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SUMMARY

Background: Animal models are essential for research in biomedicine. The cardiotoxicity of doxorubicin is the
most common and severe side effect of this potent chemotherapeutic agent, and in order to investigate its pre-
vention, a large number of studies have been performed on animal models. Unfortunately, the models are not
uniform and the applied doses as well as the effectiveness vary significantly, often with great animal suffering.
Methods: Male Wistar rats were divided into three groups of 10 animals each and treated with saline solution
intraperitoneally (group C), or with doxorubicin intraperitoneally in a single dose of 15 mg/kg (group G15) or
20 mg/kg (group G20). Body weight, mortality, the condition of animals, intensity of lipid peroxidation, activity
of antioxidant enzymes and myocardial tissue damage (using doxorubicin damage score, DDS) were analyzed.
Results: Group 20, in comparison with groups G15 and C, exhibited the worse general condition, higher mortality
and significantly higher intensity of lipid peroxidation. Both doses of doxorubicin induced a statistically significant
decrease of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and glutathione-S-transferase (GST)
activity compared to the control group. Among the doxorubicin-treated groups, GR is significantly more reduced
in G15. GST is significantly more reduced in G20 while SOD and GSH-Px do not differ. The DDS score indicates
myocardial tissue injury in both G15 and G20.

Conclusion: Both applied doses induce animal models of acute doxorubicin induced oxidative stress and cardio-
toxicity. A higher dose is more suitable for studies of oxidative stress, but should be applied with caution due to

higher mortality. A lower dose is more suitable for studies focused on tissue morphology.
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INTRODUCTION

Animal models play an important role in experimental re-
search understanding various aspects of disease patho-
genesis and the discovery of new therapies (1).
Depending on the goal of the study, it is necessary to
choose the most adequate model as well as the spe-
cies that has the most similarities with humans in that
aspect. Over time, the field of research in which animals
are used has been regulated both on a scientific and
gthical-legal basis. One of the principles by which the
Ethics Committee members are guided when deciding
on granting consent is the so-called “3R rule” which im-
plies: Replacement (replace experimental animals from
the vertebrate subtype with alternative animal of a lower
level of evolutionary development); Reduction (reduction
of the number of animals); Refinement (refinement of the
experimental procedure to a degree where it is possible
to completely avoid or reduce unpleasant physical and
emotional experiences of experimental animals) (2).
Very important characteristics that an ideal model
should possess are that: it depicts the condition under
investigation as faithfully as possible and corresponds
to the accommodation and experimental capacities, it
is easily accessible, it is a large enough sample and
easy to handle. Also, it is particularly important that the
animals live long enough to obtain valid results. There-
fore, it is important to pay attention to their mental and
physical health throughout the experiment. As ethics
committees approve a minimum number of animals
for the research, the dose used must at the same time

www.onk.ns.ac.rs/Archive « Volume 31 No.2 (2025) « October 2025

induce changes specific to the disease under investiga-
tion without endangering the survival of the animals or
their general condition to the extent that they must be
euthanized or excluded (2).

Doxorubicin (DOX) is an anthracycline antibiotic which
is used as a cytotoxic agent. Drugs from this group are
used for the treatment of various neoplasias, among
which the most common are breast cancer, lung can-
cer, Hodgkin’s lymphoma and leukemia (3).

The clinical use of anthracyclines is limited by their
adverse effects (AE). The most common AE of doxoru-
bicin is cardiotoxicity, but, the mechanism of the side
effects is still unclear and is thought to be multifac-
torial. Just some of them are: the increased produc-
tion of reactive oxygen species (ROS), reduction of
antioxidant mechanisms, incorporation into host DNA
and binding to topoisomerase Il, as well as drug accu-
mulation in heart tissue, calcium overload, and impair-
ment of autoimmune regulation of heart function (4-6).
The incidence of doxorubicin induced cardiotoxicity is
dose-dependent, which sharply increases when the cu-
mulative dose of DOX reaches 550 mg/m? (4,7).
Regarding the doses used to induce the desired animal
model of doxorubicin induced cardiotoxicity, there are
very varied data in the literature - from 5 mg/kg to 40
mg/kg (4). The wide range of literature values impos-
es the need to compare the effects of certain doses,
which is the goal of this study.
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MATERIALS AND METHODS

Experimental animals

Healthy male white laboratory rats (Wistar strain, 2
months old, with a body weight of 250-300 g) were
used in the experiment. During the experiment, the an-
imals were kept under standard laboratory conditions
in the vivarium of the Department of Pharmacology,
Toxicology and Clinical Pharmacology of the Faculty of
Medicine in Novi Sad. The temperature ranged between
20 to 25°C, air humidity 55+1.5%, with a light-dark
cycle that alternated at intervals of 12 hours. Animals
had free access to food and water at all times.

