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Abstract: Preconditioned mesenchymal stem cells (MSCs) represent an advanced method to
overcome the challenges related to their survival rate, differentiation, and activity maintenance. L-
carnitine has demonstrated antioxidant and anti-apoptotic effects on injured cardiac cells. However,
limited research has been conducted to explore their combined effect on cardiac tissue injury.
Therefore, the present study aimed to conduct a comparative and comprehensive study
investigating the role of L-carnitine-pre-treatment on the immunomodulation of inflammation,
apoptosis, and differentiation of MSCs and their impact on cardiac toxicity induced by Doxorubicin
(DOX). Rats were divided into group I (control), group II (DOX), group III (DOX+MSCs), group IV
(DOX+L-carnitine), group V (DOX+L-carnitine pre-treated MSCs). CK-MB, troponin I, MDA, and
catalase levels were improved in the treated groups (III, IV, and V). The degeneration and necrosis
of the cardiomyocytes were reduced in the treated groups. They regained their normal architecture
in the L-carnitine pre-treated MSCs group. These findings were augmented by analyzing the
immunomodulators; NF-k(3, TNFa, and IL-1(, the proliferative indicators Ki-67, and hsp90, the
cardiac differentiation marker TH and the apoptotic regulators; caspase 3 and Bcl2. These results
demonstrate the optimal regenerative and therapeutic effects of L-carnitine pre-treated MSCs
representing an efficient tool for future stem cell therapy.

Keywords: inflammation; tissue regeneration; apoptosis; ischemic heart disease; cell proliferation

1. Introduction

Cardiovascular diseases are recognized as the leading causes of morbidity and mortality
globally [1,2]. The worldwide incidence rate of myocardial infarction is very high and continues to
rise each year [3,4]. The treatment of myocardial infarction primarily relies on swift reperfusion and
reopening of the blocked vessels to save injured cardiomyocytes, reduce infarct size, and restore
myocardial tissue [5-7]. Cancer drug therapy is one of the principal sources of cardiac side effects
and cancer therapy-related cardiac dysfunction (CTRCD) [8-10]. One of these chemotherapeutic
drugs is Doxorubicin (DOX). DOX is an effective anthracycline-wide-ranging chemotherapeutic drug
that has garnered significant attention. It is used to treat multiple types of cancer, such as breast and
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oesophageal cancers, Kaposi’'s sarcoma, osteosarcoma, acute lymphocytic leukemia, bladder cancer,
and Hodgkin’s and non-Hodgkin’s lymphomas [11-13]. However, it is considered a mixed blessing
because of its severe dose-dependent cardiotoxicity. The toxicity of DOX damages the cardiac muscle
fibers and eventually results in pathological dilated cardiomyopathy [14,15]. The dilated cardiac
chambers significantly reduce the ventricular ejection fraction (EF). Consequently, it affects the
contractile function and leads to heart failure [16,17]. The cardiac muscles are particularly vulnerable
to DOX toxicity due to their high mitochondria-to-cardiomyocyte ratio, which increases susceptibility
to oxidative stress [18-20]. Doxorubicin induces vascular endothelial damage. The main mechanism
underlying this toxicity involves the overproduction of reactive oxygen species (ROS). This excessive
ROS generation can produce mitochondrial dysfunction, harming the vascular endothelium [21,22].
Endothelial cell injury is associated with subsequent infiltration of leukocytes and secretion of
cytokines such as interleukin (IL)-1p, IL-6, and tumor necrosis factor-a (Tnf- a) [23,24]. These
cytokines have important functions in the body’s immune response, such as activating and recruiting
leukocytes to areas of inflammation. However, excessive production of these cytokines can produce
an intensified inflammatory response, potentially causing cardiac tissue damage. In addition, DOX
produces overexpression of nuclear factor kappa-B (NF-xf) and reduction of the antiapoptotic
protein; B-cell lymphoma 2 (Bcl2) which stimulates the apoptotic cascade [25,26].

