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ABSTRACT

Introduction: The use of Doxorubicin (DOX) as an antineoplastic drug is limited by its cardiotoxicity. Erythropoietin (EPO)
has been suggested to be a powerful cardioprotective agent.

Aim of the Work: This study aimed to evaluate the protective role of EPO in DOX-induced cardiotoxicity and its role in
mobilization of bone marrow-derived stem cells to the injured tissue.

Materials and methods: Thirty-two adult male albino rats (180-200 gm) were divided into equal four groups: control group
(Gp ) received physiological saline (1 ml/kg/day), EPO group (Gp II) received recombinant human erythropoietin (thEPO)
(2500 IU/kg, 3 times a week), DOX-treated group (Gp III) received DOX (2.5 mg /kg, 3 times a week), DOX+EPO group
(Gp IV) received DOX and rhEPO concomitantly. All medications were given by intraperitoneal injection for two weeks.
Specimens from the left ventricles of all rats were prepared and stained for light microscopic study (hematoxylin & eosin,
Masson’s trichrome and phospho-tungstic acid hematoxylin in addition to immunohistochemical staining for caspase-3 and
CD34) and transmission electron microscopic study.

Results: DOX caused marked alteration in the histological features of the cardiac muscle fibers as well as a highly significant
increase in area percentage of the collagenous fibers and caspase-3 immunoexpression. Co-administration of EPO with DOX
caused improvement in the histological features of the cardiac muscle fibers, a highly significant decrease in area percentage
of the collagenous fibers and caspase-3 immunoexpression, and a highly significant increase in CD34 immunoexpression.
Conclusion: EPO exerts cardioprotective effects on DOX-induced cardiomyopathy via anti-apoptotic and anti-fibrotic
pathways as well as via mobilization of stem cells to the injured tissues.
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INTRODUCTION treated patientsP!; therefore, research has been done
to reduce DOX-induced cardiotoxicity by controlling
apoptotic genes and oxidative stress!®.

Doxorubicin (DOX), an anthracycline drug, is a
commonly used chemotherapeutic agent for various

malignancies!". After topoisomerase I complex has split Erythropoietin  (EPO) is a glycoprotein hormone
the DNA chain for replication, DOX causes the complex secreted in adults, mostly by the kidney and to a less
to stabilize, which prevents the release of DNA double extent by the liver, the vascular pericytes as well as the
helix and stops replication. Additionally, DOX can boost brain tissue!”. EPO binds to its specific membrane receptor
the generation of quinone-type free radicals, therefore, and prevents apoptosis of erythroid progenitor cells,
contributing to its cytotoxicity'. hence regulates production of red blood cell in response
to hypoxial®. EPO receptors existed in non-hematopoietic
The heart is highly sensitive to DOX poisoning with tissues, such as the heart and other organs that could
a particular concern in children with cancer, where DOX- rationalize extra-erythropoietic effects of EPO..
associated cardiomyopathy can emerge many years

Exogenous EPO, recombinant human erythropoietin

following therapy*. . .
& Py (thEPO) is prepared by recombinant DNA technology and
DOX-induced cardiotoxicity is permanent and used to treat anemia in myelodysplasia, anemia in chronic
cumulative. It is the principal cause of mortality in DOX- kidney disease and anemia from cancer chemotherapy!®.
Personal non-commercial use only. EJH copyright © 2023. All rights served DOI: 10.21608/ejh.2022.162368.1772
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Previous studies have revealed that EPO has multiple
protective antioxidant, anti-inflammatory, and anti-
apoptotic effects!!.

Endothelial progenitor cells (EPCs), hematopoietic
stem cells (HSCs) and vascular endothelial cells all
express the CD34 antigen (HSCs)!'?. In-depth research
has focused on CD34+ cells, which are believed to have
paracrine effects and the capacity to transdifferentiate, fuse
with irreversibly damaged myocytes, and develop into
endothelial cells!'?!.

Considering the restriction of DOX use as a
chemotherapeutic drug due to its cardiotoxicity, the
present study was designed to evaluate the role of EPO in
amelioration and/or prevention of the changes that may
occur in the cardiac muscle of adult male albino rats treated
with DOX.

MATERIALS AND METHODS

Chemicals
A. Drugs

e Doxorubicin: Its trade name is Adribalstina,
purchased from Pharmacia Italia S.P.A, Italy and
available in the form of vials 50mg.

¢ Recombinant human erythropoietin: Its trade
name is Epiao, purchased from Egyptian Pharmex
Company and available in the form of vials 10,000
U/l ml.