The Ministry of Agriculture, Forestry and Water Man-
agement of the Republic of Serbia issued Decision No.
323-07-10388/2021-05 on the approval of the imple-
mentation of the planned experiment on animals.

Experimental design

A total of 30 animals were used, which were classified
into 3 groups by the method of random selection.
Group C: 10 animals received a single intraperitoneal
dose of 1 mL of saline (Natrii chloridi infundibile 0.9%,
Hemofarm, Vr3ac, Serbia) (day 1).

Group G15: 10 animals received a single intraperitoneal
dose of 15 mg/kg doxorubicin (Doxorubicin Ebewe® 50
mg/25 mL, Ebewe Pharma GmbH, Unterach, Austria
(day 1).

Group G20: 10 animals received a single intraperitoneal
dose of 20 mg/kg doxorubicin (Doxorubicin Ebewe® 50
mg/25 mL, Ebewe Pharma GmbH, Unterach, Austria
(day 1).

The doses of the tested substances applied to animals
were recalculated from the usual therapeutic dose for
humans using the formula for conversion between hu-
man and animal doses, for a human weighing 70 kg:

human equivalent dose (m—gg)

Rat dose (r:—:) = L

).

the mass of the animal (kg)

mass of man (kg) ~0,33

During the experiment, the indicators of the general
condition of the animals were monitored (fur quality,
blood quantity, serum quantity and quality, and mor-
tality). The body weight (BW) of the animals was mea-
sured at the beginning of the experiment (day 1) and
on the day of sacrifice (24 hours after the given dose
of doxorubicin—day 2). Animals were anesthetized
(urethane, intraperitoneally at a dose of 0.75 mg/kg)
and sacrificed by cardiopuncture. After necropsy, two
pieces of myocardial tissue were taken from each an-
imal-one for homogenization and the other for tissue
histological processing.

Determination of antioxidant enzymes

Heart samples (1 g of heart tissue) were mixed with
saline at a ratio of 1:4 w:v, whereby a homogenate
was made at a temperature of 3°C using an electric
homogenizer type B, Braun, Potter S (Melsungen, Ger-
many). The intensity of lipid peroxidation (LPx) was
assessed by measuring malondialdehyde (MDA) levels
using the TBARS assay according to Ohkawa et al. and
expressed as nmol MDA per mg protein (9).Then, the

samples were held in an ultrasonic bath for 2 min, then
centrifuged for 15 minutes at 1372 RCF (Relative Cen-
trifugal Force), after which the supernatant and cytosol
were separated (10,11). The obtained supernatant was
used for the assays of superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), glutathione reduc-
tase (GR), and glutathione-S-transferase (GST). The
acitivity of SOD was measured at 550 nm according to
the method of McCord et al. (11). The activity of gluta-
thione peroxidase (GSH-Px) was determined according
to the methods of Chiu et al. (9,12) and the activity of
glutathione reductase (GR) was determined according
to the methods of Glatzle et al (9,10,13). The glutathi-
one S-transferase (GST) activity was measured using
1-chloro-2,4-dinitrobenzene as a substrate (9). All the
measurements were obtained on the Boeco S-220 UV/
Vis spectrophotometer (Hamburg, Germany).

Histological processing of tissue

After sampling, the heart tissue samples intended for
histological analysis were fixed in 4% buffered forma-
lin for 24 hours, after which the process of dehydration
with isopropanol alcohol of different concentrations (70%,
80%, 96% and absolute) was started. After that, the tis-
sue was placed in paraffin, at a temperature of 56°C, to
permeate the tissue at night. On the fifth day, the tis-
sue was cast in paraffin blocks, on a casting console
(Sakura, Japan). Then, the tissue was cut into 5 um
thick slices on a microtome (Sakura, Japan), trans-
ferred to a water bath (DiaPath, ltaly), after which the
slices were transferred to a glass slide and a thermo-
stat (Memmert, Germany), and then stained with stan-
dard histological staining, hematoxylin and eosin (HE).

Histological analysis of samples

The preparations were analyzed under a microscope
(Leica DMLB 100T) and photographed with a camera
(Leica MC 190 HD). For each model, 20 microscopic
visual fields (VF) were photographed and analyzed at
200x magnification. The semiquantitative analysis of
myocardial tissue damage was performed according to
the scoring system (doxorubicin damage score-DDS
score) described earlier (Table 1) (14).

