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Abstract

Background: In the current study, the effects of cerium oxide nanoparticles (nanocerium; NC) on
doxorubicin (DOX)-induced cardiomyopathy and its possible underlying mechanisms were addressed.
Methods: 32 adult male rats were allocated into 4 groups; i) control group, ii) NC group; rats received NC
(0.2 mg/kg, i.p., daily), iii) DOX group; rats received DOX 4 mg/kg (2 injections with a 14-day interval),
and iv) DOX+NC group as DOX but rats received NC. At the end of the experiment, ECG and ECHO
recordings and assessments of the levels of cardiac enzymes (CK-MB, LDH), and myocardial oxidative
stress (MDA, catalase, and GSH), the expression of LC3 and beclinl (markers of autophagy), caspase3
(marker of apoptosis) by immunohistochemistry, the expression of acetyl-CoA carboxylase alpha (ACCA)
by PCR, and 5’adenosine monophosphate-activated protein kinase (AMPK) levels in the heart tissues were
performed.

Results: The DOX group displayed a prolonged corrected QT interval, an increase in cardiac enzymes (CK-
MB and LDH), myocardial oxidative stress (high MDA with low catalase and GSH), expression of ACCA,
caspase-3, beclinl, and LC3 in myocardial tissues, with reduction in myocardial AMPK levels, and
myocardial contractility (low ejection fraction, and fractional shortening). On the other hand, administration
of NC with DOX resulted in significant improvement of all studied parameters.

Conclusions: NC offers a cardioprotective effect against DOX-induced cardiomyopathy. This effect might
be due to its antioxidant and antiapoptotic effects as well as to the modulation of autophagy and metabolic
dysfunctions induced by DOX in the heart tissues.

Keywords: Autophagy, Cardiomyopathy, Cerium oxide nanoparticles, Doxorubicin, Echocardiography,
Oxidative stress.

Introduction
A variety of heart diseases known as heart failure and high rates of morbidity and
cardiomyopathies usually cause progressive mortality due to anatomical, pathological, or
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electrical dysfunctions of cardiac muscle (1).
These cardiomyopathies may be caused by a
primary myocardial illness or occur as
subsequent to a number of circumstances, such
as myocardial ischemia, inflammation,
infection or exposure to toxic substances (2).
Doxorubicin (DOX), a common
chemotherapeutic agent for cancers in adults
and children, results in cardiotoxicity which
limits its use in cancer patients (3). DOX-
induced cardiotoxicity involves both immediate
and long-term heart-related toxic
consequences (4). The precise mechanism
underlying DOX-induced cardiotoxicity is still
unknown, despite significant advancements in
research methods and investigations throughout
time. Numerous pathways are believed to be
involved in DOX-induced cardiotoxicity,
including  oxidative  stress,  autophagy
suppression, increased lipid peroxidation,
DNA/RNA damage, endoplasmic reticulum-
mediated apoptosis, and alteration of calcium
homeostasis (5).

Cells' aerobic metabolic activity produces
reactive oxygen species (ROS) such as
superoxide which can cause oxidative stress as
they upset the dynamic balance of cells (6,7).
The imbalance between antioxidant defenses
and ROS is the primary cause of oxidative
stress, which is a significant contributor to a
broad range of diseases. Small molecules such
as vitamin E, vitamin C and glutathione and
enzymes such as superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase
(GSH-Px) serve as antioxidant defenses in
living cells (6). If there are more oxidant species
than antioxidants, redox equilibrium is
disturbed, leading to oxidative stress and results
in a variety of clinical disorders (8,9).
Myocardial tissue is especially prone to free
radical-induced damage because of the heart
muscle's high metabolic rate and low
antioxidant levels in comparison to other
organs, which can cause irreversible damage to
cardiac cells (10). Since oxidative stress is a
major factor in the illness, many antioxidants
have been investigated to counteract the
cardiotoxicity of DOX (11). Autophagy serves
two purposes by destroying defective proteins
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and organelles and preventing apoptosis, it
either improves cellular function and survival or
has the potential to cause cell death. So, the
cellular environment and appropriate regulation
of autophagy will depend on stressful
stimuli (12). In pathological circumstances,
elevated autophagy is detrimental in some
cardiac disease states, such as cardiac
hypertrophy, but protective in others, such as
ischemia preconditioning (13). Recent research
has looked at the involvement of autophagy in
DOX-induced cardiotoxicity, although there are
conflicting reports on how DOX affects
autophagy and how it contributes to
cardiotoxicity.