B. Kits

*  Anti-caspase-3 polyclonal antibody (Catalogue
number: ab4051, Abcam, Cambridge, United
Kingdom).

* Anti-CD34 monoclonal antibody (Catalogue
number: M 2165, Dako, Carpinteria, California,
USA).

Experimental animals

Approval of the study was provided from Institutional
Research Board (IRB), Faculty of Medicine, Mansoura
University, with code: MD.19.07.203. Thirty-two adult
male albino rats, two months old, weighing 180-200 gm,
were obtained from Medical Experimental Research Center
(MERC), Mansoura University and housed with regular
day light/dark cycles and under adequate environmental
conditions of temperature and ventilation. All rats
received a standard rodent pellet diet and had free access
to water. The rats were left for 2 weeks before starting
the experiment to acclimatize to the room conditions and
minimize nonspecific stress during the experiment.

Experimental design

Rats were randomly divided into four groups (8
rats for each group); Group I (control group): received
physiological saline 1 ml/kg/day!'4. Group II (EPO group):
received rhEPO dissolved in physiological saline (2500 [U/

kg three times a week)!'s!. Group III (DOX-treated group):
received DOX (2.5 mg /kg three times a week, a cumulative
dose of 15 mg/kg in 6 injections)!'®. Group IV (DOX+EPO
group): received DOX and rhEPO (in the same mentioned
doses above) concomitantly. All medications were given
by intraperitoneal injection for two weeks.

Sampling and tissue processing

By the end of the 2™ week, all rats were injected
intraperitoneally by sodium pentobarbital (40 mg/kg
body weight) to be euthanized!'”. The heart of each rat
was exposed by midline incision in the chest and the
left ventricle was removed and processed for light and
transmission electron microscopic studies.

Light microscopic study

Specimens of the left ventricles were immediately
fixed in 10% formol saline, dehydrated and cleared then
embedded in paraffin. Finally, serial sections at 5 pum
thicknesses were obtained using a microtome and stained
with hematoxylin & eosin stain (H&E)!'® for routine
histological examination, Masson’s trichrome stain!'’!
for identification of collagen fibers, phospho-tungstic
acid hematoxylin (PTAH)!" for demonstration of muscle
striations and immunohistochemically for caspase-3
(marker of apoptosis) and CD34 (marker of endogenous
stem cells)?,

Immunohistochemistry staining procedures™

Specimens from the left ventricles were deparaffinized
and rehydrated. Then, sections were microwaved for
15 minutes for antigen retrieval. After that, sections
were treated with a blocking solution for 20 min then
incubation with the primary rabbit polyclonal antibody for
caspase-3 (at a dilution of 1:1000) and the primary mouse
monoclonal antibody for CD34 (at a dilution of 1:40) at
room temperature for 120 min. Later, secondary antibody
was added for 10 minutes. Finally, one to two drops of
DAB (diaminobenzidine) were added for 10 minutes.
At last, the sections were counterstained with Mayer’s
hematoxylin, then dehydrated and cleared. Some slides
were stained only with IgG secondary antibody and used
as negative controls. Slides from human palatine tonsil and
thymus were used as positive controls for caspase-3 and
CD34 respectively.

Transmission electron microscopic study®"

Tiny pieces (1 mm3) of the left ventricles were
directly fixed overnight in 2.5% glutaraldehyde with 2%
paraformaldehyde in a 0.1 M phosphate buffer (pH 7.4),
and then fixed in 1 % of osmium tetroxide using the same
buffer for 2 hours at 4°C. The tissue was then dehydrated
and embedded in epoxy resin. Ultrathin sections were
obtained and stained with uranyl acetate and lead citrate
to be analyzed and captured using a transmission electron
microscope (JEOL, JEM-2100, Tokyo, Japan) at the
Faculty of Science, Alexandria University, Alexandria,

Egypt.
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Morphometric study

Slides were photographed with an Olympus E420
digital camera from China mounted on an Olympus
microscope with a 0.5 X photo adaptor and a 40 x objective
lens (TX31 Philippines). Following that, the images were
examined by ImagelJ 1.52a program (National Institutes of
Health, United States) for assessment of area percentage
of the collagenous fibers and immunoexpression. Area
percentage of blue-stained collagenous fibers as well as
area percentage of caspase-3 and CD34 immunoexpression
were estimated in six non-overlapping fields/ section
(6 sections from 6 different rats/ group) from Masson’s
trichrome, anti-caspase-3 and anti-CD34-stained sections,
respectively.