Table 1. Semiquantitative scoring system—doxorubicin damage
score (DDS score).

PARAMETERS MARKO  MARK1
Lrg:;slgtial edema and cardiomyocyte <5VF =5VF
Cardiomyocyte disorganization <5 VF >5VF
Disorganization of myofilaments <5VF =5VF
Nucleus morphology <5VF =5VF
Hemorrhage <5VF =5VF
Presence of neutrophils 0 >1
Necrosis 0 =1
Vacuoles (in 20 VF) <10 =10
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Based on the score value, it is interpreted as:

» Negative DDS score (score 0 or 1,99), the absence
of myocardial damage or

» Positive DDS score (score 2-7), the existence of
damage:

= Mild myocardial damage (score 2-3,99),

= Moderate myocardial damage (score 4-5,99)
or

= Extensive myocardial damage (score 6-7).

Statistical analysis

Among the methods for testing statistical hypotheses,
the parametric ANOVA method of variance analysis
was used to prove the difference between three or
more groups. As non-parametric statistical methods,
the Mann Whitney test was used to determine the dif-
ference between two groups, the Kruskal Wallis test
to determine the difference between three or more
groups, and the Wilcoxon test of equivalent pairs. The
hypotheses were tested at the level of statistical signif-
icance (o level) of 0.05.

RESULTS

Body weight and the general condition of animals

All the animals of the control group were healthy
throughout the duration of the experiment. The animals
in the G20 group had thinning fur, with the presence of

LPx

nmol MDA/mg proteins

Z 2
C GIS G20

nmol/mg proteins

nmol/mg proteins

bleeding from the nose and gastrointestinal tract. Mor-
tality was higher in the G20 group (50%) compared to
the G15 group (10%). During the autopsy, the serohe-
morrhagic liquid content and coagulum in the chest
were observed. The animals from both groups lost an
average of about 20 g of body mass from the beginning
to the end of the experiment and there was no statisti-
cally significant difference between these two models,
but these changes in body weight were statistically sig-
nificantly higher in both groups compared to the control
group (Table 2).

Table 2. Average body weight (BW) of the animals.

GROUP C(saline)  G15(15mgky) G20 (20 mo/kg)
BW (day1) (@) 3159 379.6 389.8
BW (day2) () 323 357.4 368.8
ABW +7. 22.2% -21.0%

* - p<0.001; compared to the control group

Intensity of lipid peroxidation and antioxidant en-
zyme activity

The intensity of lipid peroxidation (LPx) (Figure 1A, Ta-
ble 3) was statistically significantly higher in the group
G20 compared to the control group, as well as to group
G15.

U/mg proteins

c GI5 G20

nmol/mg proteins

C GI15 G20

GI5 G20

Figure 1. Graphical comparison of experimental groups based on measured oxidative stress parameters.

Legend: A) Lipid peroxidation (LPx); Activity of : B) Superoxide dismutase (SOD); C) Glutathione perox-
idase (GSH-Px); D) Glutathione reductase (GR); E) Glutathione-S-transferase (GST) in animals treated
with saline (C), 15 mg/kg (G15) and 20 mg/kg (G20) doxorubicin.* -p<0.001
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The activities of the SOD, GSH-Px and GST (Figures 1B,
1C and 1E, Table 3) were statistically significantly lower
in the groups G15 and G20 compared to the control
group. The activity of the SOD was higher in group G15
compared to group G20. In opposite, the activity of the
GSH-Px was lower in group G15 compared to the
group G20. However, these differencies were not sta-
tistically significant. The activity of the enzyme glutathi-
one reductase (Figure 1D, Table 3) was statistically
significantly higher in the group G20 in comparison to
group G15 and control group.

Table 3. Quantitative values of oxidative stress parameters (mean=SD).

appearance of cardiomyocyte nuclei (from mild hyper-
chromasia to the reduction in nuclear size, irregularities
of the nuclear membrane and karyopyknosis), and the
presence of perinuclear halo (Figure 2G). The presence
of numerous intracytoplasmic vacuoles was notice-
able as well in the myocardium of all the animals in
both the G15 and G20 model (Figure 2D). In half of the
samples of the G15 group, the presence of myocardi-
al infiltration by neutrophils was observed, while this
finding was not detected in the tissue of the animals of
the G20 group (Figure 2H). The necrosis of the myo-