The cerium oxide nanoparticles (nanocerium
or NC) have antioxidant and anti-inflammatory
properties making it a promising antioxidant in
a number of disorders (14,15). Also, it has been
demonstrated that they act as free radical
scavengers (16) 17). Researchers have shown
that cerium oxide nanoparticles (NC) are far
more powerful than cerium oxide (18). Because
of these oxygen vacancies, NC is a potent
antioxidant with potential for medical
applications. Due to its redox regeneration
capacity, NC might also be a noteworthy, rare
earth-based nanoparticle for lowering oxidative
stress-induced disorders. Additionally, by
boosting levels of SOD and CAT and
scavenging nitric oxide (NO) radicals by acting
as their mimic, NC enhances its case against
ROS-driven illnesses (15). Therefore, the
favorable biological effects of NC that have
been identified (such as reduction in oxidative
stress and ROS scavenging) may guard against
DOX-induced cardiotoxicity. We hypothesized
that lowering oxidative stress by NC would be
advantageous for preventing the DOX-induced
cardiotoxicity. Therefore, the aim of the present
work was to explain the relationship between
autophagy as long as oxidative stress and the
putative cardioprotective effects of NC against
DOX-induced cardiotoxicity.

Materials and Methods

Animals

Forty-eight male Sprague-Dawley rats (weigh
250 * 40 g, 4 months old) were housed in the
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medical experimental research center (MERC),
Mansoura Faculty of Medicine. Rats were kept
in a chamber with regulated humidity (65%),
temperature (22 °C), and 12 hours of darkness
and light. The rats were given free access to tap
water and were given regular laboratory food.
Our regional animal care and ethics committee
approved all experimental protocols (code#
MDP.20.12.53). All experimental protocols and
procedures and the animal care guidelines
followed the Guide for the Care and Use of
Laboratory Animals.

Experimental design

After one week of acclimatization period, rats
were divided into four groups (8 rats each) as
follow; i) control group; were normal rat fed on
standard chow for 8 weeks, ii) NC group; were
normal rats which received 0.2 mg/kg cerium
oxide nanoparticle (NC) daily intraperitoneally,
(14), iii) DOX group: were rats injected with 2
doses of DOX at a 14-day interval, each dose (4
mg/kg) in 0.5 ml saline via penile vein for 8
weeks without NC (19), and iv) DOX+NC
group; were rats injected I.P by 0.2 mg/kg NC
daily 2 hrs prior to DOX injection (14).

The electrocardiogram (ECG) recording
Biopac's student lab system (software BSL 3.7.6,
USA), data acquisition unit MP36, Biopac
electrode lead set x 2, and disposable vinyl
electrodes, 3 electrodes per rat, were used to record
the ECG on rats in each group that had been given
xylazine (16 mg/kg i.p.) and ketamine (80 mg/kg
i.p.). QRS complex, P-R interval, QT intervals,
corrected QT (QTc) intervals, heart rate (HR), ST
segments were calculated from different ECG
records in each group.

Echocardiographic Examination

At the end of the study, under controlled
anesthesia with ketamine (80 mg/kg i.p.) and
xylazine (16 mg/kg i.p.), echocardiography was
done. Echocardiography was done using with a
S8-3 probe with 2- dimension (D) M-mode
echocardiograph (Philips, MATRIX, EPIC 7C,
Model 1E33, Germany). All measures were
performed using the best digital images that the
sonographer had chosen from at least 10 cardiac

cycles. At the tips of the papillary muscles, the
diameters of the ventricles (LV), the thickness
of the interventricular septum, and the posterior
wall were measured. In a single-plane, four-
chamber view, the LV end-systolic and end-
diastolic regions were traced, and the ejection
% was computed. Analysis of at least 10 distinct
cardiac cycles. For evaluation of the myocardial
contractility the fractional shortening (FS) (%)
and ejection fraction (EF) (%) were calculated.
While, left ventricular internal diameter end
diastole (LVIDd) and left ventricular internal
diameter end systole (LVIDs) were calculated
to evaluate the left ventricular dimensions and
hypertrophy.

Collection of blood samples and harvesting the
heart

Blood samples were collected via cardiac
puncture under sodium thiopental (120 mg/Kg)
inhalation anesthesia, then the thorax was
opened, and the heart tissue was quickly
removed. Blood samples were centrifuged, and
sera were collected and stored at -20 °C for
measurement of cardiac enzymes; CK-MB and
LDH. The heart was then cleaned with isotonic
ice-cold saline and divided into two parts. The
small part of the heart was used for measuring
oxidative stress markers, electron microscopic
analysis, and molecular studies, while the larger
portion of the heart was soaked in 10% neutral
formalin for histopathological and
immunostaining studies.

Biochemical assay

Assay of cardiac enzymes (LDH and CK-MB)
According to the manufacturer’s, instructions,
lactate  dehydrogenase (LDH) (Human-
Company, Egypt) and creatine kinase-MB (CK-
MB) (Cloud Clone company, USA) were
measured using commercially accessible Kits
(Bio-Diagnostics, Giza, Egypt).