Statistical analysis

The data achieved from the image analyzer were
subjected to Statistical Package for Social Science version
22.0 (SPSS Inc., Chicago, USA). Statistical analysis using
analysis of variance (ANOVA) followed by post hoc Tukey
test was done. Data of all groups were expressed as mean
+ standard deviation (£ SD). Differences were regarded
as significant if P (probability) value < 0.05 and highly
significant if P value < 0.00122!,

RESULTS

Light Microscopic Results
H&E results

The control group (Figure 1) and EPO group
(Figure 2) revealed the normal histological appearance of
the myocardium. The cardiac muscle fibers were arranged
in various directions (longitudinal, transverse, and oblique)
(Figure la). The longitudinally cut cardiac muscle fibers
were branching and anastomosing. Cardiac myocytes
showed acidophilic faintly striated sarcoplasm and central
oval vesicular nuclei with perinuclear spaces. Some cardiac
myocytes were binucleated. Acidophilic intercalated discs
(ICDs) between cardiac myocytes were also detected. The
cardiac myocytes were surrounded by thin connective
tissue layer (the endomysium) showing flattened darkly
stained nuclei of fibroblasts (Figures 1 b,c, 2 a,b).

In DOX-treated group (Figure 3), the cardiac muscle
fibers appeared disorganized and congested blood vessels
were seen between the fibers (Figure 3a). Most of the
longitudinally cut cardiac muscle fibers were corrugated
with irregular and darkly stained pyknotic nuclei
occupying variable positions. Other fibers were destructed.
Vacuolated sarcoplasm, massive mononuclear cell
infiltration and extravasation of blood cells were also seen
(Figures 3 b,c,d).

The DOX+EPO group (Figure 4) showed restoration
of the normal architecture of the cardiac muscle fibers
apart from small areas of myofibrillar lysis, vacuolated
sarcoplasm, and mononuclear cell infiltration.

Masson's trichrome stain results

Thin, blue-stained collagenous fibers of the
endomysium were found among the cardiac muscle
fibers in both control group (Figure 5a) and EPO group
(Figure 5b). In DOX-treated group (Figure 5c), extensive
deposition of collagenous fibers was seen among the
muscle fibers. On the other hand, the DOX+EPO group
showed less amount of collagenous fibers (Figure 5d).

PTAH stain results

The cross-banding pattern (striations) of the
longitudinally cut cardiac muscle fibers were clearly seen
in control group (Figure 6a) and EPO group (Figure 6b),
while in DOX-treated group (Figure 6¢), Most of the
longitudinally cut cardiac muscle fibers lost their striations.
Extravasated blood cells were also seen. The DOX+EPO
group (Figure 6d) showed restoration of the cross-banding
pattern of the cardiac muscle fibers.

Immunohistochemical results
Caspase-3 immune reaction

Immunohistochemical stained sections for caspase-3
showed negative immune reaction in the cardiomyocytes
of both control group (Figure 7a) and EPO group
(Figure 7b). A strong positive cytoplasmic and nuclear
reaction was seen in most cardiac muscle fibers in DOX-
treated group (Figure 7¢), however, few cells with positive
immune reaction were found in the DOX+EPO group
(Figure 7d).

CD34 immune reaction

Immunohistochemical stained sections for CD34
showed positive immune reaction in the endogenous
stem cells among the cardiac muscle fibers and in the
endothelial layer of the blood vessels in both control group
(Figure 8a) and EPO group (Figure 8b), apparent increase
in DOX-treated group (Figure 8c) and more increase in
DOX+EPO group (Figure 8d).

Electron microscopic results

The control group (Figure 9 ab,c,d) and the EPO
group (Figure 10 ab,c) showed similar histological
appearance. The cardiac muscle fibers showed regularly
arranged myofibrils with well-organized sarcomeres
extending between the Z lines with alternating dark (A)
and light (I) bands intersected by H zones and Z lines,
respectively. A central oval euchromatic nuclei were seen.
Intermyofibrillar mitochondria (IMFM) with abundant
tubular cristae were packed in longitudinal rows between
the myofibrils. Perinuclear mitochondria (PNM) were seen
at the poles of the nuclei and appeared more rounded and
smaller compared to the complex shaped and larger IMFM.
The sarcoplasmic reticulum (SR) appeared between
two mitochondria and at the Z line of the sarcomere. A
characteristic step-like ICDs with prominent adherens
junctions and desmosomes in the transverse parts as well
as gap junctions in the longitudinal parts were seen.
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The DOX-treated group (Figure 11 a,b,c,d) showed
disruption and fragmentation of the myofibrils,
disorganized sarcomeres as well as less defined and
disrupted Z lines. Some Z lines appeared thickened. Areas
of myofibrillar lysis were seen. IMFM were swollen with
abnormal shapes and irregular distribution between the
disorganized myofibrils. Most nuclei of the cardiomyocytes
were shrunken and had corrugated envelopes as well as
condensed heterochromatin. PNM were disrupted and
wide areas of empty spaces appeared around the nuclei.
There were widening and disruption in the ICDs as well as
multiple vacuoles and areas of SR dilatation.

