (Ox-
nard, Calif.). Blood gases were measured using a RapidLab 248
pH/blood gas analyzer (Chiron Diagnostics). The animal was then
placed into a whole-body plethysmograph for the measurement of
breathing pattern and pulmonary function utilizing the methods
described by Mansoor et al. [34]. After completing the pulmonary
function measurement, the animal was prepared for cardiac output
measurements. The right external jugular vein was cannulated for
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the measurement of cardiac output utilizing the thermodilution
technique. Cardiac output was measured using a Cardiotherm-500
thermodilution cardiac output analyzer (Columbus Instruments).

Pathological evaluation of the heart and kidney

The pathological changes in the hearts and kidneys of six rats from
each group were characterized. Kidneys and hearts were fixed in
10% buffered formalin, embedded in paraffin, and sectioned at a
thickness of 5–6 lm.The sectionswere stainedwith hematoxylin and
eosin for histological evaluation [35]. The frequency and the severity
of lesions in the hearts and kidneys were assessed semiquantitatively
by light microscopy on a scale of 0 to 3 as follows: score 0 was
assigned normal, score 1 mild, score 2 moderate, and score 3 severe.
The scoring criteria for myocardial lesions included degree of myo-
cyte vacuolization with respect to size and number of vacuoles and
loss of myofibrils. The criteria for kidney lesions were degree of
tubular regeneration and dilation, and size and frequency of protein
casts in the cortical and medullary regions. The tissue sections were
read independently by two of the authors (M.A.A. and F.CM., a
veterinary pathologist who was not familiar with the treatment
protocol) both of whom arrived at the same conclusions with respect
to histopathological changes found in the hearts and kidneys.

Biochemical measurements

Frozen right kidneys and hearts were first thawed and homoge-
nized individually in Tris buffer (0.01 M, pH 7.4). The homogenate
was used for the measurement of hydroxyproline content of heart
and kidney by the colorimetric method of Woessner [48]. Lipid
peroxidation levels of heart, kidney and plasma were determined by
measuring the malondialdehyde equivalent (MDAE) as an index of
lipid peroxidation according to the method of Ohkawa et al. [41].
The protein content of the abdominal fluid and urine samples was
determined by the method of Lowry et al. [33].

Analysis of PD in plasma

PD concentrations in the plasma of 4 rats in the SA+RD group, 7
rats in the SA+PD group and 12 rats in the DXR+PD group were
measured by high performance liquid chromatography (HPLC).
The PD standard was prepared by adding a known concentration
of PD in water to 0.5 ml control rat plasma. Protein in the plasma
samples was precipitated by adding 0.5 ml acetonitrile. The sam-
ples were vortexed and stored at 4�C overnight and then centri-
fuged at 6000 rpm for 20 min. The supernatant was separated and
then evaporated to dryness using a vacuum-centrifuge. The residue
was dissolved in 0.25 ml acetonitrile and then centrifuged at
6000 rpm for 10 min. An aliquot of the supernatant (0.2 ml) was
analyzed by HPLC (model Waters 712 WISP) using a C18 column
(250·4.6 mm) at a wavelength of 310 nm (Water 2487 UV column
monitor). The area was calculated using a computer with the
Waters Millennium program. The PD peak appeared at 61 min.
Ten standard samples that ranged from 5 to 2500 ng per injection
were analyzed. The following equation was generated for the PD
standard curve: PD (ng)=(area+56475)/2113, r2=0.9975. This
equation was used to calculate the PD plasma concentrations.

Presentation and statistical analysis of data

The biochemical data are expressed per gram of wet tissue. The
data for all groups are presented as means±SE and were analyzed
using ANOVA followed by pair-wise comparisons using the
Newman-Keuls test. However, the lesion score data were analyzed
by nonparametric statistical tests. P values <0.05 were considered
to be the minimum level of statistical significance.

Results

Body weight, feed intake, and mortality

The average percentages of initial body weights
(207±1 g) for rats in each group at different times of the
study are summarized in Fig. 1. The rats in the SA+RD
and SA+PD groups had gained 196% and 195% of their
initial body weight at 37 days, respectively. However, the
gains in body weight for rats in the DXR+RD and
DXR+PD groups were significantly reduced to 154%
and 155% of their initial body weight at that time,
respectively. The average daily food intakes for rats dur-
ing the study period for each group are summarized in
Fig. 2. The average food intake on the first day after the
first injection of saline or DXR for rats in the control the
SA+RDandSA+PDgroups ranged from20 to 21 g, but
in theDXR+RDandDXR+PDgroups it wasmarkedly
reduced to 5 and 7 g, respectively. The average daily food
intake 1 day after the last injection of saline or DXR for
the rats in the SA+RD and SA+PD groups was 25 g
each and for rats in the DXR+RD and DXR+PD
groups was 12 and 16 g, respectively. Also the rats in the
DXR+PD group consumed a significantly higher quan-
tity of food than the rats in the DXR+RD group.