Assay of myocardial oxidant/ antioxidant
biomarkers

About 100 mg of the cardiac tissues were
homogenized in cold phosphate buffer saline
(pH 7.4, 50 mM). Malondialdehyde (MDA),
catalase enzyme (CAT) and reduced
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glutathione (GSH) were measured in tissue
homogenate by colorimetric  kits (Bio-
Diagnostics, Giza, Egypt) following the
manufacturer’s instructions.

Quantitative real time PCR

The mRNAs encoding for metabolic marker
(acetyl-CoA carboxylase alpha, ACACA) in
heart tissues were obtained from Vivantis
Technologies Company, Malaysia. According
to the manufacturer’s instructions, we isolated

the total RNA from heart tissue specimens.
RNA was quantified spectrophotometrically,
and its quality was determined by agarose gel
electrophoresis and ethidium bromide staining.
cDNA was synthesized from 1 pg total RNA
and then buffered in a volume of 25 pL. All
steps of PCR reaction and calculation of the
gene expression were mentioned in a previous
study (20). The primer sequences of the tested
(ACACA) and housekeeping (GAPDH) genes
are listed in Table 1.

Table 1. Primer sequence of the examined genes.

o Size GenBank
Gene Forward sequence (5'-3") (bp) Accession No.
ACACA Forward 5-ATATGTTCGAAGAGCTTATATCGCCTAT-3 7038 NM_022193.1

Reverse 5-TGGGCAGCATGAACTGAAATT-3'

Forward 5-AGACAGCCGCATCTTCTTGT-3'

GAPDH

Reverse 5-TTCCCATTCTCAGCCTTGAC -3'

1306 NM_017008.4

Assay of AMPK by ELISA

The level of 5' adenosine monophosphate-
activated protein kinase (AMPK), a metabolic
marker, was measured in myocardial
homogenates via AMPK ELISA kits for rat
that purchased from the company of R&D
system, Inc. USA & Canada #cat no.
DYC3197-5.

Histopathological examination

The gathered cardiac tissues were then
preserved in 10% buffered neutral formalin
solution after being rinsed with saline. The
cardiac tissue was handled and embedded in
paraffin after fixing. The heart tissues were
then divided into sections and stained with
hematoxylin and eosin (H&E). The heart
specimens were examined for loss of
myocardial striations, myocardial cell
necrosis, and inflammatory cell infiltrates.

Immunohistopathological examination for
caspase-3, Beclin-1 and LC3

The tissue sections were incubated with
antibodies against LC3 rabbit polyclonal
(1:1200; catalog no. GB13431); active
Caspase-3 rabbit polyclonal (1:1000; catalog
no. GB11532, Service bio); and Beclinl rabbit
polyclonal (1: 4000; catalog no. GB11228).
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Then, they were incubated with UltraVision
One HRP Polymer for 15 minutes. Then,
Substrate/Chromogen Solution (Reagent B1)
was ready to be used and mixed with DAB
Buffer Solution (Reagent B2) in a 1:1 ratio
with the volume that is defined by the quantity
of stained slides. In general, one tissue slide
might be covered with 200 uL of mixed
substrate solution. Using image J software, the
expression of caspase-3, Beclin-1, and LC3
was measured as the percentage of myocardial
area occupied by positive staining for each left
ventricular area (determined by averaging the
values from ten fields at 10 magnification).

Transmission Electron Microscopy (TEM)
Fine fragments (1x1x1mm) were rapidly fixed
in mixed paraformaldehyde (4%)
/glutaraldehyde (1%) (4F1G) fixative solution.
Then, the specimens were dehydrated and
embedded in epoxy resins. Toluidine blue was
used to stain semithin slices (1 um thickness).
Uranyl acetate and lead citrate were used to
stain ultrathin slices (60-70 nm thickness).
Electron microscopic examination was done at
the faculty of Agriculture, Mansoura
University. It was performed using (JEOL
JEM-2100, Japan) transmission electron
microscope at 200 KV.
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Statistical analysis

Data were presented as meant SD. Analysis
of variance (ANOVA) was used to compare
parametric data, and Tukey's post hoc analysis
was used to compare data among groups. P<
0.05 is considered significant.

Results

Effects of cerium oxide nanoparticles (NC) on ECG
parameters and echocardiographic parameters
The ECG parameters PR interval, QT interval,
QRS duration and amplitude, ST segment
showed no statistically significant difference
among all studied groups. While HR in DOX,
group showed significant decrease compared
to the control and NC groups (P< 0.001).
Moreover, the DOX+NC group showed more
significant improvement in HR when

compared to the DOX group only (P< 0.01).
Regarding the QTc interval, the DOX group
showed a significant increase when compared
with the control group (P< 0.05) with a non-
significant change in comparison with NC
group. Also, DOX+NC group showed a non-
significant change if compared with the DOX
group (Table 2 and Fig. 1).