Cardiomyocytes from DOX+EPO group
(Figure 12 a,b,c) showed normal ultrastructural appearance
apart from small areas of destructed myofibrils and some
disrupted IMFM.

Image analysis results and statistical analysis

The mean area percentage of the collagenous fibers
showed non-significant change (»p > 0.05) in EPO group,
compared to the control group, and showed a high
significant increase (P < 0.001) in DOX treated group
versus control and EPO groups. However, DOX+EPO
group showed a high significant reduction (P < 0.001)

compared to DOX-treated group and non-significant
increase (P > 0.05) compared to control and EPO groups
(Table 1, Histogram 1).

The mean area percentage of caspase-3
immunoexpression showed non-significant change
(P > 0.05) in EPO group compared to the control group
and showed a high significant increase (P < 0.001) in DOX
treated group versus control and EPO groups. However,
DOX+EPO group showed a high significant reduction
(P < 0.001) compared to DOX treated group, significant
increase (P < 0.05) compared to control group and non-
significant increase (P > 0.05) compared to EPO group
(Table 2, Histogram 2).

The mean area percentage of CD34 immunoexpression
showed a significant increase (P < 0.05) in EPO group
compared to the control group while DOX treated group
showed a high significant increase (P < 0.001) compared
to the control group and a non-significant increase
(P > 0.05) compared to EPO group. DOX+EPO group
showed a high significant increase (P < 0.001) in the mean
area percentage of CD34 immunoexpression compared
with that of the control, EPO and DOX treated groups
(Table 2, Histogram 3).

Fig. 1: H&E-stained section in the myocardium of the left ventricle of control group (Gp I).
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Fig. 2: H&E-stained section in the myocardium of the left ventricle of EPO group (Gp II) showing longitudinally cut cardiac muscle fibers (F) which are
branching and anastomosing and have acidophilic sarcoplasm and vesicular oval centrally located nuclei (arrows). The fibers show fine irregular transverse
striations (crossed arrows) and acidophilic ICDs (arrowheads). Delicate connective tissue (the endomysium) containing fibroblasts with flattened darkly stained
nuclei (zigzag arrows) are seen between the fibers. Notice the presence of perinuclear spaces (thick arrows) in some fibers (a x400; b x1000)

= |

Fig. 3: H&E-stained section in the myocardium of the left ventricle of DOX treated group (Gp III). (a) showing disorganized cardiac muscle fibers with
congested blood vessels (*) in-between. (b) showing longitudinally cut corrugated muscle fibers (F) with loss of normal orientation and continuity. The nuclei
(arrows) appear irregular, pyknotic and occupy variable positions. Extravasated blood cells (*) are seen between the fibers. (c¢) showing markedly disrupted
cardiac muscle fibers (F). Vacuolated sarcoplasm (forked arrows) of some cardiomyocytes and massive mononuclear cell infiltration (I) are also seen (d)
showing destruction in some fibers (F) and extravasated blood (*) in-between. The nuclei (arrows) of the fibers appear irregular, pyknotic and of variable
positions. Vacuolated sarcoplasm (forked arrows) appears in some fibers (a x100; b & ¢ x400; d x1000)
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Fig. 4: H&E-stained section in the myocardium of the left ventricle of DOX+EPO group (Gp IV). (a & b) showing longitudinally cut cardiac muscle fibers with
restoration of the normal architecture. The fibers (F) are branching and anastomosing with acidophilic sarcoplasm and vesicular oval centrally located nuclei
(arrows). Perinuclear spaces (thick arrows) appear in some fibers. The fibers show fine irregular transverse striations (crossed arrows) and acidophilic ICDs
(arrowheads). Delicate connective tissue containing fibroblasts with flattened darkly stained nuclei (zigzag arrows) are seen between the fibers. Few fibers with
vacuolated sarcoplasm and areas of myofibrillar lysis (forked arrows) are seen. A small area of mononuclear cell infiltration (I) is also seen (a x400; b x1000)

