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ALTHOUGH cancer treatment is expensive with its new strategies such as immunotherapy,
targeted therapy, gene therapy, and other new cancer medicines, the classic cytotoxic
agents such as doxorubicin (DOX) remain the only affordable choice to the vast majority of
patients despite its dose-dependent cardiotoxic effects. The current study aims to ameliorate
the toxicity of DOX on female Wistar rats by using different treatment regimens with Bone
marrow-derived mesenchymal stem cells (BM-MSCs). Female Wistar rats were divided into
seven Groups, two non-treated groups; a control group, and a DOX non-treated, the other
groups were treated with a single dose of BM-MSCs after 2, 24, 48, and 72 h of DOX injection,
and one group was treated with equally fractionated BM-MSCs doses at 2", 24™ 48" and
72" h after DOX treatment. Results revealed that early treatment with BM-MSCs increased
liver protection which was confirmed by biochemical markers analysis as well as improved
renal functions by restoring levels of urea and creatinine to normal levels and ameliorating
pathological damage, cardiomyocyte apoptosis, and fibrosis in rat myocardial tissues. These
results promote the use of BM-MSCs, which would be a preferable choice for patients receiving
DOX. The fractionated group takes priority of the effective results in treating the toxicities
of DOX over the rest of the treated groups. 2 and 24-hour treated groups come in 2nd place.
Finally, 48 and 72-hour treated groups occupy the last place in effectiveness.

Key words: Mesenchymal stem cells; Doxorubicin; Wistar rats; Liver functions; Kidney
functions; Histopathology.

Introduction multiple forms of regulated cell death involving
apoptosis, necroptosis, autophagy, pyroptosis,

Doxorubicin (DOX) is an anthracycline antibiotic and ferroptosis [3].

used for the treatment of solid tumors (e.g., breast,

gastrointestinal, and ovary) and hematologic Stem cell-based therapy is a promising
malignancies (e.g., leukemia and lymphoma). technique for doxorubicin-induced toxicity.
However, usage of DOX has been restricted Although it remains in preclinical studies,
due to common toxicities; nausea, vomiting, many researchers have examined the role of
extravasation, —myelosuppression, mucositis, regenerative medicine as an alternative therapy to
diarrhea, alopecia, hyperpigmentation of nails, heart transplantation [4] [5].

and the worst of all refers to cardiotoxicity
which leads to irreversible cardiomyopathy

and Congestive Heart Failure (CHF) besides self-renewing progenitor and immune evasive
nephrotoxicity and hepatoxicity [1] cells that exert therapeutic modality and have

various properties that make them an adequate

MSCs or stromal cells are adult, multipotent,

Mechanisms of doxorubicin-induced toxicity choice for the treatment of cardiac dysfunction
are multifactorial, including oxidative stress, including doxorubicin-induced toxicity; these
disruption of iron metabolism (iron overload), properties include many items like; MSCs secrete
calcium homeostasis dysregulation [2], and multi-functional trophic (regenerative) factors
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that mediate cell communications, regulate cell
differentiation and proliferation, and also have
anti-inflammatory  properties via producing
hormones, extracellular vesicles (paracrine
factors are secreted in encapsulated lipid
bilayers), cytokines, interleukins, and growth
factors that are participated in the process of
cardiac remodeling through inhibiting fibrosis
and cell death, stimulating vascularization,
promoting tissue remodeling and repair and
promoting wound healing [6] [7]. Besides, MSCs
can improve cardiomyocyte survival because
they can enhance C-kit+ cell differentiation
and proliferation. Improving cardiac efficiency
through antifibrotic effects and neovascularization
features. In addition, MSCs inhibit oxidative
stress by controlling the redox microenvironment
and subsequently suppress apoptosis induced by
reactive oxygen species (ROS) [8].

The therapeutic efficiency of MSCs
is furthermore identified with a potential
suppressive immunological effect, that can
enhance the capability of pharmacological
prophylaxis to prevent transplant rejection. Such
an immunosuppressive effect nominates MSCs
as a promising therapeutic candidate for graft-
versus-host disease, multiple sclerosis, Crohn’s
disease, and inflammatory kidney disease [9].

Several reports have demonstrated that
MSCs can be isolated from the bone marrow
(BM), adipose tissue, dental pulp, cervical
tissue, placentae, muscle tissue, lung, synovial
membranes, and umbilical cord blood. In this
study, we have focused on bone marrow-derived
mesenchymal stem cells (BM-MSCs), which are
widely utilized in several cell-based therapies due
to their great isolability, and survival capacity
after transplantation [10].