Also, the echocardiographic parameters;
LVIDs and LVIDd showed no statistically
significant difference among all studied
groups. On the other hand, FS% and EF%
showed significant reduction in DOX group
compared to the control and NC groups (P<
0.01 and P< 0.01, respectively). On the other
hand, FS% and EF % showed significant rise
in DOX+NC group compared to DOX group
(P< 0.05) (Table 2).

Table 2. Effects of cerium oxide nanoparticles (NC) on ECG parameters and echocardiographic parameters in DOX-

induced cardiomyopathy.

Control group NC group DOX group DOX+NC
(N=8) (N=28) (N=8) group (N=8)
P-R interval (sec) 0.045+0.008  0.0402+0.0055  0.036+0.008 0.045+0.013
QRS duration (sec) 0.036+0.002 0.034 £0.0037  0.033+0.0015  0.035+0.0038
g QRS amplitude (mv) 0.415+0.01 0.35+0.044 0.35+0.08 0.36+0.029
% QT interval (sec) 0.093£0.015 0.10 +0.008 0.11+0.02 0.12+0.02
% QTc (sec) 0.178+0.03 0.21 +0.016 0.22+0.03" 0.23+0.023
8 ST segment (mV) -0.05+0.04 0.0245+0.002 -0.038+0.04 -0.039+0.003
HR (bpm) 254.0 + 6.0 249.67 +247  187+7.7°%  263.5+42.03%
R-R (sec) 0.27+0.013 0.238 £ 0.027 0.27+0.05 0.24 £ 0.046
%_ . LVIDs (mm) 3.4+0.5 3.23+0.25 4.16+1.24 3.98 £0.55
% % LVIDd (mm) 5.8+£0.76 5.67+0.51 5.7+1.6% 6.0 £ 0.89
-cg % EF% 75x£12.7 83.33+4.93 64.8+5.0%% 80.17 + 5.56°
I:I__Sj = FS% 46.7£3.4 47.0+4.73 30.8+3.7"# 48.0+3.38 ®

All results are expressed as mean + SD, One-way ANOVA with Tukey post hoc test (significance at P< 0.05), *significant vs
control group, # significant vs NC group, $ significant vs DOX group. NC= Nanocerium, DOX= doxorubicin, HR= heart rate,
LVIDd= left ventricular internal diameter end diastole, LVIDs= left ventricular internal diameter end systole, FS= fractional
shortening and EF = ejection fraction. DOX= doxorubicin.
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i\F

Fig. 1. ECG traces recorded from a) control group, b) nanocerium (NC) group, d) Doxorubicin (DOX) group, and d) DOX+NC group.

Effects of cerium oxide nanoparticles (NC) on
cardiac enzymes (CK-MB, LDH) and
myocardial oxidative stress markers (MDA and
CAT and GSH)

Serum levels of cardiac enzymes (CK-MB, and
LDH) showed significant rise in DOX group
compared to control and NC groups (P< 0.05).
Also, the DOX+NC group showed significant
decrease in both cardiac enzymes compared to
DOX group (P< 0.05) (Table 3). Also, DOX

group showed significant increase in MDA (P<
0.001) compared to control and NC groups with
significant decrease in the GSH concentration and
CAT activity (P< 0.01) compared to control and
NC groups in the heart tissues. On the other hand,
DOX+ NC group showed a significant decrease
in the concentration of MDA (P< 0.01), with
significant increase in GSH expression (P< 0.05)
and catalase activity (P< 0.01) compared to DOX

group.

Table 3. Effects of cerium oxide nanoparticles (NC) on cardiac enzymes (CKMB and LDH) and myocardial oxidative
stress markers (MDA, GSH and catalase activity) in DOX-induced cardiomyopathy.

Grou Control NC DOX DOX +NC
P (N=8) (N=8) (N=8) (N=8)

(SS;E;“ CKMB 666.5+119. 9 50585413971  13414+4057%* 791,89 + 281,94%
?&B‘;&T)LDH 1154.87+260.25 681.00+13831  221217+6467°% 146653+ 550.89°
MDA . 58443 +177.25 4091046972 157138430375 47880+ 113.65°
(nmol/mg protein)
Reduced glutathione (GSH) 1154 +413 5319+029™ 754 +30 11.11+536°
(nmol/mg protein)
Catalase 122797+ o S
(onit g protein) 1321.08 +454.4 0643 249.98+55 1235.38+337.02