Recent research indicates that mesenchymal stem cells (MSCs) have the potential to improve the
regeneration of injured cardiomyocytes. Beyond their ability to proliferate and differentiate, MSCs
can also generate several immunoregulatory factors that modulate the inflammation and immune
responses in the cardiac microenvironment that directly initiate the therapeutic process [27-29].
However, targeted migration, low survival rates, poor differentiation, and sustaining MSC activity
in the injured tissue pose significant challenges that impact their effectiveness as a regenerative
therapy. The number of cells and passages, culture conditions, delivery methods, chemo-attractants
released from damaged tissue, host conditions, effective inter-cellular communication, and the
microenvironment of injured tissue collectively influence the homing, survival, bioavailability, and
effectiveness of MSCs. Several studies suggested that alterations in the microenvironment of the
injured region, including oxidative stress, hypoxia, acidosis, inflammation, and insufficient nutrients
hinder stem cells from effectively engaging in the regeneration processes [30-32]. To address these
limitations, recent research recommends employing a strategy known as “cell preconditioning.” Cell
preconditioning stands out as a promising modality that enhances the tolerance and therapeutic
capacity of transplanted cells, using specific non-stress-inducing agents, such as drugs, cytokines,
chemokines, growth factors, and various biological mediators, that initiate numerous signaling
pathways to assist stem cells at the site of injury [33-35]. One of these preconditioning factors is the
L-carnitine.

L-carnitine (3-hydroxy-4-N-trimethylammonium-butyrate), an amino acid derivative and a
potent antioxidant, exerts various biological effects. It is crucial for the B-oxidation of fatty acids in
mitochondria to produce adenosine triphosphate, which also plays a significant role in various
mitochondrial functions [36,37]. Recent studies investigated the therapeutic efficacy of
preconditioning of MSCs with L-carnitine in the field of regenerative medicine [38]. Fathi et al. [39]
detected that L-carnitine can enhance neurogenesis from MSCs through the Wnt/(-catenin and PKA
signaling pathways. L-carnitine extends the life span of MSCs, reduces population doubling time and
aging, enhances fatty acid metabolism, and decreases lipid peroxidation. These findings were
reported by Mobarak et al. [40] when evaluating the effects of L-carnitine on the proliferation and
aging of MSCs derived from rat adipose tissue. L-carnitine has been investigated for its potential
protective effects in heart ischemia-reperfusion injury. It reduced the levels of proinflammatory
cytokines and restored the expression of antioxidative genes such as SOD1, SOD2, and SOD3. It
significantly lowered elevated Bax expression and caused an increase in Bcl-2 expression, leading to
a favorable adjustment in the Bcl-2/Bax ratio [41]. Additionally, L-carnitine plays multiple protective
roles against cardiac injury in isoprenaline-treated myocardial infarction rat models by suppressing
oxidative stress by reducing ROS and enhancing endogenous antioxidant enzyme functions. In
addition, it demonstrated significant cardioprotective effects as evidenced by decreased infiltration
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of inflammatory cells and the inhibition of TNF-a and IL-1f [2]. Other studies explored the anti-
apoptotic effects of L-carnitine in heart failure. L-carnitine inhibited pro-apoptotic protein expression
such as caspases, decreased levels of TNFa and its second messenger sphingosine, and reduced the
number of apoptotic myonuclei [42]. Although most studies explored the beneficial effects of L-
carnitine against cardiotoxicity through its anti-inflammatory, antioxidant, and antiapoptotic
influence, limited research has been conducted to investigate the effects of pre-treatment of MSCs
with L-carnitine and their combined impact on cardiac tissue injury.