The daily food intake per rat for the individual groups
1 day prior to the day the animals were killed averaged
21 g, 26 g, 18 g and 23 g for the SA+RD, SA+PD,
DXR+RD, and DXR+PD groups, respectively. The
food intake on this day for rats in the DXR+RD group
was significantly less than for the rats in the SA+RD
group. However, there was no difference in food intake
between the SA+PD and DXR+PD groups on this day,
suggesting the beneficial effect of PD against DXR-in-
duced reduced food intake. This is also reflected by the
total amount of food consumed per rat in each group
during the entire period of the study starting from the first
day after the injection: this averaged 885.4±34.5 g,
916.7±34.0 g, 604.3±44.9 g and 688.7±45.1 g in the
SA+RD, SA+PD,DXR+RD, andDXR+PD groups,
respectively. The statistical analysis of the total food
consumption revealed that the rats in both control groups
(SA+RD and SA+PD) consumed a higher amount of
food than the rats in the DXR+RD and DXR+PD
groups. However, rats treated with PD (DXR+PD
group) consumed a significantly higher quantity than rats
treated with DXR without PD (DXR+RD group).

DXR treatment caused 12.5% mortality in the
DXR+RD group. However, there was no mortality in
the DXR+PD group during the study period. None of
the animals died during the study period in the control
(SA+RD and SA+PD) groups.

Measurement of physiological functions

A number of parameters of cardiovascular and pulmo-
nary functions were evaluated in rats in all groups in
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order to determine whether DXR treatment had any
effects on these functions and whether PD treatment
reversed these effects. These parameters included: heart
rate, mean arterial pressure, cardiac output, cardiac in-
dex, stroke volume, total peripheral resistance, breathing
frequency, lung tidal volume, airway resistance, lung
compliance, and arterial O2 saturation. It is interesting
that the regimen of DXR treatment used in the present

study failed to alter any of the cardiovascular or pul-
monary function parameters because there was no dif-
ference in any of the measured parameters among the
four groups (Table 1).

Measurement of abdominal fluid volume

The volume of fluid accumulated in the abdominal cavity
was measured at the end of the experiment. Rats treated
with DXR in the DXR+RD group had 9.42±2.07 ml of
ascites, whereas in the DXR+PD group, the volume of
fluid was significantly (P<0.05) reduced to
3.42±1.06 ml. The total protein content of ascites in the
DXR+RD group was 218±105 mg as compared to a
significant (P<0.05) reduction to 70±20 mg in the
DXR+PDgroup. The volumeof fluid accumulated in the
abdominal cavity of rats in both control (SA+RD and
SA+PD) groups was not measurable.

Fig. 1 Effects of PD on DXR-induced changes in body weight
expressed as percentage of initial weight. DXR (2.32 mg/mg) or an
equivalent volume of saline was injected three times per week for
2 weeks with one additional dose on the 12th day. The animals
were weighed two to three times per week for the entire 37 days of
the study (SA+RD saline i.p. on regular diet, DXR+RD DXR i.p.
on regular diet, SA+PD saline i.p. on the same diet mixed with
0.6% PD, DXR+PD DXR i.p. on the same diet mixed with 0.6%
PD). Each point represents the mean percentage of the initial
average weight (207±1 g) for 10 rats in the SA+RD group, 14 rats
in the DXR+RD group, 10 rats in the SA+PD group and 14 rats
in the DXR+PD group

Fig. 2 Effects of PD on DXR-
induced changes in food intake.
The average daily food intake
for each group was measured
for the entire period of the
study. See the legend to Fig. 1
for experimental details and
explanations of the
abbreviations and the number
of animals in each group. Each
point represents the average
daily food intake in grams
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Concentration of PD in plasma

The average PD plasma concentrations in the SA+PD
and DXR+PD groups were 168±31 ng/ml and
255±69 ng/ml, respectively. There was no significant
(P>0.05) difference in the plasma concentrations of PD
between these two groups. Plasma from four control rats
in the SA+RD group was also analyzed for PD, but
none was detected.