Al results are expressed as mean * SD, One-way ANOVA with Tukey post hoc test (significance at P< 0.05), *significant vs
control group, # significant vs NC group, $ significant vs DOX group. DOX= doxorubicin, NC= Nanocerium, MDA=

malonaldehyde.
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Effects of cerium oxide nanoparticles (NC) on
myocardial metabolic biomarkers (ACACA and
AMPK)

The DOX group showed a significant increase in
the ACACA gene expression compared to control
and NC groups (P< 0.01). Moreover, the
DOX+NC group showed a significant decrease
(P< 0.05) compared to DOX group (Fig. 2A).
Compared to the control group, the NC group

£
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The activities of ANMPK in heart tisues

3]

showed significant increase in the AMPK
myocardial level (P< 0.01). Moreover, the DOX
group showed a significant decrease (P< 0.0001)
in comparison with NC group and a non-
significant change with control group. The
DOX+NC significantly increased expression of
AMPK (P< 0.01) compared to the DOX group
(Fig. 2B).

14 &3 Control
02 e
DOX

@ 0o
u DOX + NC

1 s

0

Fig. 2. Effects of cerium oxide nanoparticles (NC) on the levels of metabolic markers; including A) Acetyl-CoA carboxylase alpha,
(ACACA) expression at the level of mRNA by real time PCR and (B) 5’adenosine monophosphate-activated protein kinase (AMPK) by
ELISA in heart tissue in different groups. *Significant vs control group, # significant vs NC group, $ significant vs DOX group.

Effects of cerium oxide nanoparticles (NC) on
myocardial morphology:

The heart specimens from control and NC
groups showed regularity of cell and nuclear
membrane and normal architecture of the
myocardium (Figs. 3 A and B), while those from
DOX group showed disarrangement and

Rep. Biochem. Mol. Biol, Vol.12, No. 3, Oct 2023

degeneration of the myocardium, loss of normal
myofibril striation with patches of necrotic and
apoptotic areas (Fig. 3C). On the other hand, the
heart specimens from DOX+NC showed nearly
normal cellular pattern and striation with mild
interstitial edema (Fig. 3D).

Fig. 3. Photomicrographs of heart specimens from different
groups. The heart specimens from A) control group show
normal arrangement of cardiac muscle fibres with regularity
of cell and nuclear membrane, B) NC group show normal
arrangement of cardiac muscle fibres, regularity of cell and
nuclear membrane, normal nuclear pattern of cells, C) DOX
group show disarrangement and degeneration of the
myocardium, loss of normal myofibril striation, necrotic and
apoptotic areas and D) DOX +NC group show return of the
myocardial morphology to normal cellular pattern and
striation, little cellular infiltration and mild interstitial edema
(H & E, 400%).
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Effects of cerium oxide nanoparticles (NC) on
the ultrastructure of the myocardium

Electron microscope micrographs from control
and NC groups show normal structure of
myofibrillar striations, shape of sarcomere, shape
and size of mitochondria, chain with prominent
euchromatic oval nucleus with distinct nucleolus
(Figs. 4A and B), while the ultrastructure of DOX
group showed massive fragmentation, loss of
normal striation with myofibrillar loss with

interrupted Z line and intercalated disk, irregular
shape of scattered degenerated mitochondria with
less densely chromatic oval nucleus and multiple
rounded vesicles referred to autophagosomes
(Fig. 4C). On the other hand, DOX+NC group
showed mild myofibrillar loss and spaces with
normal Z lines and intercalated disks, normal
structure of mitochondria with less densely
chromatic oval nucleus and multiple rounded
vesicles referred to autophagosomes (Fig. 4D).

v > " ¢ B A s, 3. . 2 o>

Fig. 4. Photomicrographs of the heart tissues by electron microscope from A) control group show normal structure of myofibrillar
striation and arrangement (MF) with normal shape of sarcomere (S, RT and LT directed arrow referred to Z line), normal shape of
mitochondria (M) large, rounded, chain with prominent euchromatic oval nucleus (N) with distinct nucleolus (Nu), B) NC group
show normal structure of myofibrillar striation and arrangement (MF) with normal shape of sarcomere (S, RT and LT directed
arrow referred to Z line) which separated by normal intercalated disk (D), normal shape of mitochondria (M) large, rounded, chain.
with prominent euchromatic oval nucleus (N) with distinct nucleolus (Nu) with multiple rounded vesicles referred to
autophagosomes, C) DOX group show massive fragmentation, loss of normal striation with myofibrillar loss (MF) with interrupted
Zline (RT and LT directed arrow referred to Z line) and intercalated disk (D), irregular shape of scattered degenerated mitochondria
(M) with less densely chromatic oval nucleus (N) and multiple rounded vesicles referred to autophagosomes, and D) DOX+NC
group show moderate changes as partial loss of architecture with preservation of normal striation with less myofibrillar loss and
spaces (MF) with normal Z line (RT and LT directed arrow referred to Z line) and intercalated disk (D), retained normal structure
of mitochondria (M), less densely chromatic oval nucleus (N) with multiple rounded vesicles referred to autophagosomes.
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Effects of cerium oxide nanoparticles (NC) on
the expression of caspase-3, LC3 and Beclin-1
in myocardial tissues