2. Materials and Methods
2.1. Preparation, Labeling, and Pre-Treatment of MSCs

Bone marrow (BM)-MSCs were isolated and cultured at the Biochemistry and Molecular Biology
Unit, Faculty of Medicine, Cairo University. Bone marrow was collected by flushing the femurs and
tibiae of 6-week-old male rats with DMEM (Sigma, St. Louis, MO, USA, D5796) supplemented with
10% fetal bovine serum (Sigma, St. Louis, MO, USA, F6178). The cells were layered over Ficoll-
Hypaque (Sigma, St. Louis, MO, USA, F8016) in sterile conical tubes at a 2:1 ratio and then centrifuged.
The nucleated cells were isolated and resuspended in a complete culture medium supplemented with
1% penicillin-streptomycin (Sigma, St. Louis, MO, USA, P4333). The primary culture was maintained
by incubating the cells at 37 °C in 5% humidified CO2 for fourteen days, with the media completely
replaced every four days. Once the cells reached 80% confluence and large colonies had formed, the
cultures were washed twice with PBS (Sigma, St. Louis, MO, USA, P5493). The cells were then
trypsinized using 0.25% trypsin (Sigma, St. Louis, MO, USA, T1426) in 1 mL EDTA (Sigma, St. Louis,
MO, USA, E6758) for five minutes at 37 °C and centrifuged at 2400 rpm for 20 minutes. For the first
passage, the cell pellets were suspended and incubated in 25 cm? culture flasks. MSCs were identified
based on their morphology, adherence, expression of surface markers (positive for CD34, CD45,
CD90, and CD105), and their ability to differentiate into osteocytes and chondrocytes. The MSCs were
labeled with PKH26, a red fluorochrome, following the manufacturer’s instructions (Sigma, St. Louis,
MO, USA) for in vivo cell tracking. Cell viability was assessed by mixing the cell suspension with 0.4%
trypan blue stain in a 1:1 ratio. Under a phase contrast microscope, viable cells appeared shiny and
unstained [43-45]. 10mM of L-carnitine (Sigma Chemical Company; St Louis, Moment, USA) were
added to the stem cells. BM-MSCs were centrifuged and labeled with fluorescent PKH26 (Sigma,
USA, MIDI26) for cell tracking after injection [38].

2.2. Experimental Animals

Fifty male Sprague Dawley rats were utilized in the current work. The rats weighed from 200 to
250 g. Two weeks for an acclimatization period were given to the rats before the start of the
experiment. Access to food and water ad libitum were provided to the animals at room temperature.
The experimental animals were handled following the international guidelines for the care and use
of laboratory animals. The research proposal was accepted (approval number 23-67-04) by the
Committee of Research Ethics, Deanship of Scientific Research, Qassim University. The experimental
animals were randomly divided into five groups (with 10 rats in each group):

Group I (control group): 0.5 ml saline intraperitoneal (I.P.) weekly

Group II (Doxorubicin):.5 mg/kg I.P. Doxorubicin (Sigma Chemical Company; St Louis, Moment,
USA) weekly [46].

Group III (Doxorubicin and BM-MSCs): 5 mg/kg L.P. Doxorubicin weekly and one systemic
injection (through the caudal vein) of stem cells (1 x 10¢) diluted in 0.5 ml of PBS once on day one [43].
Group IV (Doxorubicin and L-carnitine): 5 mg/kg I.P. Doxorubicin weekly and oral L-carnitine (100
mg/kg) daily (Sigma Chemical Company; St Louis, Moment, USA) [2].

Group V (Doxorubicin and BM-MSCs pre-treated with L carnitine): Doxorubicin and one systemic

injection (through the caudal vein) of stem cells pre-treated with L carnitine (1 x 106) diluted in 0.5 ml
of PBS once on day one.
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2.3. Biochemical Assays

Blood samples were collected six hours after Doxorubicin administration by retro-orbital plexus
technique with capillary glass tubes. The collected blood samples were analyzed for serum cardiac
marker enzymes; creatine kinase-myocardial band (CK-MB) and troponin I [47]. At the end of the
experiment, on the 28th day, blood samples were collected for enzyme-linked immunosorbent assay
(ELISA) investigations. Sandwich ELISA kits (Cloud-Clone Corp., Texas, USA) were used for the
assessment of the levels of the apoptotic factor, caspase 3 [48], and the inflammatory and immune

regulators, nuclear factor kappa beta (NF-kf3) [49] and IL 1b [50].