Biochemical changes in heart and kidney

The weight, hydroxyproline content and lipid peroxi-
dation levels of the heart and lipid peroxidation level of
plasma are summarized in Table 2. There were no dif-
ferences in any of the measured parameters of the heart
between the two control (SA+RD and SA+PD)
groups. DXR treatment caused significant reductions in
heart weight, and in the level of lipid peroxidation of the
heart in both the DXR+RD and DXR+PD groups as
compared to the SA+RD and SA+PD control groups.

However, DXR treatment increased the level of lipid
peroxidation in the plasma and the hydroxyproline
content of the heart in the DXR+RD group as com-
pared to other groups. The treatment with PD caused
significant reductions in DXR-induced increases in
plasma lipid peroxidation and hydroxyproline content in
the DXR+PD group (Table 2). Similar to the heart,
DXR treatment decreased the right kidney weight
significantly in the DXR+RD and DXR+PD groups
as compared to the control SA+RD and SA+PD
groups (Table 3). However, DXR treatment alone
(DXR+RD group) caused significant increases in lipid
peroxidation and hydroxyproline content of the kidney
and increased the protein content of the urine as com-
pared to other groups. Treatment with PD abrogated
the DXR-induced increases in these biochemical mea-
surements in the DXR+PD group. Although PD
treatment caused a significant reduction in the lipid
peroxidation of kidney in the DXR+PD group as
compared to the DXR+RD group, the level of lipid
peroxidation in this group was still significantly higher
than in the SA+RD group (Table 3).

Table 1 Cardiac and
pulmonary functions in the
various treatment groups
measured 25 days after the last
injection of saline or DXR prior
to killing the animals. Values
are means±SE

Treatment group

SA+RD DXR+RD SA+PD DXR+PD
(n=7) (n=9) (n=7) (n=10)

Heart rate (beats/min) 367±35 361±23 337±18 398±14
Mean arterial pressure (mm Hg) 66.1±5.5 105±7.3 88.9±4.0 110±6.5
Cardiac output (ml/min) 174±16 159±11 185±16 173±17
Cardiac index (ml/min/100 g BW) 0.42±0.04 0.49±0.03 0.46±0.04 0.53±0.04
Stroke volume (ml) 0.50±0.08 0.44±0.04 0.54±0.06 0.44±0.04
Total peripheral resistance (mm Hg/ml/min) 0.42±0.09 0.67±0.09 0.49±0.04 0.66±0.05
Breathing frequency (breaths/min) 58.9±5.8 57.7±2.7 60.3±4.5 58.3±2.6
Lung tidal volume (ml) 1.94±0.12 1.57±0.07 1.97±0.16 1.87±0.12
Airway resistance (cm H2O/ml/s) 0.58±0.01 0.60±0.01 0.58±0.01 0.58±0.02
Lung compliance (ml/cm H2O) 6.72±0.69 5.06±0.43 6.34±0.50 5.81±0.42
Arterial O2 saturation (%) 87.0±5.4 91.0±1.2 91.8±1.2 94.6±1.1

Table 2 Effects of pirfenidone
on DXR-induced biochemical
changes in the heart. Values are
means±SE

*P<0.05 vs DXR+RD and
DXR+PD groups
**P<0.05 vs all other groups

Treatment group

SA+RD DXR+RD SA+PD DXR+PD
(n=7) (n=7) (n=7) (n=11)

Weight (g) 1.5±0.08* 1.14±0.07 1.36±0.03* 1.17±0.05
Hydroxyproline (lg/g) 702.8±43.0 911.6±66.2** 621.6±30.5 711.3±23.1
MDAE (nmol/g) 105.8±3.7* 66.3±8.9 96.9±6.2* 55.2±7.3
Plasma MDAE (nmol/ml) 3.78±0.26 8.69±1.85** 3.33±0.36 4.34±0.29

Table 3 Effects of pirfenidone
on DXR-induced biochemical
changes in the right kidney.
Values are means±SE

*P<0.05 vs DXR+RD and
DXR+PD groups
**P<0.05 vs all other groups
***P<0.05 vs SA+RD group

Treatment group

SA+RD DXR+RD SA+PD DXR+PD
(n=10) (n=14) (n=10) (n=14)