The effectiveness of the treatment with BM-
MSCs can be due to several factors, including the
protocols used for the manipulation of the MSCs,
which may influence the viability and therapeutic
potential of the cells, the route of administration
used to transplant them, besides the intrinsic
differences in functional cardiac parameters and
severity among participants [11].

Many studies proved that local or systemic
injections with BM-MSCs enhanced cardiac
functions, and ameliorated myocardial fibrosis,
and the inflammatory response [12] [13].

This study investigates the role of BM-MSCs
with different regimen strategies in recovering
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hepatic and renal functions and restoring the
altered cardiac histoarchitecture after the induction
of toxicity by DOX in adult female Wistar rats.

Materials and Method

1. Chemicals

Doxorubicin  hydrochloride (Adricin 50
mg/25 ml) was purchased from (Ebewe Pharma,
Australia), thiopental sodium 500 mg was
purchased from (Eipico) forinduction of anesthesia
in rats, neutral buffered formalin (10 %) was
prepared in our lab, Dulbecco’s modified Eagles
medium (DMEM, with Glucose and L-Glutamine)
(Serana, Europe), fetal bovine serum (FBS)
(Pan biotech, Germany), (Pen/strep) penicillin-
streptomycin (10,000 U/ml penicillin-10 mg/ml
streptomycin) (PAN biotech, Germany), Trypsin/
ethylenediaminetetraacetic acid (EDTA) (0.05
% /0.02 in Phosphate buffer saline (PBS) (PAN
biotech, Germany), Trypan blue dye 0.4 % (Lonza,
Switzerland), Sodium chloride 0.9 % (Normal
saline) (El-Nasr for Pharmaceutical Chemicals
Co. Abu Zaabal. Egypt), absolute ethanol: used
to prepare graduated ethanol (50, 70, 95 and 100
%), Paraffin wax: used for tissue blocking, 10 %
formalin saline: used for tissue fixation, xylene
as clearing agent, Hematoxylin and Eosin stains
(H&E).

2. Experimental Animals

A total of 70 healthy adult female Wistar
rats were included in the experiment, weighing
160 +£10 gm, purchased from (El-Nile Co. for
Pharmaceuticals and Chemical Industries. Cairo.

Egypt).

The animals were housed in metal steel cages
and kept at a controlled temperature and 12 h
light/12 h dark cycle throughout the experiment
with a standard rat chow diet and water ad libitum.
The study design and methods were approved by
the ethics committee for animal experimentation
at the Faculty of Pharmacy, (Boys), Al-Azhar
University (Azhar-Pharmacy- 2023-010).

3. Preparation and injection of BM-MSCs

Sterile syringes are used to extract bone
marrow from the femurs, which are excised from
young female Wistar rats.

Bone marrow is flushed using isolation
medium which is a mix of: Dulbecco’s modified
Eagles medium (DMEM, with Glucose and
L-Glutamine) supplemented with 20 % fetal
bovine serum (FBS) and (Pen/strep) Penicillin-
streptomycin (10,000 U/ml penicillin-10mg/ml
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streptomycin) and this flushing is repeated until
the marrow is removed and pipetted repeatedly
to produce a single-cell suspension and the bone
appears pale. Pipet this cell suspension through
a nylon mesh filter (100 um, Falcon®) to remove
any muscle or bone spicules and remaining
clumps. Resuspend the strained medium in fresh
growth medium (89 % DMEM containing 10 %
FBS and Pen/strep) and plate in a T50 flask [14].

Cells are preserved at 37°Cina 5 % CO, steri-
cycle incubator. Non-adherent cells are removed
carefully via replacing fresh medium every
2-3 days until tissue culture reaches 80-90 %
confluence and is ready to be passaged (typically,
confluency is achieved on the 7% day). When the
primary culture becomes nearly confluent, the
culture is treated with PBS (phosphate buffered
saline) and cells are trypsinized with 0.25 %
Trypsin/ethylenediaminetetraacetic acid (EDTA)
(0.05 %/0.02) for 10 min at 37°C [15].

After centrifugation at (2400 rpm for 20
min) and pellet to culture, cells are suspended
in DMEM and FBS and incubated in another
culture flask, the resulting culture is considered
the 1% passage. In our study, 2" passage is used
in which a purified population of BM-MSCs can
be obtained 2 weeks after the commencement of
culture [16].

After 2 cell culture passages, BM-MSCs were
washed nearly 6 times with PBS and then treated
with trypsin for 2 minutes. To generate a single-
cell sheet, the cells were washed 3 times with
DMEM then counted and prepared for injection.

Cell viability testing:

The viability of the MSCs was assessed by a
trypan blue dye exclusion assay; which includes
diluting the dye with PBS (0.4 % trypan blue/PBS)
and then adding cell culture to an equal volume of
diluted dye in a manner that depends on whether
viable cells possess intact cell membranes and are
excluded from the dye, while non-viable cells will
have a blue cytoplasm [17].