2.4. Assay of Cardiac Lipid Peroxide Malondialdehyde (MDA) and Antioxidant Enzyme Catalase

The experimental rats received 40 mg/kg pentobarbital I.P. for euthanasia and the heart of each
rat was dissected. The cardiac specimens were utilized for colorimetric assessment of lipid peroxide
malondialdehyde (MDA) (catalog number MD 25 29) and antioxidant enzyme catalase (catalog
number CA 25 17) using the thiobarbituric acid method and H202 respectively. The biodiagnostic
kits were used following the manufacturer’s instructions [51,52].

2.5. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

Cardiac samples (0.2 mg) were homogenized in PBS (pH 7.4) using a TissueLyser (Qiagen,
Hilden, Germany) and then centrifuged at 8000x g for 20 minutes. Total RNA was extracted following
the manufacturer’s protocol using the RNeasy Mini Kit (cat. no. 217004, Qiagen, Hilden, Germany).
cDNA was synthesized through reverse transcription using the QuantiTect Reverse Transcription Kit
(cat. no. 205311, Qiagen, Hilden, Germany) [53]. The gene expression for tumor necrosis factor-alpha
(TNF-a) and B-cell lymphoma 2 (Bcl2) levels was amplified from cDNA using the QuantiTect SYBR
Green PCR Kit cat no: 204141 (Qiagen, Germany) and the QuantiTect primer assays cat no: 249900
[(Rn_Tnfrsfla_1_SG QuantiTect Primer Assay, ID QT00388346), and (Rn_Bcl2_1_SG QuantiTect
Primer Assay, ID QT00184863), using the housekeeping gene ACTB as the primer sequence. All
samples were analyzed with the 5-plex Rotor-Gene PCR Analyzer (Qiagen, Hilden, Germany)
employing the 2AACt method [44].

2.6. Immunofluorescent Study for Ki-67

The cardiac specimens were fixed in 4% formaldehyde in PBS for 15 minutes at room
temperature, then covered with ice-cold 100% methanol and incubated for 10 minutes at —20 °C. The
tissue was rinsed in PBS for 5 minutes and then blocked with a blocking buffer for 60 minutes. After
aspirating the blocking solution, the anti-Ki-67 Polyclonal Antibody (Invitrogen; ThermoFisher
Scientific, Hilden, Germany; Catalogue Number PA5-16785) was applied. The cardiac samples were
incubated with a fluorochrome-conjugated secondary antibody, diluted in an Antibody Dilution
Bulffer, for two hours at room temperature in the dark (Goat anti-rabbit IgG (H + L) Alexa Fluor 488,
Invitrogen; ThermoFisher Scientific, Hilden, Germany, Catalogue Number A-11034). The slides were
then covered with Prolong® Gold Antifade Reagent (#9071) or Prolong® Gold Antifade Reagent with
DAPI (#8961). Microscopic examination was conducted using a LABOMED Fluorescence Microscope
LX400 (cat. no. 9126000, NY, USA) with the appropriate excitation wavelength [45].