Weight (g) 1.61±0.06* 1.26±0.03 1.64±0.05* 1.37±0.04
Hydroxyproline (lg/g) 703±15.9 887.8±29.6** 803.8±12.4 805.4±20.2
MDAE (nmol/g) 149.9±9.6 235.5±13.1** 165.7±9.1 194.8±10.7***
Urine protein (mg/ml) 15.8±2.9 25.3±3.1** 12.4±3.4 8.2±1.9
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Pathological findings in heart and kidney

The animals treated with DXR alone manifested micro-
scopic changes in the heart that consisted of disorgani-
zation of myofibrils and associated vacuolization of the
myofibers. These changes were randomly distributed in
the left and right ventricular wall and the intraventricular
septum. The degree of vacuolization in individual myofi-
bers ranged from a single small diameter vacuole to small
clusters of several vacuoles of the same size (Fig. 3).While
cytoplasmic vacuolization of myofibers was occasionally
observed in the SA+RD group, its frequency was sig-
nificantly less (P<0.05) than in the DXR+RD group.
Treatment with PD caused a significant reduction
(P<0.05) in the frequency of the vacuolization of myofi-
bers in the DXR+PD group as compared to the
DXR+RD group. There was no difference in the myofi-
ber vacuolization between the two control (SA+RD and
SA+PD) groups. The average scores of the cardiac
lesions in the DXR+RD and DXR+PD groups were
2.2±0.4 and 1.0±0.3, respectively.

Two striking morphological alterations were seen in
the kidneys of DXR-treated rats in the DXR+RD
group. One was tubular regeneration confined in the
cortical region only, and the other was tubular dilation
with protein casts found in both the cortical and med-
ullary regions (Fig. 4). The epithelial cells lining the
regenerating tubules had pale-staining cytoplasm com-
pared to the surrounding unaffected tubules, and
prominent vesicular nuclei. Occasionally these tubules
had thickening of the tubular basement membrane and
contained protein casts. In a few focal areas, the tubules
were surrounded by interstitial fibrosis. A mitotic figure
was seen in one of the lining epithelial cells, which was
consistent with the regenerative response. A few mono-
nuclear cells were also seen dispersed around these cells,
but this was not a consistent finding. Although these
changes were occasionally seen in the SA+RD group,
they were most severe in the DXR+RD group and
markedly decreased in the DXR+PD group. The scores
for the degree of severity of the lesions in the kidney
were 2.0±0.4 and 0.8±0.2 for rats in the DXR+RD
and DXR+PD groups, respectively.

The presence of protein casts in the renal tubules was
most commonly seen in the DXR+RD group (Fig. 4).
These casts were red and hyalinized in appearance with
H&E staining and often caused dilation of the lumen of
the renal tubules. Although the protein casts were most
prominent in the cortex, these casts were also found in
the medulla. The tubular epithelial cells adjacent to the
casts ranged from flattened normal to pale ones with a
regenerative appearance as described above. There was
no evidence of tubular necrosis associated with these
casts or in any other part of the kidney. Protein casts
were not observed in any of the kidney sections
examined from control animals. The DXR+PD group
had significantly reduced tubular protein casts as com-
pared to the DXR+RD group. The average scores for
the protein casts in the kidney in the DXR+RD and

DXR+PD groups were 2.0±0.4 and 0.6±0.2, respec-
tively.

Discussion

Rats receiving a cumulative dose of DXR of 16.25
mg/kg in seven injections over a period of 12 days

Fig. 3A–C Effects of PD on DXR-induced histopathological
changes of the heart. Representative photomicrographs of longi-
tudinal sections through left and right ventricles stained with
hematoxylin and eosin, ·500. A Heart from a control rat in the
SA+RD group showing normal myofibrils. B Heart from a rat in
the DXR+RD group showing disorganization of myofibrils
associated with vacuolization of myofibers (arrows). C Heart from
a rat in the DXR+PD group showing near normal myofibrils. See
the legend to Fig. 1 for experimental details and explanations of the
abbreviations

146



manifested systemic toxicity at 25 days after the last
injection, characterized by significant reductions in daily
food intake and body weight with or without PD as
compared to the control groups. Similarly, DXR-treated
rats in both the DXR+RD and DXR+PD groups had
significantly decreased heart and kidney weights as
compared to rats in the SA+RD and SA+PD control
groups. This reflects the toxic effects of DXR on the
heart and kidney; these effects were not minimized by
PD treatment in the DXR+PD group. It is somewhat
puzzling that DXR treatment caused significant reduc-
tions in lipid peroxidation in hearts from the DXR+RD
and DXR+PD groups as compared to controls. This
finding is similar to the finding in our previous study in
which the formation of lipid peroxides in the heart
remained unchanged during 14 and 19 weeks of the
study period, even though the cumulative dose of DXR
was 26 mg/kg given over a period of 13 weeks [42].
Other investigators also have not found any change in
lipid peroxidation of the heart in response to DXR
treatment [15]. The lack of any change in the MDAE

content of the heart, as found in the present study as well
as in previous studies, suggests that lipid peroxidation
plays little role in DXR-induced cardiac toxicity.