Characterization of BM-MSCs:

MSCs are characterized by their adhesiveness
to plastic and fusiform shape which is detected
by an inverted microscope (Leica) and counted
by hemocytometer then the cells are prepared for
injection [18].

4. Experimental design protocol
After acclimatization, the rats were randomly
divided into 7 groups (n=10) as follows:

Group C (control):

n=10 rats were injected with 0.1 ml of normal
saline intra-peritoneal (IP) for two weeks and
served as the normal control group.

Sixty rats were intravenously injected in
the tail with a single dose of 16 mg/kg (IV) of
DOX for the induction of acute cardiotoxicity.
This schedule has been previously found to be
consistent and reproducible for DIC (doxorubicin-
induced cardiotoxicity) [19]. They were divided
later into the following groups.

Group D (DOX):
n=10 rats that received DOX and were kept
without treatment.

Treated groups (DOX-MSC groups). divided into
subsequent 5 subgroups:

Group I: DOX (2 h-MSCs):

n=10 rats that received DOX as group D and after
2 h they were injected with BM-MSCs as a single
dose of 1x10° cells/rat.

Group II: DOX (24 h-MSCs):

n=10 rats that received DOX and after 24 h, they
were injected with BM-MSCs as a single dose of
1x10° cells/rat.

Group III: DOX (48 h-MSCs):

n=10 rats that received DOX and after 48 h, they
were injected with BM-MSC:s as a single dose of
1x106 cells/rat.

Group IV: DOX (72 h-MSCs):

n=10 rats that received DOX and after 72 h, they
were injected with BM-MSCs as a single dose of
1x106 cells/rat [20] [21].

Group V: DOX (4 fractionated doses of MSCs):
n=10 rats that were DOX pretreated like before
and were injected with BM-MSCs started after
2,24, 48, and 72 h of DOX administration (Each
rat was injected with 250,000 MSC/time) as
accumulated 4 doses.

BM-MSCs are intravenously injected into
the tail vein of rats by a single dose of (1x10°
cells/ml) for treated groups (I, II, III, and 1V)
and fractionated as 4 successive doses for group
V; each dose equals 250,000 cells/ml. The time
points were selected based on pharmacokinetic
studies that exhibited that the average half-life
of DOX lies between 12-48 h and due to acute
cardiotoxicity, it emerges between 48-72 h [22],
Figure (1) demonstrates a schematic representation
of the experimental groups of this research.
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Fig. 1. The schematic diagram of experimental animal design.

5. Collection of blood samples

All rats were anesthetized with a single
intravenous injection of thiopental sodium (15 mg/
kg b.w.) and the blood samples were withdrawn
from the orbital plexus, using heparinized
micro-capillaries [23]. Samples were allowed to
clot for 30 minutes at room temperature before
centrifugation. The serum was separated using
a high-speed centrifuge at 4000 rpm for 10 min
at 4°C, then the top yellow serum layer was
pulled gently by a sterile pipette and prepared for
analysis [24].

6. Assessment of serum biochemical markers

The separated serum samples were used
to estimate levels of liver enzymes such as
alanine aminotransferase (ALT), and aspartate
aminotransferase (AST). Besides kidney functions
urea and creatinine levels were examined.
These markers were measured using Epoch™
2 Microplate reader Spectrophotometer, USA,
according to the instruction of the experiment kits,
and executed by the colorimetric method using
a specific rat enzyme-linked immunosorbent
assay ELISA. All reagents were purchased
from a private Pharmaceutical Company (Bio
Diagnostics Co, Egypt).

7. Histological examination of cardiac tissue

The cardiac tissue samples that were isolated
from each group were fixed in 10% formalin, then
embedded in paraffin wax blocks, sections cut
(4-5 pm), and stained with hematoxylin and eosin
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[25]. The heart was cut into randomly transverse
sections (basal, middle, and apical), the sections
were examined under a light microscope, and then
photomicrographs were taken.

8. Statistical analysis

The collected data were computerized and
statistically analyzed using Graph Pad Prism®,
version 8.0.2(Graph Pad Software, USA).
Quantitative variables were demonstrated as
mean + SEM (Standard Error of Mean). To
evaluate the differences between the studied
groups, a one-way analysis of variance (ANOVA)
was performed because the data were normally
distributed, followed by Tukey-Kramer multiple
comparison tests. Statistical significance was
accepted at a level of p < 0.05.

Results

1. Characterization of BM-MSCs

Starting from small, round-shaped cells in
culture and changing into larger, spindle-shaped
cells with high differentiation and proliferation
capacity. By the end of 2nd passage in culture,
the cell population exhibited characteristic
adhesiveness and displayed fibroblast-like-
fusiform morphology, as shown in Figure (2).