Fig. 5: Masson’s trichrome stained sections in the myocardium of the left ventricle among the different groups. (a) control group (Gp I) and (b) EPO group
(Gp II) showing thin blue-stained collagenous fibers (arrows) in the endomysium among the longitudinally cut cardiac muscle fibers. (c) DOX treated group
(Gp III) showing extensive deposition of blue-stained collagenous fibers (arrows). Compare with control group (a). (d) DOX+EPO group (Gp IV) showing less
blue-stained collagenous fibers deposition (arrows). Compare with DOX treated group (c) (x400)
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Fig. 6: PTAH stained sections in the myocardium of the left ventricle among the different groups. (a) control group (Gp I) and (b) EPO group (Gp II) showing
evident transverse striations (arrows) along the longitudinally cut cardiac muscle fibers. (¢) DOX treated group (Gp III) showing loss of striations (crossed
arrows) in the majority of the fibers. Extravasated blood cells (*) between the cardiac muscle fibers are also seen. (d) DOX+EPO group (Gp IV) showing
restoration of the striations (arrows) of the fibers (x1000)

Fig. 7: Caspase-3 immuno-stained sections in the myocardium of the left ventricle of different groups showing longitudinally cut cardiac muscle fibers. (a)
control group (Gp I) and (b) EPO group (Gp II) showing negative caspase-3 immune reaction. (c) DOX treated group (Gp III) showing obvious positive
caspase-3 immune reaction (arrows) (d) DOX+EPO group (Gp IV) showing minimal positive caspase-3 immune reaction (arrows) (x400)

1624



Zidane et. al.,

Fig. 8: CD34 immuno-stained sections in the myocardium of the left ventricle of different groups showing positive immune reaction in the endogenous stem
cells (arrows) among the cardiac muscle fibers and in the endothelial lining of the blood vessels (zigzag arrows). (a) control group (Gp I) showing few positive
immune reactions. (b) EPO group (Gp II) showing more positive immune reaction than control group. (¢) DOX treated group (Gp III) showing obvious positive
immune reaction more than control and EPO group. (d) DOX+EPO group (Gp IV) showing apparent increase in positive immune reaction compared with the
other groups (x400)
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Fig. 9: Electron micrographs of the myocardium of the left ventricle of control group (Gp I) (a, b &c) showing regularly arranged myofibrils (MF) with well-
organized sarcomeres extending between Z lines (Z). Intermyofibrillar mitochondria (M) are packed in longitudinal rows among the myofibrils. The nucleus
(N) appears euchromatic with peripheral heterochromatin (thick arrows). Perinuclear mitochondria (PNM) are present at the pole of the nucleus and are more
rounded and smaller compared to the complex-shaped and larger intermyofibrillar mitochondria. The sarcomere has dark (A) band, two halves of light (I) bands
and H zone (H). The sarcoplasmic reticulum (S) sits between two mitochondria and at the Z line of the sarcomere. (¢ & d) showing zigzag like intercalated
disc (ICD) with prominent adherens junctions (arrows) as well as desmosomes (crossed arrows) in the transverse parts and gap junctions (arrowhead) in the
longitudinal parts. (a x12,500; b & ¢ x25,000; d x35,000)
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Fig. 10: Electron micrographs of the myocardium of the left ventricle of EPO group (Gp II) (a &b) showing regularly arranged myofibrils (MF) with well-
organized sarcomeres extending between two Z lines (Z). Intermyofibrillar mitochondria (M) are packed in longitudinal rows among the myofibrils. The
nucleus (N) appears euchromatic with peripheral heterochromatin (thick arrows) and prominent nucleolus (Nu). Perinuclear mitochondria (PNM) are seen at
the pole of the nucleus. The sarcomere shows dark (A) band, two halves of light (I) bands and H zone (H). The sarcoplasmic reticulum (S) sits between two
mitochondria and at the Z line of the sarcomere. (a&c) showing zigzag like intercalated disc (ICD) between two cardiac myocytes having prominent adherens
junctions (arrows), desmosomes (crossed arrows) and gap junction (arrowhead). (a x12,500; b x25,000; ¢ x35,000)
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Fig. 11: Electron micrographs of the myocardium of the left ventricle of DOX treated group (Gp III). (a, b &c) showing disrupted myofibrils (MF) with
disorganized sarcomeres extending between less defined and disrupted Z lines (Z). Some Z lines appear thickened (zigzag arrows). Areas of myofibrillar lysis
(forked arrows) are seen. The nucleus (N) is shrunken with corrugated nuclear envelope and perinuclear empty space (arrow). Perinuclear mitochondria (PNM)
are seen at one pole of the nucleus. Intermyofibrillar mitochondria (M) are swollen and distorted with irregular shape and distribution between myofibrils and
some are giant (GM). (b) showing dilated tubules of the sarcoplasmic reticulum (S). (b, ¢ &d) showing disruption (crossed arrows) and widening (thick arrow)
of the ICD (a&b x12,500; ¢ x25,000; d x35,000)
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Fig. 12: Electron micrographs of the myocardium of the left ventricle of DOX+EPO group (Gp IV). (a, b &c) showing regularly arranged myofibrils (MF)
with well-organized sarcomeres extending between two Z lines (Z). Intermyofibrillar mitochondria (M) packed in longitudinal rows among the myofibrils.
The nucleus (N) appears euchromatic with peripheral heterochromatin (thick arrows). Perinuclear mitochondria (PNM) are seen at the pole of the nucleus.
The sarcomere shows dark (A) band, two halves of light (I) bands and H zone (H). The sarcoplasmic reticulum (S) sits between two mitochondria and at the Z
line of the sarcomere. Well-organized and apparently normal intercalated disc (ICD) having prominent adherens junction (arrow), desmosome (crossed arrow)
and gap junction (arrowhead) is seen. (a&b) showing small areas of destructed myofibrils (forked arrows) and some disrupted intermyofibrillar mitochondria
(zigzag arrows) (a x12,500; b x25,000; ¢ x35,000)
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Table 1: Area percentage of the collagenous fibers between different groups (Mean + SD)