Measuring the level of caspase-3 expression of
by immunostaining revealed significant
increase in its expression in DOX group
compared to control and NC groups (P< 0.001).
Besides, its expression was significantly
reduced in DOX+NC group compared to DOX
group (P<0.01) (Fig. 5A). Hearts tissues with

200+

minimal cytoplasmic expression of caspase-3 in
cardiomyocytes from control and NC groups
were found respectively (Figs. 5B and C).
However, the DOX group heart specimens
showed marked cytoplasmic expression of
caspase-3 in myocardial tissues (Fig. 5D), while
hearts obtained from DOX+NC group showed
mild cytoplasmic expression of caspase-3 in
cardiomyocytes (Fig. 5E).

=3 B3 Corwol .
e =R #
= 3 DOx e s
g 150 3 DOX + NC N
- #$
: c— —
3
S
5 yo0
g
-
e
a
b
i =
U
A * & ¥
3
&
»
A P
-
.
'
-
- 2 -
=~ y
5 ’ »
-
S 4%
* oy A
/ o
- .
y .
o - St >
' ¢ <’
‘ - /'.' - [
< ‘. - '\ \
p
- 3 - ‘\. e S
& S o e
v )
N\ \
4 & \
g WO
' X" %
- ot o -
r ¢ =
\
. RS s I
X, '
= g
- / A

Fig. 5. Effects of cerium oxide nanoparticles (NC) on the expression of caspase-3 i

n DOX-induced cardiomyopathy. The

means area of expression of caspase-3 in the heart tissues of different studied groups (A). Photomicrographs of the
myocardium showing B= minimal caspase-3 expression (control group), C= minimal caspase-3 expression (NC group), D=
marked expression of caspase-3 (DOX group) and E = minimal expression of caspase-3 (DOX + NC). *Significant vs control

group, # significant vs NC group, $ significant vs DOX group.
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Measuring the level of beclin-1 expression by
immunostaining revealed that DOX group
caused a significant increase in beclin-1
expression if compared to control and NC groups
(P< 0.05). In addition, its expression was
significantly reduced in DOX+NC group
compared to DOX group (P< 0.001) (Fig. 6A).
Hearts tissues with minimal cytoplasmic

£33 Control
& NC
mm DOX
£3 DOX + NC

g

g

g

Beclin-1 expresion in Heart Tissues (ROI)
3

expression of beclin-1 in cardiomyocytes from
control, and NC groups were found (Figs. 6 B
and C respectively). However, the DOX group
heart specimens showed marked cytoplasmic
expression of beclin-1 in myocardial tissues (Fig.
6D), while hearts obtained from DOX+NC
groups showed mild cytoplasmic expression of
beclin-1 in cardiomyocytes (Fig. 6E).

A

Fig. 6. Effects of cerium oxide nanoparticles (NC) on the expression of Beclin-1 in DOX-induced cardiomyopathy. The means
area of expression of Beclin-1 in the heart tissues of different studied groups (A). Photomicrographs of the myocardium showing
B=minimal Beclin-1 expression (control group), C= minimal Beclin-1 expression (NC group), D= marked expression of Beclin-
1 (DOX group) and E = minimal expression of beclin-1 (DOX+NC group). *Significant vs control group, # significant vs NC

group, $ significant vs DOX group.
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Measuring the level of LC3 expression by
immunostaining revealed a significant increase
in DOX group compared to control and NC
groups (P< 0. 001). In addition, its expression
was significantly attenuated in and DOX+NC
group compared to DOX group (P< 0.001)
(Fig. 7A). Hearts tissues with minimal
cytoplasmic  expression of LC3 in

cardiomyocytes from control, and NC groups
were found, respectively (Figs. 7B and C).
However, the DOX group heart specimens
showed marked cytoplasmic expression of
LC3 in myocardial tissues (Fig. 7D), while
hearts obtained from DOX+NC groups
showed mild cytoplasmic expression of LC3in
cardiomyocytes (Fig. 7E).