2. Effect of BM-MSCs on Biochemical Assessments

Induction of acute toxicity with DOX has been
noticed by the marked elevation in the serum ALT
and AST levels as compared to the normal control
group. On the other hand, there is a mild, but
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not significant elevation in ALT and AST serum
levels among 2, 24, 48, and 72 h of treatment with
BM-MSCs and fractionated doses of BM-MSCs
for 4 consecutive times as in 2, 24, 48 and 72 h
when compared with the control group. There is a
non-significant reduction in ALT and AST serum
levels for BM-MSCs groups I, I1, I11, and IV when
compared to DOX treated group, whercas BM-
MSCs group V recorded a significant decrease
(p <0.05) in ALT and AST serum levels when
compared with DOX treated group.

However, renal toxicity has been observed after
DOX intravenous injection by significant elevation
of serum levels of urea and creatinine, as compared
to the normal control group. Administration of BM-
MSCs at 2, 24, 48, and 72 h groups and fractionated
group succeeded in restoring the serum levels of urea
and creatinine while the fractionated group showed
a significant amelioration among the all-different
treated groups; followed by Group I and II (2 and 24
h respectively) and finally came groups [T and IV (48
h and 72 h respectively) at the last line in alleviation
the tissue damage as presented in Figure (3).

Fig. 2. Photomicrograph of BM-MSCs culture stages, A; on the 1* day of culture, B; on the 3" day, C; at the end

of 1** week (bar scale =200 pm).
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Fig. 3. Effect of BM-MSCs on toxicity markers A; ALT, B; AST and renal function C; urea and D; creatinine parameters.
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TABLE 1. Effect of BM-MSCs on serum liver, and renal function parameters in DOX-treated female rats.

Group Biomarker |+ (U/m1) (I:l];/e(;ll) Creatinine (mg/dl)
Control 35.67+1.54 40.67+3.94 56.43+3.39 1.51+0.07
DOX 65.92+4.48* 84.59+7.342 209.5+6.70° 3.45+0.15°
I: 2h 44.43+4.85° 51.09£7.11° 79.93+£6.09° 1.89+0.08°
I1: 24h 45.42+5.02° 52.09+6.77° 100.2+7.842° 2.05+0.15%°
III: 48h 51.34+4.03 58.01+7.41 117.5+4.56%b< 2.22+0.04%°
IV:72h 48.224+4.46 63.89+7.50 156.0+3.06%P<de 2.59+0.032bc4d
V: fractionated 40.83+2.73% 48.83+2.73% 79.07+4.22bF 1.75+0.05%f
Data are presented as means + SEM, n 10, a: significantly different from the control group, b: significantly difterent from

the DOX group, c: significantly different from Group I, d: significantly different from Group II, e: significantly different

from Group III, f: significantly different from Group IV.

Effect of BM-MSCs on the histological features

The heart tissue of different groups of animals
was histologically examined and the results were
as shown in Figure (4).

Group C (control):

revealed normal cardiomyocyte architecture,
which shows a normal arrangement of cardiac
muscle fibers, central nuclei, regular cell
membrane, absence of vacuolation inside the
cells, normal blood vessels, and no inflammation,
Figure (4a).

Group D (DOX):

showed marked interstitial edema, perinuclear
vacuolation, inter-fibrillar hemorrhage,
disarrangement, and degeneration of myocardium,
Figure (4b).

Treated groups (DOX-MSC groups):
Group I: DOX (2 h-MSCs):

showed improvement in the histopathological
finding in the form of decreased edema between
muscle fibers, absence of hemorrhage, no
vacuolar changes, and normal arrangement of
muscle fibers, Figure (4c).

Group II: DOX (24 h-MSCs):

showed a  slight improvement in
histopathological findings in the form of moderate
interstitial edema, few perinuclear vacuolations,
no degeneration of muscle fibers, and no inter-
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fibrillar hemorrhage, Figure (4d).

Group III: DOX (48 h-MSCs):
displayed muscle hypertrophy and muscle
degeneration, Figure (4e).

Group IV: DOX (72 h-MSCs):

showed marked interstitial edema, perinuclear
vacuolation, inter-fibrillar hemorrhage,
disarrangement, and degeneration of myocardium,
Figure (4f).

Group V: DOX (fractionated):
showed the same histological findings as in
Group I (2 h-MSCs), Figure (4g).

These above results indicate that BM-MSCs
showed cardio protection against DIC.

Discussion

DOX induces cardiotoxicity, limiting
its beneficial use as chemotherapy. Acute
cardiotoxicity caused by DOX is detected
within three days of single-dose administration.
Reducing doses would obstruct the efficacy of
DOX and therefore bring about unsatisfactory
therapy outcomes [26].