Parameters Control group (Gp I) EPO group (Gp II) DOX-treated group (Gp III) DOX+EPO group (Gp IV)
Area % of collagenous fibers (Mean + SD) 2.63+0.19 2.86+0.13 11.49+1.63 3.18+1.06
P1=0.975 P1<0.001" P1=0.761
P2<0.001" P2=0.942
P3<0.001"

SD= the standard deviation, P: Probability of ANOVA, P1: Significance versus Gp I, P2: Significance versus Gp II, P3: Significance versus Gp III, *: sig-
nificance <0.05, **: high significance <0.001.

Table 2: Area percentage of positive caspase-3 and CD34 immune reaction between different groups (Mean + SD)

Parameters Control group (GpI) EPO group (Gp II) DOX-treated group (Gp III) DOX+EPO group (Gp IV)
0.32+0.14 0.62 +0.27 17.28 £1.23 1.53+0.13
Area % of positive caspase-3 P1=0.857 P1<0.001" P1=0.019*
immune reaction (Mean + SD) P2<0.001" P2=10.096
P3<0.001"
0.68 +0.095 1.41+£0.09 1.75+£0.12 7.31+0.62
Area % of positive CD34 immune P1=0.004" P1<0.001" P1<0.001"
reaction (Mean + SD) P2<0.305 P2<0.001"
P3<0.001™

SD= the standard deviation, P: Probability of ANOVA, P1: Significance versus Gp I, P2: Significance versus Gp II, P3: Significance versus Gp III, *: sig-
nificance <0.05, **: high significance <0.001.
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DISCUSSION

Doxorubicin  (DOX) is a commonly used
chemotherapeutic drug and its clinical effect is well
recognized. However, patients treated with DOX are
at a high risk of cardiotoxicity. DOX-induced toxicity
in cardiac myocytes have been attributed to several
mechanisms including oxidative stress, mitochondrial
disruption, metabolic derangements, and initiation of
apoptotic cascade. Yet, effective prevention and treatment
of DOX-induced cardiotoxicity did not emerge!?*24.,

Erythropoietin, a glycoprotein hormone, reduces tissue
hypoxia by increasing systemic oxygen-carrying capacity.
It stimulates erythroid precursor cell proliferation and
differentiation to compensate for the reduced oxygen
levels caused by hypoxia and anemia. In models of
cardiac, neuronal, retinal, and renal ischemia injury,
EPO exhibits tissue-protective effects by a variety of
mechanisms, including suppression of apoptosis, reduction
of inflammation, neovascularization, and restoration of
tissue function®!. Therefore, the current study aimed to
highlight the possible cardioprotective role of EPO on
DOX-induced cardiomyopathy in a rat model with special
emphasis on its anti-apoptotic role as well as its role in
enhancing mobilization of bone marrow derived stem cells
to the site of injury.