LPx S0D GSH-Px GR GST
(nmol MDA/mg proteins) (U/mg proteins) (nmol/mg proteins) (nmol/mg proteins) (nmol/mg proteins)
?sa"ne) 0.0110.002 60.09+34.47 65.65+20.39 38.04+20.80 60.81+21.08
?1155mg/kg) 0.020+0.0112 20.77+13.47 28.77+10.44 23.87+9.46 37.42+6.10
?zzoomg/kg) 0.328+0.030 9.2+2.2 38.69x19.76 71.71+10.56 9.94+3.12

Legend: A) Lipid peroxidation (LPx); Activity of : B) Superoxide dismutase (SOD); C) Glutathione peroxidase (GSH-Px); D) Glutathione reductase
(GR); E) Glutathione-S-transferase (GST) in animals treated with saline (C), 15 mg/kg (G15) and 20 mg/kg (G20) doxorubicin.* -p<0.001

Semiquantitative analysis of the effect of doxorubicin
on myocardial tissue (DDS score)

The myocardial tissue of the control group showed
the usual histological structure (elongated cardiomyo-
cytes, transversely striated acidophilic cytoplasm, with
a basophilic nucleus with regular borders). The his-
tological structure of the myocardium in both groups
shows the disorganization of cardiomyocytes in all
animals (impaired shape, arrangement and direction
of muscle cells) (Figure 2C). Disorganization is often
accompanied by interstitial edema (Figure 2A), which
was more pronounced in group G20. Cardiomyocyte
edema (Figure 2B) and the absence of cytoplasmic
cross striations was observed in all animals of both
groups, in the majority of the analyzed tissue, indicating
the disorganization and damage of the myofilaments
(Figure 2F). These changes were more pronounced in
group G15. Also, there are pronounced changes in the

cardium (seen as the absence of transverse striations,
absence or indistinct nuclear membrane, indistinct cell
borders between cardiomyocytes) was present in both
models, but more pronounced in G20 (Figure 2E).
After evaluating the observed parameters, the DDS
score values in the G15 group indicate a moderate de-
gree of damage, while in the G20 group a mild degree
of damage was caused. However, there is no statisti-
cally significant difference between the DDS score of
the G15 and G20 groups (Table 4).

Table 4. Results of the DDS score (doxorubicin damage score) of
both experimental groups in comparison to the control group.

C (saline) G15(15mg/kg) G20 (20 mg/kg)

DDS score 0 4 2*

* -p<0.001; compared to the control group

Figure 2. Histological parameters of DDS score evaluated in myocardial tissue.

Legend: A) Interstitial edema, 400 x; B) Hemorrhage, 200 x; C) Cardiomyocytes disorganization, 400x; D) Intracytoplasmic
vacuoles, 400x; E) Necrosis, 400 ; F) Disorganization of myofilaments, 400x; G) Perinuclear halo, 400x; H) Myocardial
infiltration by neutrophils, 400, HE.
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DISCUSSION

At the beginning of the research on animals, the fo-
cus was exclusively on the well-being of people, which
can be obtained from their results. However, over
time, awareness developed and empathy and care for
the well-being of the animals included in the research
became the focus of the study planning. Simply put,
the goal is to get as much (results, data and samples)
as possible with as few animals, while minimising the
animals suffering, stress and invasive methods (15).
The research to date has mainly focused on the car-
diotoxicity of doxorubicin, and the administered doses
of doxorubicin vary widely. In our research, we wanted
to compare the advantages and disadvantages or the
shortcomings of the two most commonly used mod-
els, with the applied doses of 15 mg/kg and 20 mg/kg.
We evaluated the survival, general condition and body
weight of the animals, parameters of oxidative stress,
as well as the degree of damage caused to the heart by
the application of each of the doses.

Some authors indicate a rapid loss of BW in animals
that received DOX in a short period of time (3,16,17).
Also, according to the data from the same study, BW
was unchanged in all rats regardless of whether they
received an intravenous (i.v.) or intraperitoneal (i.p.)
dose of DOX. The research on pigs showed that two
days of consecutive use of this antibiotic is enough for
BW to start to visibly decrease (17). In the animals giv-
en two consecutive i.v. doses at an interval of 24 hours,
after 96 hours a loss of about 16% of body weight
compared to the initial one was detected (16). This is,
compared to our study, a higher percentage of BW loss
considering that both G15 and G20 groups lost about
5%. This BW loss in G15 and G20 groups was statisti-
cally significant compared to group C (control), which
clearly suggests doxorubin exerted its toxic effects. In
our research, similar to other studies (16), the animals
from both experimental groups lost an average of about
20 g throughout the experiment, that is, both doses
equally affect the loss of body weight, without leading
to a statistically significant decrease in BW.
Cardiomyocytes are particularly sensitive to oxidative
damage due to the increased mitochondrial volume.
Oxidative damage is supported by the increased inten-
sity of lipid peroxidation, expressed indirectly through
the concentration of malonylaldehyde, which is pro-
duced as a degradation product (9). A dose of 20 mg/
kg doxorubicin caused a statistically significant higher
intensity of lipid peroxidation compared to the group of
animals treated with 15 mg/kg doxorubicin and saline.
This suggests that the higher dose of doxorubicin (20
mg/kg) is more effective in inducing the animal model
of doxorubicin-induced oxydative injury.