The heart is highly susceptible to DOX
toxicity caused by oxidative stress and low
regenerative capacity, as it possesses both; the
highest content of mitochondria than any other
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Fig. 4. Transverse section photomicrographs of the heart for the seven groups; a: Group C (control group) showing normal
appearance of cardiac muscle fibers (X 100), b: Group D (DOX) with marked edema, perinuclear vacuolation,
hydropic degeneration (yellow arrow) inter-fibrillary hemorrhage (red arrow) and disarrangement with
hypertrophy of muscle fiber (X 200), c: Group I shows slight edema between muscle fibers, central nucleus and
normal appearance of muscle fibers. (X 100), d: Group II shows longitudinal with perinuclear vacuolation (yellow
arrow) (X 100), e: Group III shows a zone of dark red normal myocytes retaining their nuclei interrupted by pale
staining muscle showing cloudy degeneration ( X 100), f: Group IV shows marked inter-fibrillar hemorrhage
(yellow arrow), marked edema and disarrangement with hyper-eosinophilic of muscle fibers (X 200) and g:
Fractionated group (V) shows longitudinal cardiac muscle which returns to normal cellular appearance (X 100).

tissue, which is needed to confront the enormous
energy requirement for contraction and relaxation,
and lower levels of antioxidants enzymes such as
superoxide dismutase, catalase and peroxidase [8].

Due to oxygen deprivation, mitochondria fail to
supply the energy demand, and the myocardium is
shifted to anaerobic glycolysis to generate limited
energy. Oxygen deficiency results in a decrease in
nutrient availability and insufficient elimination
of metabolic waste products. This entire process
contributes to ischemic heart failure [27]. In
addition to cardiotoxicity, DOX can induce lethal
toxicity in other organs, including the liver, kidney,
and brain. DOX-induced liver impairment varies
from non-specific alterations in liver structure to
acute liver failure, cirrhosis, and an increase in
serum liver enzyme ALT as well as AST [28].

In our study, DOX significantly elevated ALT,
AST, urea, and creatinine serum levels, besides
the histological deteriorations of the cardiac
tissue, indicating hepatic, renal, and myocardial
injury and confirming cardiotoxicity.

The proposed regimens influenced in
restoration of almost the normal levels of
biomarkers for treated groups that administered
BM-MSCs at different durations.

The remarkable increase in serum ALT, AST,
and cardiorenal biomarkers urea and creatinine,
after DOX administration is correlated with the
previous studies which proved that the disruption
in cellular membranes of the renal and cardiac
tissues causing leakage of these cytosolic
components into the blood and subsequent
increasing their serum concentrations [29].

Prevailing evidence from various studies has
illustrated that DOX induces oxidative injury
in the heart, kidney, liver, brain, and testes [30]
which was confirmed in the current study through
biochemical and histological investigations.

The suggested treatment with multiple timings
of BM-MSCs significantly ameliorated the
oxidative-induced damage [31].
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Thepresent work indicated the cardioprotective
potential of BM-MSCs in female Wistar rats
against DIC with its different regimens of BM-
MSCs intravenous administration that succeeded
in mitigating these acute toxicities through their
direct cytotoxic radical scavenging activities and
lipid peroxidation inhibition.

Our study also demonstrated DOX-induced
liver toxicity based on the increment in levels of
serum ALT and AST in the untreated DOX group
versus the control one. The increase in these
indices of liver markers may be due to an increase
in the apoptotic processes in the hepatocytes
which are the main target for reactive oxygen
invasion [32].

An abnormal increase in these hepato-specific
markers in serum indicates damage to hepatic
cells, altering the permeability of the damaged
cell membrane. Hence, enzymes are released from
the cells into the bloodstream [33]. Both ALT and
AST enzymes are abundant in the heart and liver;
thus, their marked elevations have been correlated
with both myocardial infarctions and liver injury.

Also, it was suggested that DOX-induced
elevations of ALT and AST levels may contribute
to hepatic cell death induced by the oxidative
stress that causes leakage of hepatic and cardiac
cytosolic enzymes. Conversely, different treated
groups with BM-MSCs have significantly
decreased serum ALT and AST compared to the
DOX group [34].

These outstanding results may be due to the
capacity of BM-MSCs as anti-inflammatory and
antioxidant agents via catching and deactivating
the free radicals that prevent hepatic damage, as
previously mentioned.

In the current study, data indicated that DOX
induced an increase in urea and creatinine levels.
These results are compatible with previous
research that proved DOX-induced nephrotoxicity
in normal rats [35].