Light microscopic examination of both control and
EPO groups revealed the normal histological appearance
of the cardiac muscle fibers. On the other hand, there was
disorganization of the cardiac muscle fibers in DOX-treated
group with corrugation or destruction of the fibers, massive
mononuclear cell infiltration and extensive deposition of
collagenous fibers.

Reactive oxygen species (ROS) overproduction
and cardiomyocyte apoptosis are two examples of the
several variables that have been shown to have a role
in the pathogenesis of DOX-induced cardiac damage.
Overproduction of ROS disrupts cellular membrane
integrity and function and causes oxidative damage to
biological macromolecules. Furthermore, cardiomyocyte
apoptosis can be directly caused by DOX-induced
oxidative stress??!. Previous studies also proved that DOX
stimulates the expression of death receptors in normal cells
including cardiomyocytes, resulting in apoptosist*.

Additionally, DOX depletes GATA-4 a member of
the zinc finger transcription factor. GATA-4 has a critical
role in promoting cardiac development and myocardial
differentiation as well as regulating the hypertrophic
growth and survival of the heart®”.

A high significant increase in the mean area percentage
of the collagenous fibers was detected among the cardiac
muscle fibers of the DOX-treated group of our study
compared to the control group. These results run with
that published by Pajovi¢ ef al. (2021); Goda et al. (2021)
and Abdo et al. (2019)221 The later suggested that
increase deposition of collagenous fibers might be due to

increase in the activity of fibroblasts under the effect of
free radical stress of DOX. On the other hand, a previous
study by Rodrigues et al. (2019) showed that the increase
in interstitial fibrosis in the early stages of DOX-induced
cardiotoxicity is attributable to activation of the NF-xB
transcription factor®,

Obvious caspase-3 positive immune reaction among
the cardiac myocytes was seen in the DOX-treated group
and represented statistically by a highly significant
increase in the mean area percentage compared to control
and EPO groups. This result can be explained in light
of the concept of Zhao and Zhang (2017) and Ye et al.
(2022) who suggested that caspases are key molecules
in the mechanisms of DOX-stimulated cardiomyocyte
apoptosist®'?2. Shati (2020) stated that DOX can induce
cardiotoxicity through the formation of ROS promoting
necrosis and apoptosis. This indicate the enhanced effect of
caspase-3 activity as an important marker of apoptosis and
these changes might be the result of increased oxidative
stress associated with low antioxidant defenses, resulting
in cellular and DNA damage consequently!*].

Focal areas of disruption, fragmentation or even lysis
of some myofibrils at the ultrastructural level of DOX-
treated group may be resulted from oxidative injury to the
cardiac myocytes. Seke et al. (2019) and Jin et al. (2021)
considered the myofibrillar injury observed in their studies
as a secondary event after mitochondrial dysfunction. In
the current study, the previous assumption is confirmed by
the presence of significant mitochondrial morphological
changes in the form of deformation, variability in size,
swelling and lack of intact cristae®®**33, The same findings
were also observed by Yin ef al. (2018) and Sergazy et al.
(2020)B¢37, On the other hand, disrupted and thickened Z
lines seen in our study may be related to DOX interaction
with actin filaments which are essential components of thin
filaments and Z lines. The observed apparent thickened Z
lines in some arecas may be due to actin polymerization.
However, disrupted Z lines appeared in other areas may be
attributed to inhibition of protein synthesis and therefore
decrease in the level of sarcoplasmic actin*®l,

Deterioration and disorganization of ICDs were seen
in DOX-treated group. The interdigitation of ICDs was
disrupted throughout the tissue. Gap junctions in ICDs
are thought to mediate the electrical connection between
cardiac myocytes and maintain the regular heartbeat.
Connexins are the building blocks of each gap junctional
channel. Connexin43 (Cx43) is the most prevalent isoform
of connexin in mammalian cardiac cells. Myocardial
disorders include hypertrophic cardiomyopathy, ischemia,
and heart failure are associated with changes in Cx43
distribution and expression**..

Ito et al. (2021) and Li et al. (2021) added that dilated
cardiomyopathy (DCM) can be induced by knockout of the
N-cadherin gene and therefore it is considered as a disorder
of the ICDsM 1, Moreover, in some DCM cases, germline
mutations have been reported in genes coding for ICD-
associated membrane proteins!*?,
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In the current study, EPO administration for two weeks
in concomitant with DOX showed restoration of the normal
cardiac muscle architecture at the level of both light and
transmission electron microscope.