The elevations of the MDAE levels, as an index of
lipid peroxidation found in plasma, liver and kidney, as
found in the previous study [42], may be a consequence
of DXR-induced peroxidation of lipids accumulated as a
result of nephrosis caused by this drug [5, 6, 31, 39]. This
may explain why plasma and kidney contained higher
levels of MDAE in the DXR+RD group than in any
other group. Although renal toxicity is not generally
considered an important consequence of DXR therapy
in humans, renal lesions have been reported in cancer
patients receiving DXR therapy [9]. Nevertheless, it is
difficult to explain the finding in the present study of
significantly decreased MDAE content of the hearts of
the DXR+RD and DXR+PD groups as compared to
those of the SA+RD and SA+PD control groups. The
increase in hydroxyproline content of the hearts of the
DXR+RD group suggests the accumulation of collagen
as a result of DXR-induced inflammatory changes in the

Fig. 4A–E Effects of PD on
DXR-induced
histopathological changes in the
left kidney. Representative
photomicrographs of kidney
sections stained with
hematoxylin and eosin ·500.
A Kidney from a control rat in
the SA+RD group showing
normal structure of the renal
cortical tubules. B, C Kidney
from a rat in the DXR+RD
group showing a range of
tubular dilation with protein
casts (arrows). D Regeneration
of renal epithelial cells lining
the tubules (arrowheads) in the
cortex and interstitial fibrosis
(arrows). EKidney from a rat in
the DXR+PD group showing a
normal cortical region. See the
legend to Fig. 1 for
experimental details and
explanations of the
abbreviations
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heart. Its abrogation by PD treatment in the DXR+PD
group was not unexpected since PD is known to sup-
press the deposition of collagen in a variety of organs
including the heart in response to different toxic agents
[25, 28, 37, 46]. The moderate degree of biochemical
changes in the hearts of the DXR+RD group agrees
with the minimal histopathological changes and the lack
of any changes in cardiac and pulmonary physiological
parameters observed in this group. This could be
attributed to administration of a suboptimal cumulative
dose of DXR to induce an overt cardiac toxicity.

On the contrary, DXR was found to cause significant
increases in the lipid peroxidation and hydroxyproline
content of the kidney and in lipid peroxidation of plas-
ma and the protein content of the urine of the
DXR+RD group. Treatment with PD minimized these
increases in the DXR+PD group. These findings sug-
gest that the kidney in rats is more vulnerable to DXR-
induced toxicity than the heart. This may be partly due
to exposure of the kidney to a higher concentration of
DXR than the heart because DXR and its metabolites
are partly excreted by the kidneys. The biochemical
indices of kidney toxicity such as increased lipid perox-
idation and hydroxyproline content and increased pro-
tein in the urine in response to DXR treatment in the
DXR+RD group paralleled the histopathological
changes of the kidney. We have previously reported
degenerative changes in the cardiac muscle and renal
tubular necrosis with intertubular protein cast formation
and mild to moderate thickening of the mesangial matrix
in the glomerular tufts of the kidney [42]. However, the
cumulative dose of DXR in that study was 26 mg/kg
administered over a period of 13 weeks as compared to a
cumulative dose of 16.25 mg/kg administered over a
period of 12 days in the present study. This suggests that
the degenerative changes induced by DXR are depen-
dent on the cumulative dose, duration of treatment and
the time of evaluation after the cessation of treatment. It
is not surprising that degenerative changes in the cardiac
muscle have also been reported in rats in response to
treatment with high doses of DXR [13, 42].