They demonstrated that leakage appeared
in the injured kidney, and the levels of urea and
creatinine serum in the BM-MSCs treated groups
were found to be significantly lower than the
DOX group, showing notable protection to the
kidney tissues.

Besides, DOX-induced renal injury may be
triggered by the production of mitochondrial
reactive oxygen species (ROS) and membrane lipid
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peroxidation, then by inflammatory influences
that cause increased capillary porousness and
glomerular shrinkage [36].

The treatment with BM-MSCs with its
different regimens after DOX administration
caused significant amelioration in all previous
biomarkers compared to the DOX group,
indicating that BM-MSCs helped restrict the
leakage of the enzymes and maintain membrane
integrity. They also inhibit the iron-dependent
production of free radicals, increasing their
scavenging action and, therefore, norming lipids
and preventing lipid oxidation.

When we compared the different treatment
groups based on time trials, we discovered a
significant resemblance between the healthy
control group and the fractionated group,
indicating that DOX nearly did not induce
any side effects. This means that BM-MSCs
transplantation has its effect through an indirect
paracrine effect, while direct differentiation to the
cardiomyocytes does not occur.

Hence, it can be hypothesized that this
paracrine effect would be augmented if repeated
doses of BM-MSCs were transplanted. This
assumption is supported by previous studies that
admitted that double doses of MSCs have greater
effects than one single dose administration [37].

On the other side, 2 and 24-h groups exhibited
marked significantly when compared to 48 and
72-h groups; this led us to another hypothesis that
the earlier the BM-MSCs administration, the better
the outcomes. As the BM-MSCs can perform their
therapeutic and regenerative potential with much
greater efficacy without interruption, the role of
DOX as an anti-cancer drug is the main purpose
of the study.

Conclusions

The current study highlights the importance
of BM-MSCs in amelioration the effects of DIC
and points out the potential protective roles of
different regimens in treated groups via using
different protocols of BM-MSCs through 2, 24,
48, 72-h and fractionated doses of BM-MSCs
administration. Besides, this work showed that
the effect of BM-MSCs work in a parallel mode
with DOX without inducing any side effects or
corrupting its role as an anticancer drug.

Results approved the efficacy of 3 groups of
BM-MSCs administration (fractionated, 2, and
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24-h groups) after DOX treatment; thus, it is
highly recommended for early treatment using
BM-MSCs. Preclinical studies should be further
investigated.

Data Availability Statement

The original contributions presented in the
study are included in the article, further inquiries
can be directed to the corresponding author.

Conflict of Interests

The authors declare that there is no conflict
of interest regarding the publication of this
article.

Sources of Funding

This research did not receive any special grant
from funding agencies in the public, commercial,
or not-for-profit sectors.

Acknowledeoments

This research has no acknowledgments.

References
1.Silva Dos Santos, D., et al., Embryonic stem
cell-derived cardiomyocytes for the treatment of
doxorubicin-induced cardiomyopathy. Stem Cell
Res Ther, 2018, 9(1), p. 30.

2. Qin, Y., et al., The role of iron in doxorubicin-
induced cardiotoxicity: recent advances and
implication for drug delivery. 2021. 9(24), p. 4793-
4803.

3. Liu, Y, et al., Acyl-CoA thioesterase 1 prevents
cardiomyocytes  from Doxorubicin-induced
ferroptosis via shaping the lipid composition. 2020.
11(9): p. 1-14.

4. Petrosyan, A., et al., Regenerative medicine
technologies applied to transplant medicine. An
update. Front Bioeng Biotechnol, 2022. 10: p.
1015628.

5. Nasser, M.L, et al., Current situation and future of
stem cells in cardiovascular medicine. Biomedicine
& Pharmacotherapy, 2020. 132: p. 110813.

6. Gnecchi, M., et al.,, Paracrine mechanisms of
mesenchymal stem cells in tissue repair. 2016: p.
123-146.

7. Correia, C.D., et al., Human Stem Cells for Cardiac
Disease Modeling and Preclinical and Clinical
Applications&mdash;Are We on the Road to
Success? 2023.12(13): p. 1727.

8. Abushouk, A.L, et al., Mesenchymal Stem Cell

Therapy for Doxorubicin-Induced Cardiomyopathy:
Potential Mechanisms, Governing Factors, and
Implications of the Heart Stem Cell Debate. Front
Pharmacol, 2019. 10: p. 635.

9. Singh, J. and S. Singh, Review on kidney diseases:

types, treatment and potential of stem cell therapy.
Renal Replacement Therapy, 2023. 9(1): p. 21.