The protective impacts of EPO have been explained by
a variety of different mechanisms. EPO has been proved to
have antioxidant effect by promoting the production of the
antioxidant enzyme heme oxygenase-1, which catalyzes
the breakdown of heme to produce biliverdin, CO, and
free iron, and reduces the creation of superoxide anion
(02-)1. EPO has been also proved to reduce ROS
generation by inhibiting the activation of nicotinamide
adenine dinucleotide phosphate hydrogen (NADPH)
oxidaset**l.

In our study, there was a high significant decrease in
area percentage of caspase-3 positive immune reaction in
DOX+EPO group as compared to DOX-treated group. EPO
has been considered as an anti-apoptotic, tissue-protective
cytokine. EPO protects neurons against apoptosis through
increasing the expression of the antiapoptotic protein
Bcl-2 and decrease the expression of the proapoptotic
protein Bax™!. This causes a decrease in the expression
and release of key indicators of the intrinsic apoptotic
pathway of mitochondria, including cytochrome c¢ and
caspase-3, the main executioner of the apoptotic pathway
of mitochondria*. EPO has also been demonstrated to
restore GATA-4 (a key regulator of cardiac development)
expression  in  DOX-induced  cardiomyopathy®.
Furthermore, EPO restores the DOX-induced alterations
in sarcomeric proteins, including troponin I, myosin heavy
chain and desmin. These proteins maintain the structural
integrity and contractile function of cardiomyocytes*”.

He et al. (2018) indicated that EPO exerts protective
effects on lung injuries after lung ischemia/reperfusion
injury through inhibiting the toll-like receptor-4/nuclear
factor-kB (TLR4/NF-«B) signaling pathway and decreasing
production of inflammatory cytokines (TNF-a, IL-6, and
IL-1B)“8. This may explain the anti-inflammatory effect of
EPO in our study.

A high significant decrease in the mean area percentage
of collagenous fibers among the cardiac muscle fibers was
detected in DOX+EPO group compared with DOX-treated
group. Our results run with that published by Lu et al.
(2012) who found that administration of EPO in diabetic
rat inhibited myocardial fibrosis by decrease the level of
transforming growth factor beta (TGF-B) expression as
well as decrease the deposition of interstitial collagen™!.
Additionally, administration of EPO in rats with myocardial
fibrosis induced by pressure overload caused reduction in
proliferation and differentiation of cardiac fibroblast as
well as accumulation of matrix proteins in the extracellular
spacel®®l,

Decrease in the extravasation of blood was observed
in the DOX+EPO group as compared to DOX-treated
group. EPO has been linked to angiogenesis by enhancing
proliferation and migration of endothelial cells*). EPO

promotes an increase in the number of EPCs, their ability
for tube formation, and capillary density. EPO also
promotes neovascularization by directly mitogenic effects
on endothelial cells and local upregulation of vascular
endothelial growth factor (VEGF)*",

In the current study, increase in CD34 immune
expression between cardiac myocytes in the DOX-treated
group was noticed. This mostly occur in response to release
of certain molecules from ischemic tissue. It was proved that
CD34 is expressed in tissue-resident mesenchymal stem
cells (MSCs) that migrate to injured tissue sites that need
repair. CD34+ cells are known for their high differentiation
and proliferative capacities that play a critical role in the
repair process®'*2. However, combined administration of
EPO with DOX caused a highly significant increase in the
area percentage of positive CD34 immune reaction.

This indicates that EPO could efficiently enhance
mobilization of stem cells from bone marrow and increase
their homing to the injured cardiac tissue. Such findings
coincide with that obtained by Oztas et al. (2020) who
found that the safe use of EPO in diabetic rats may further
increase tissue levels of CD34 and VEGF molecules, which
are important for cellular regeneration and protection(®!.

By two different mechanisms, CD34 cells could
promote angiogenesis, neovascularization, and heart
regeneration. First, by differentiating into endothelial cells
and smooth muscle cells, which are the main structural
elements of internal vascular walls, by this way CD34
cells can promote vascular re-endothelialization. Second,
these cells play a substantial paracrine role in secreting
substances that promote the growth of new blood vessels,
inhibit the apoptosis of cardiomyocytes and endothelial
cells, modify the extracellular matrix, and stimulate the
activity of more progenitor cellsP,

CONCLUSION

DOX administration induces histological alterations in
the cardiac muscle. EPO could protect the cardiac muscle
against DOX effects by anti-apoptotic, anti-inflammatory
and antioxidant mechanisms as well as via enhancing
mobilization of stem cells to the injured tissues.
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