A

Fig. 7. Effects of cerium oxide nanoparticles (NC) on the expression of LC3 in DOX-induced cardiomyopathy. The means area
of expression of LC3 in the heart tissues of different studied groups (A). Photomicrographs of the myocardium showing B=
minimal LC3 expression (control group), C= minimal LC3 expression (NC group), D= marked expression of LC3 (DOX group)
and E = minimal expression of LC3 (DOX+NC group). *Significant vs control group, # significant vs NC group, $ significant

vs DOX group.
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Discussion

The main findings of the current work can be
summarized as follow; i) administration of
DOX caused a significant decline in cardiac
functions (as shown from the results of cardiac
enzymes LDH and CK-MB, ECG recording
and echocardiography), cardiac morphology,
and induction of autophagy and ii) use of
cerium oxide nanoparticles (NC) significantly
improved the myocardium's altered structures
and functions as well as its metabolic
dysfunctions. In line with previous studies,
injection of DOX at a 14-day interval, each
dose measured 4 mg/Kg twice caused
significant rise in both cardiac enzymes LDH
and CK-MB confirming the development of
impairment of the cardiac functions (21). By
significantly lowering shortening fraction (SF)
percentage % and ejection fraction (EF) in the
DOX group utilizing echocardiography, the
current study's impairment of cardiac functions
with DOX treatment was further supported.
These results are consistent with earlier
research that documented by Wang et al., (22).
Podyacheva et al., (23) indicated a more than
10% drop in EF because of cardiomyocyte
injury. The corrected QT (QTc) interval was
longer on the ECG, and the heart rate (HR) was
lower in the DOX group. These are consistent
with those reported by Warhol and his
colleagues (24).

Also, the current study showed several
histopathologic alterations in cardiac muscles.
These lesions showed a sarcoplasmic
alteration, muscle fiber dissociation, and
striation loss in addition to a modification of
the usual architecture. We noticed necrotic and
apoptotic regions on the slices. Additionally, in
one case, areas of inflammation were seen in
conjunction with a lymphoid infiltrate (25).
Perinuclear vacuolation, pronounced
interstitial edema, interfibrillar bleeding,
inflammatory cellular infiltration surrounding
blood  vessels, strongly  eosinophilic
cytoplasm,  myocardial disarray, and
degeneration (26). It has been demonstrated
that doxorubicin induces apoptosis in cell
culture models, isolated myocytes, and the
heart of rats (25). Electron microscopic
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analysis of the heart reveals that DOX causes
cardiomyocyte cytoplasmic vacuolization and
myofibril degeneration and/or loss. In
addition, ultrastructural examination reveals
loss of plasmalemmal integrity and the
presence of damaged mitochondria. Moreover,
there was vacuoles forming large membrane-
bound spaces as confirmed by Agaba et al.,
(27) and Ivanova et al., (28).

On the other hand, pretreatment with cerium
oxide nanoparticles (NC) was found to diminish
the toxicity of DOX on heart tissue. NC
returned the levels of cardiac injury markers as
LDH and CK-MB to normal levels. Moreover,
NC reduced MDA oxidant marker levels and
increased endogenous antioxidants such as
GSH and catalase levels in line with Sangomla
et al., (14) and Kumari et al., (15) as well as
echocardiographic parameters including FS%
and EF and ECG parameters including QTc
interval. Our results agree with those reported
by Niu et al., (29) and Kumari et al., (15) who
illustrated protective role of NC on
echocardiographic parameters in rat model of
cardiomyopathy and ECG parameters in rat
model of cardiac remodeling. Also, the
histopathological and structural examination of
the myocardium by electron microscope
revealed preserved myocardium morphology
and ultrastructure in rats treated with NC in
DOX-induced cardiomyopathy which suggest
the cardioprotective effect of NC.

Although the exact mechanism of DOX-
induced cardiotoxicity is unclear until now, it
has been demonstrated that oxidative stress,
mitochondrial malfunction, and apoptosis may
play a role (30). Increased autophagosome
accumulation, abnormal expression of
oxidative respiration regulatory proteins and
mitochondrial ~ dynamics that impaired
mitochondrial respiration were all seen in the
DOX cardiomyopathy model (31). Oxidative
stress that is caused by reactive oxygen species
(ROS), is considered a critical stage in the
onset and development of DOX-induced
cardiomyopathy. At first, it was postulated that
doxorubicin's direct contact with the transport
chain of mitochondrial electron would result in
the production of early ROS. The cardiac
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tissue has lower levels of enzymatic
antioxidant defenses if compared to liver and
kidney, which can make the heart more
vulnerable to free radical damage (32).
Uncoupled nitric oxide synthase (NOS),
mitochondria, and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases
(NOX) are all regarded as pertinent sources of
ROS that contribute to the development of
vascular and cardiac dysfunction at the level of
cardiac cells. By triggering hypertrophic
signaling, apoptosis, necrosis, and autophagy,
ROS controls myocardial calcium (Ca?")
overload, an occurrence that contributes to
contractile failure, arrhythmias, and the
maladaptive cardiac remodeling process (32).
Targeting topoisomerase II- and producing
reactive oxygen species as a result of
mitochondrial iron buildup are two of the
many ways that DOX causes cardiomyocyte
death (33). In the current study development of
oxidative stress in cardiac tissues by DOX is
evidenced by significant elevation in MDA
with significant reduction in the antioxidants
GSH and catalase in DOX group. Moreover,
administration of NC with DOX significantly
attenuated the oxidative stress suggesting that
NC might have protective antioxidant effect
against DOX-induced cardiomyopathy.