The mechanism involved in the DXR-induced oxi-
dative damage to the tissues appears to involve the
generation of ROS which initiate free-radical-mediated
chain reactions, resulting in the oxidation of unsaturated
fatty acids of the membrane into lipid peroxides [10, 19].
This may explain the higher levels of MDAE, an index
of lipid peroxidation, and hydroxyproline content, an
index of collagen accumulation, in the kidneys of rats in
the DX+RD group than of rats in the control groups.
The results of the present study are at variance with
previously reported results indicating an increase in lipid
peroxidation of the heart, even though the DXR doses
and treatment regimens in the two studies were almost
similar [40].This discrepancy may be attributed to the
sources of DXR and strains of rats used in the two
studies.

It is remarkable that dietary intake of PD minimized
DXR-induced increased fibrosis in the heart, the mild

degenerative changes of cardiac muscle and all the bio-
chemical and histopathological indices of kidney toxic-
ity, including increased protein in urine, in the
DXR+PD group. In addition, PD treatment in this
group also caused significant reductions in ascites and its
protein content by 64% and 68%, respectively, as
compared to the levels in the DXR+RD group. Fur-
thermore, PD treatment had survival benefits since there
was a 12.5% cumulative mortality in the DXR+RD
group as compared to zero mortality in the DXR+PD
group. These beneficial effects of PD against DXR-in-
duced cardiac and renal toxicity were obtained when the
plasma concentrations of PD averaged 255±69 ng/ml
on the day the animals were killed. Whether a lower
concentration of PD would provide the same level of
beneficial effects against DXR-induced cardiac and renal
toxicity needs to be investigated.

The beneficial effects of PD against DXR-induced
cardiac and renal toxicity as found in this study are
similar to its beneficial effects against bleomycin-induced
lung toxicity in hamsters and mice [25, 28], and vana-
date-induced renal toxicity in rats [1]. PD treatment has
also been shown to reverse renal and cardiac fibrosis in
streptozotocin-diabetic rats [37] and dimethylnitrosa-
mine-induced hepatic fibrosis in rats [46]. The bio-
chemical mechanism involved in the minimization by
PD treatment of the oxidative damage to different or-
gans in response to a number of chemicals may reside in
its ability to directly scavenge ROS including O2

), H2O2,
and ÆOH as demonstrated both in vitro and in vivo [17,
38].

It is documented that the chemicals capable of gen-
erating ROS activate nuclear transcription factor-kB
(NF-kB). This allows its translocation into the nucleus
where it binds to the promoter regions of inducible nitric
oxide synthase (iNOS) and of inflammatory cytokine
genes containing the NF-kB motif, and stimulates their
synthesis [3, 22, 27]. An excess production of nitric oxide
[21, 43] and some cytokines such as TNF-a have been
implicated in the tissue injury and dysfunction in a
number of organs [47]. Strategies that block an excess
production of nitric oxide [18, 21] and TNF-a [11] or
neutralize TNF-a by neutralizing antibody [23] have
been shown to protect against their deleterious effects.
According to the prevailing theory, NF-kB is an oxi-
dant-sensitive transcription factor [45], and it is acti-
vated in some cell lines in response to elevated levels of
ROS [4, 44]. Since DXR is known to cause oxidative
damage by generating ROS in tissues, it is conceivable
that it activates NF-kB and thus stimulates the pro-
duction of an excess amount of nitric oxide and TNF-a,
which are directly responsible for heart and kidney
toxicity.

This theory would explain the protective effect of
aminoguanidine, a specific inhibitor of iNOS against
DXR-induced cardiac toxicity [40]. This would also
explain the protective effects of PD against cardiac
and renal toxicity, because PD is known to be anti-
oxidant by scavenging ROS [17, 38], and compounds
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having antioxidant effects are known to block ROS-
induced activation of NF-kB, thus minimizing the
tissue damage in response to oxidants [20, 32]. The
protective effect of PD against DXR-induced cardiac
and renal toxicity as found in the present study is
similar to the inhibitory effects of other antioxidants,
including 5,6,7,8-tetrahydroneopterin, propolis, and
alpha-lipoic acid, on Adriamycin-induced cardiotoxic-
ity [2, 24, 30]. Regardless of the mechanisms, it
appears that PD is an effective drug in preventing the
DXR-induced renal injury at the biochemical,
functional and morphological levels and mild cardiac
injury as seen in this study.

Although it is difficult to extrapolate rat data to hu-
mans, it is possible that oral ingestion of PD in patients
on DXR chemotherapy for the management of cancers
may provide a survival benefit, improve their food
intake and protect their vital organs including heart,
kidney and liver against DXR-induced toxicity and or-
gan dysfunction.
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