2.7. Hematoxylin and Eosin (H&E) and Masson’s Trichrome Stains

The cardiac specimens were fixed in a 10% formaldehyde solution, processed, and embedded to
create paraffin blocks, which were then sectioned at a thickness of 5 pum. The sections were
deparaffinized in xylene, rehydrated through a series of alcohol solutions (100%, 95%, and 70%), and
finally washed in distilled water. The sections underwent hematoxylin staining for ten minutes,
resulting in the basophilic structures of the cytoplasm and nuclei being stained blue. Subsequently,
the sections were stained in one percent aqueous eosin for three minutes, which stained the
acidophilic structures of the cytoplasm red. Following staining, the sections were dehydrated in
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alcohol (70%, 90%, then 100%) and cleared with xylene. Finally, the slides were removed from xylene,
mounted in Canada balsam, and covered with a cover slip. Masson’s trichrome stain was utilized to
evaluate the increase in collagen fibers, indicating fibroplasia. The sections were initially stained in
Weigert’s iron hematoxylin solution for 10 minutes, followed by rinsing in running tap water for 10
minutes and washing in distilled water. Subsequently, they were stained in Biebrich scarlet-acid
fuchsin solution for 15 minutes, washed in distilled water, and differentiated in phosphomolybdic-
phosphotungstic acid solution for 10 minutes. The sections were then transferred to an aniline blue
solution for ten minutes, briefly rinsed in distilled water, and differentiated in 1% acetic acid solution
for five minutes before being rewashed in distilled water. Finally, the sections were rapidly
dehydrated in absolute ethyl alcohol, cleared in xylene, and mounted in Canada balsam [53].

2.8. Immunohistochemical Reaction

The cardiac specimens were cut into sections with a thickness of 5 um and then placed onto
slides coated with Poly-L-lysine. These sections underwent deparaffinization in two changes of
xylene and were subsequently rehydrated through graded washes of ethanol in water, concluding
with a rinse in pure water. Next, they were treated with 0.9% hydrogen peroxide in absolute
methanol for 10 minutes. Antigen retrieval was achieved by heating the sections in 10 mm sodium
citrate buffer in a water bath at 95°C for 30 minutes. Following this, the sections were rinsed twice in
PBS tween 20 for 2 minutes each and then blocked with 5% normal mouse serum for 30 minutes at
room temperature [54]. The primary antibodies were incubated for 30 minutes. Heat shock protein
90 (hsp90) beta antibodies were detected by anti-mouse IgG (catalog number: MA1-10892, 1 ug/ml,
dilution 1:50, Pittsburgh, Pennsylvania, USA). Tyrosine hydroxylase (TH) antibodies were detected
by anti-mouse monoclonal antibodies (catalog number: MA1-24654, 50 ug/ml, dilution 1:100,
Pittsburgh, Pennsylvania, USA). Brown discoloration of the cardiomyocytes indicates a positive
reaction for the two antibodies.

2.9. Histomorphometric Measurements

An independent observer measured the area percentage of collagen fibers, in Masson’s
trichrome stain, and the positive immune response in sections stained for HSP90 and TH using a
Leica LAS V3.8 image analyzer computer system (Heerbrugg, Switzerland). Systematic sampling was
employed by dividing the specimen into a grid and selecting ten non-overlapping fields at a
magnification of 400 at regular intervals in a systematic pattern. The area percentage represented the
areas of the positive reaction, masked by a binary blue color within a standard measuring frame
(7286.783 um?), and the area percentage of stained cells was quantified using Cellsens dimension
software ver. 4.2 (Olympus, Tokyo, Japan).

2.10. Statistical Analysis

The data of the present study were tabulated and statistically analyzed using personal
computers with GraphPad Prism (version 10.1.2) and SPSS 25 (SPSS, Inc., Chicago, IL, USA) software.
Analysis of variance using one-way ANOVA and Tukey’s honest significance difference (HSD) post
hoc test was performed for the comparison between the quantitative variables. Quantitative data
were presented in the form of mean and standard deviation (SD). A p-value of <0.05 will be
considered statistically significant [55].