Despite these advancements in knowledge,
there is currently little information on the
antioxidant and anti-apoptotic effects of NC on
DOX cardiotoxicity. Pretreatment of DOX
induced cardiomyopathy via NC resulted in
significant elevation in expression levels of
caspase 3, an effector caspase, which mediate
the terminal stages of apoptosis process in
heart tissue. On the other hand, NC
significantly reduced the expression of
caspase-3 in heart tissues suggesting anti-
apoptotic action for NC in DOX-induced
cardiomyopathy. It has been demonstrated that
NC could scavenge free radicals i.e., acts as
direct antioxidant and reducing cell death
induced by oxidative stress (34). Therefore,
NC have been found to possess significant
capabilities in tissue repair and regenerative
medicine based on their antioxidant and
antiapoptotic properties.

Several studies investigated the potential
role of autophagy in the genesis and
progression of DOX-induced cardiomyopathy
showed mixed results (35). Both in vitro and in
vivo analyses showed that DOX-cardiotoxicity
results in either increased (36-38) or decreased
(39,40) autophagy activity. To verify these
conflicts, we wused immunohistopathology
staining for beclinl and LC3 (autophagy
markers) to investigate the DOX-mediated
change at various autophagic phases. In our
research, the DOX-cardiomyopathy model
demonstrated a  slow  buildup  of
autophagosomes as a result of a malfunction in
the autophagic degradation mechanism.
Previous studies showed that the chronic DOX
therapy inhibits the autophagic flux of
cardiomyocytes both in vivo and in culture,
and this is followed by a significant buildup of
autolysosomes that have not yet destroyed
(40). However, the immunohistopathology
results of LC3 and Beclin 1 which indicated
the accumulation of autophagosomes, were
attenuated in NC-treated cardiac tissues. In
agreement with these findings, the results of
electron microscope (EM) in the current study
found that the number of autophagosomes in
NC+DOX groups were similar to that in
control and NC control group. These outcomes
explained that NC exposure could activate and
regulate the whole autophagy process in
cardiac tissue are in line with Chen et al. (41).

In the present study, we assessed the ability
of the NC in modulating mitochondrial
functions and bioenergetics by evaluating the
activity of 5’adenosine monophosphate-
activated protein kinase (AMPK) and the
expression of acetyl-CoA carboxylase alpha
(ACACA) at the mRNA levels. AMPK, a key
regulator of autophagy, is a member of a
conserved family of protein kinases that is
activated by ATP depletion e.g. during cellular
starvation and results in AMP buildup (42). It
has been demonstrated that AMPK activation
decreases the intracellular malonyl CoA
concentrations by inhibiting ACACA (rate-
limiting enzyme of malonyl CoA synthesis) and
stimulating malonyl CoA decarboxylase
(MCD) (rate limiting enzyme of malonyl CoA
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degradation), so stimulates the fatty acid
oxidation in the heart tissues (39,43). In the
current study, we found that DOX greatly
lowered the activity of AMPK with
upregulation of ACACA enzyme suggesting
impairment of the fatty acid oxidation in the
cardiac tissues by DOX toxicity. On the other
hand, NC treatment restores the activity of
AMPK and ACACA levels in the myocardium
suggesting improvement of the metabolic
activity in the heart tissues by NC therapy.
Thus, the mitochondrial benefits from the
restoration of AMPK activation, which lowers
oxidative stress and maintains mitochondrial
energy generation might be a possible
mechanism for the cardioprotective effect of
NC against DOX-induced cardiomyopathy
(44). Moreover, one of the cardiac targets of
AMPK is mTOR signaling molecule, that
regulates protein synthesis, autophagy and
cardiac metabolism (45). Kawaguchi et al., (42)
found that DOX suppression of AMPK was the
cause of its inhibitory effect on autophagy.

It is doubtful if NC would be a realistic
cardioprotective strategy for cancer patients
given that they already experience symptoms
from their underlying illness and the side
effects of treatment. They are yet regarded as
preliminary results that require additional
research to elucidate the impact of DOX on the
autophagy process as p62 protein (a selective
autophagy receptor) and markers of
fibrogenesis. This issue is seen as a limitation
of the current study.
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