10. Szydlak, R.J.A.B.P., Mesenchymal stem cells’
homing and cardiac tissue repair. 2019. 66(4): p.
483-489.

11. Semon, J., Mesenchymal stem cells in the treatment
of osteogenesis imperfecta. Cell Regeneration,
2023.12: p. 7.

12. Maliken, B.D. and J.D. Molkentin, Undeniable
Evidence That the Adult Mammalian Heart Lacks
an Endogenous Regenerative Stem Cell. 2018.
138(8): p. 806-808.

13. Miao, C., et al., 4 brief review: the therapeutic
potential of bone marrow mesenchymal stem cells
in myocardial infarction. Stem Cell Research &
Therapy, 2017. 8(1): p. 242.

14. Peterson, K.M., et al., Cardio Phenotypic Potential
of Mesenchymal Stem Cells. Curr Protoc, 2021.
1(3): p. e62.

15. N, A.S., et al., Factors enhancing the migration
and the homing of mesenchymal stem cells in
experimentally induced cardiotoxicity in rats.
TUBMB Life, 2017. 69(3): p. 162-169.

16. El-Derany, M.O. and S.G. AbdelHamid, Bone
Marrow Mesenchymal Stem Cells and Their
Derived Extracellular Vesicles Attenuate Non-
Alcoholic Steatohepatitis-Induced Cardiotoxicity
via Modulating Cardiac Mechanisms. Life (Basel),
2022. 12(3).

17. Strober, W., Trypan Blue Exclusion Test of Cell
Viability. Curr Protoc Immunol, 2015. 111: p.
A3.B.1-a3.B.3.

18. Chen, X., et al., Dynamic Tracking of Injected
Mesenchymal Stem  Cells after Myocardial
Infarction in Rats: A Serial 7T MRI Study. Stem cells
international, 2016. 2016: p. 4656539-4656539.

19. Sandamali,J.,etal., DOSE DEPENDENTCARDIAC
EFFECTS OF DOXORUBICIN IN WISTAR RATS:
A BIOCHEMICAL AND HISTOPATHOLOGICAL
ANALYSIS. International Journal of Pharmaceutical
Sciences and Research, 2019. 10: p. 2700.

Egypt. J. Biophys. Biomed. Eng., Vol. 24 No. 1 (2023)



94

ASMAA KHALED et al.

20.

21.

22.

23.

24.

Mao, C.,
human

et al., Intramuscular injection of

umbilical  cord-derived  mesenchymal
stem cells improves cardiac function in dilated

cardiomyopathy rats. 2017. 8(1): p. 1-10.

H.S., Umbilical cord blood-
mesenchymal stem cells and carvedilol reduce

Mousa, et al.,
doxorubicin-induced cardiotoxicity: possible role
of insulin-like growth factor-1. 2018. 105: p. 1192-
1204.

Sun, X.-P., et al., Scutellarin protects against
doxorubicin-induced acute cardiotoxicity and
regulates its accumulation in the heart. Archives of
Pharmacal Research, 2017. 40(7): p. 875-883.

Mostafa, R.E., N.M. Shaffie, and R.M. Allam,
Protective effects of royal jelly and Echinacea
against moxifloxacin-induced renal and hepatic
injury in rats. Drug and Chemical Toxicology,
2022: p. 1-10.

Kitchen, S., et al., International Council for
(ICSH)
recommendations for processing of blood samples

Standardization  in  Haematology

for coagulation testing. 2021. 43(6): p. 1272-1283.

25.

26.

27.

28.

29.

30.

Bancroft, J.D. and M. Gamble, Theory and practice
of histological techniques. 2008: Elsevier health
sciences.

Dulf, P.L., et al.,, Doxorubicin-induced acute
cardiotoxicity is associated with increased oxidative
stress, autophagy, and inflammation in a murine
model. Naunyn Schmiedebergs Arch Pharmacol,
2023.396(6): p. 1105-1115.

Poomani, M.S., et al., Mesenchymal Stem Cell
(MSCs) Therapy for Ischemic Heart Disease: A
Promising Frontier. Glob Heart, 2022. 17(1): p.
19.

Awadalla, A., et al., Hepatoprotective Effects of
Hyaluronic Acid-Preconditioned Bone Marrow
Mesenchymal Stem Cells against Liver Toxicity via
the Inhibition of Apoptosis and the Wnt/&beta,-
Catenin Signaling Pathway. 2023. 12(11): p. 1526.

Khedre, D., et al., Propolis Protective Effects
Against Doxorubicin-Induced Multi-Organ Toxicity
via Suppression of Oxidative Stress, Inflammation,
Apoptosis, and Histopathological Alterations in
Female Albino Rats. Biointerface Research in
Applied Chemistry, 2021. 12: p. 1762-1777.

Pugazhendhi, A., et al., Toxicity of Doxorubicin
(Dox) to different experimental organ systems. Life
Sciences, 2018. 200: p. 26-30.