The interaction of doxorubicin with iron contributes to
the increased production of oxygen free radicals, and
it has been shown that doxorubicin treatment reduc-
es the levels of endogenous antioxidant mechanisms,
primarily SOD (18). In our study, the administration of
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both 15 mg/kg and 20 mg/kg of doxorubicin induced a
statistically significant decrease of SOD, GSH-Px, and
GST activity compared to the control group. The above
stated confirms that, in fact, both applied doses disrupt
the enzymatic antioxidative deffence of cardiomyo-
cytes and establish an animal model of doxorubicin-in-
duced oxydative injury. It should be pointed out that a
greater reduction in SOD activity was achieved with 20
mg/kg compared to 15 mg/kg although the differences
were not statistically significant, while the same dose
induced a statistically significant reduction of GST
compared to the G15 model. SOD plays an important
role in the antioxidant system by converting superoxide
radicals into hydrogen peroxide and molecular oxygen.
Decreased levels of SOD after doxorubicin treatment
intensify oxidative damage to cells by the accumulation
of superoxide radicals (10). On the other hand, low-
er doses of doxorubicin in the G15 group induced the
reduction of GR (statistically significant) and GSH-Px
more efectivelly. Like the literature data (19,20), our
study also indicates that doxorubicin application in
both doses induced the dysregulation of the antioxi-
dative enzymes activity and weakening of the antiox-
idative defence of the myocardium, regardless of the
different impact of doses on specific enzymes. Know-
ing that in both models a reduction in the activity of
antioxidant enzymes was induced, but that the intensity
of lipid peroxidation was more pronounced after the
administration of 20 mg/kg, it can be considered that
this model is perhaps more suitable for studies focused
on the pathogenesis of doxorubicin-induced oxidative
stress and potential antioxidative medications.

By reviewing the literature, the most common histo-
logical manifestations of toxicity on the myocardium
are: the disorganization of cardiomyocytes and myofil-
aments, vacuolization and necrosis, changes in the ap-
pearance of the nucleus and infiltration by neutrophils
(21-26). In our research we detected interstitial ede-
ma and cardiomyocyte edema in some places, which
were more pronounced in G20. Also, there are pro-
nounced changes in the appearance of cardiomyocyte
nuclei that were equally represented in both models,
starting from mild hyperchromasia to the reduction in
size, karyopyknosis, irregularity of the nuclear mem-
brane and presence of the perinuclear halo. Of all the
observed histological parameters of myocardial dam-
age, the presence of intracytoplasmic vacuoles was the
most prevalent—it was observed (in varying degrees) in
all animals in both models.

The occurrence of these histomorphological changes
is a consequence of the action of doxorubicin through
different mechanisms, so the appearance of vacuoles
is attributed to the swelling of membranous organelles
due to the redistribution of electrolytes and water (27).
Among cellular organelles, DOX has the greatest affinity
for mitochondria that accumulate it, and this is precisely
the reason for the mentioned disorganization of cardio-
myocytes and myofilaments. The most serious and irre-
versible consequences of mitochondrial and cardiomyo-
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cyte damage, in general, are necrosis (more pronounced
in G20) (indicated by changes in the appearance of the
nuclei) which was equally represented in both models.

CONCLUSIONS

Based on the obtained results, it is safe to say that
both applied doses induce an animal model of acute
doxorubicin induced oxydative stress and acute doxo-
rubicin-induced cardiotoxicity. However, the decision
on the model applied should be made according to the
focus of the study, and the nummber of animals includ-
ed. The model induced by the aplication of 20 mg/kg is
more suitable for studies focused on the pathogenesis
of doxorubicin-induced oxidative stress and potential
antioxidative medications, but due to the high mortal-
ity of the animals and a smaller amount of serum col-
lected, it requires more animals to be subjected to the
treatment. The model induced by the application of 15
mg/kg induced a disruption in anzymatic antioxidative
deffense but at the same time more pronounced mu-
ocardium tissue injury, so it is adequate if the studies
are based on cardiomyocyte and myocardial tissue
morphology.

Conflicts of Interest: The authors declare no conflicts
of interest.
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