Egypt. J. Biophys. Biomed. Eng., Vol. 24 No. 1 (2023)

31.

32.

33.

34.

35.

36.

37.

Lei, B., et al., Exosomal Micro-RNA-96 Derived
From Bone Marrow Mesenchymal Stem Cells
Inhibits Doxorubicin-Induced Myocardial
Toxicity by Inhibiting the Racl/Nuclear Factor-
kB Signaling Pathway. ] Am Heart Assoc, 2021.
10(17): p. €020589.

Saleh, D.O., et al., Doxorubicin-induced hepatic
toxicity in rats:. Mechanistic protective role of
Omega-3 fatty acids through Nrf2/HO-1 activation
and PI3K/Akt/GSK-3f axis modulation. Saudi J
Biol Sci, 2022. 29(7): p. 103308.

Kuzu, M., et al., Protective effect of morin on
doxorubicin-induced hepatorenal toxicity in rats.
Chem Biol Interact, 2019. 308: p. 89-100.

Sikandar, A., et al.,
Trimetazidine

Protective  Effects Of
Against  Doxorubicin-Induced
Cardiotoxicity And Hepatotoxicity In Mice. J Ayub

Med Coll Abbottabad, 2020. 32(3): p. 304-309.

Abd-Ellatif, R.N., et al., Adrenomedullin Mitigates
Doxorubicin-Induced Nephrotoxicity in Rats: Role
of Oxidative Stress, Inflammation, Apoptosis, and
Pyroptosis. Int ] Mol Sci, 2022. 23(23).

Ikewuchi, C.C., M.O. Ifeanacho, and J.C. Ikewuchi,
Moderation of doxorubicin-induced nephrotoxicity
in Wistar rats by aqueous leaf-extracts of
Chromolaena odorata and Tridax procumbens.
Porto Biomed J, 2021. 6(1): p. €129.

Attar, A., et al., Single vs. double intracoronary
injection of mesenchymal stromal cell after acute
myocardial infarction: the study protocol from a
randomized clinical trial: BOOSTER-TAHA?7 trial.
Trials, 2022. 23(1): p. 293.



POSSIBLE AMELIORATIVE EFFECTS OF DIFFERENT TREATMENT REGIMENS USING BONE ... 95

ALY pLAdll Lo dad) LDIAY afaddialy AAlE) & Mad) usf‘g Alaiaall dybuantl) V)
Gl Al &U!@MJJJMSJJS\ e (e ddaluad) Asadd) G

"opaia daaa daal Ao dana B el T S i M JlaS Gl QA slasd
RV e an () ol S — (o bl o SV el (24) sl S oLyl o8
L - pai Ande - a3V drala - () Aapall A0S - o el

oMl 5 e il el Basan) 4l il e J gl Conn iy (ol o 3 o 0 M
e Jie il e pud) lslime ol il RSl LD e b 5 Siad) 7l 5 Cirgiasal
o B e pe N (oo il 55 ddle J peandl Al send Al o yall alanal Jia¥) dad) Jlay anss 5 ) 9o 53

Aaklad i 3aadll cile jall e sadinall dia)

NS 553 1 plakinly el 1 U e s S5 B S ) Bl Bl s
 oalaall gL e daliival) das gl Ao 3ad) LAY Gy sk e Dbl dilise

rle gane ao (M ) el i o

Leia amy 4800 Al e gamall g Aallaall 58 a5 ) S 5all A sanay Alaliall de sanll
L}A:M:LJVV ¢ EN YL Y ‘\"‘"gs“s JLSJSJMSAU):\L) ) u‘)ﬁ&gd‘)ﬂ%)mwayeuw.\))}ﬁ)ﬂb
Ao dS e € e e Jall DA e ja i de sana (8 B ) Ao gamall 5 (s 5 )5S 3l (i
DS ke a) Leiad

Aen 545 8 Lgdlad adiadl AT (pe alitiod A ) e Sl LDANL & 3al) s ekl
gla i) ik e ASI (a5 (e s Liay) 5 AilaasS sl SO J3A (e WSS 3 )5 2
G LA ey a1 A Juli5 (8 Cae s LS dAgrplall agil siuse (I il S5 L) sl <l S 58
Ao sl 5 sl laill L yeda) Al

LA im0 5 0 Aaliys Al sl Lo dal) LAY A0sil e Cindl (e Falitndl il
Joally Sl ol 5 Ao jad) el J5S55 5 WS debis YE 5 (el Gau gy s 53l (s 2y de )
e g 58 5l laad Gplalaiall Gl judl aa jad LA

Egypt. J. Biophys. Biomed. Eng., Vol. 24 No. 1 (2023)