3. Results
3.1. Biochemical Results

The mean values of the serum markers enzymes CK-MB and troponin I were significantly
increased in the DOX-treated rats, compared with the control group. There was a significant decrease
in the mean values of these enzymes in the groups treated with DOX+MSCs, L-carnitine, and L-
carnitine-pre-treated MSCs groups (groups III, IV, and V), compared with the DOX-treated group.
Regarding the groups treated with MSCs (groups III and V), no significant difference was detected
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in relation to the control group (group I). The mean values of caspase 3, NF-kf3, and IL-1{3 were
significantly increased in the DOX-treated rats, compared with the control group. There was a
significant decrease in the mean values of these factors in the groups treated with MSCs, L-carnitine,
and L-carnitine-pre-treated MSCs groups (groups III, IV, and V), compared with the DOX-treated
group with maximum decrease in group V (DOX+L-carnitine-pre-treated MSCs group) (P < 0.05)

(Table 1, Figure 1).
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Figure 1. Mean values + standard deviation of the levels of serum enzymes and ELISA parameters.

Table 1. Mean values + standard deviation of the levels of serum enzymes and ELISA parameters.

Groups CK-MB Troponinl  Caspase 3 NE-xp IL-18
Group I
(Control)

1.02+1.78b 0.04+0.01° 0.89+0.05> 1.22+0.07° 26.27+1.68>

Group II 2.50+9.792 12.81+0.900  7.62+0.372 7.28+0.362 276.24+8.022
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(Dox)
Group III
(Dox+MSCs)

Group IV
(Dox+Lcarnitine)

1.314£5.11a>  0.19+0.06>  4.40+0.232>  4.44+0.102>  145.37+6.832P

1.9545.242>  (0.79+0.032>  5.44+0.122>  571+0.132>  167.28+7.152P

Group V
(Dox+MSCs+Lcarnitine)

a statistically significant compared with group I, ¥ statistically significant compared with group II.

1.1742.442" 0.10+0.01>  2.99+0.062>  2.97+0.092  95.00+3.472b

3.2. Assay of MDA and Catalase

The mean values of MDA were significantly increased in the DOX-treated rats, compared with
the control group with a significant decrease in the groups treated with DOX+MSCs, L-carnitine, and
L-carnitine-pre-treated MSCs groups (groups III, IV, and V), compared with the DOX-treated group
and maximum decrease in group V (DOX+L-carnitine-pre-treated MSCs group). Regarding catalase
mean values, there was significant decrease in the DOX-treated rats, compared with the control group
with a significant increase in the groups treated with DOX+MSCs, L-carnitine, and L-carnitine-pre-
treated MSCs groups (groups III, IV, and V), compared with the DOX-treated group and maximum
increase in group V (DOX+L-carnitine-pre-treated MSCs group). (P < 0.05) (Table 2, Figure 2).
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Figure 2. Mean values * standard deviation of the levels of MDA, Catalase, TNF-a, and Bcl2.

Table 2. Mean values + standard deviation of the levels of MDA, Catalase, TNF-a, and Bcl2 gene

expression.
Groups MDA Catalase TNF-a Bcl2
Group I 0.76+0.020 4.47+0.17 1.02+0.33 1.03+0.40°
(Control)
Group I
4.68+0.14> 1.02+0.072 6.34+0.462 0.12+0.032
(Dox)
Group III ab ab ab ab
(Dox+MSCs) 2.85+0.25 2.63+0.32 3.75+0.17: 0.52+0.02

Group IV 3.29+0.162P 1.96+0.342P 4.16+0.242b 0.44+0.012P
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(Dox+Lcarnitine)

Group V
(Dox+MSCs+Lcarnitine)

2 statistically significant compared with group I, ® statistically significant compared with group II.

1.89+0.052° 3.56+0.222P 2.42+0.192b 0.76+0.11°

3.3. Real-Time PCR for TNF-a and Bcl2 Gene Expression

Detection of mRNA exhibited a significant increase in the expression of TNF-a in the DOX-
treated rats, compared with the control group with a significant decrease in the groups treated with
DOX+MSCs, L-carnitine, and L-carnitine-pre-treated MSCs groups (groups III, IV, and V), compared
with the DOX-treated group and maximum decrease in group V (DOX+L-carnitine-pre-treated MSCs
group). Concerning Bcl2 expression, there was significant decrease in the DOX-treated rats,
compared with the control group with a significant increase in the groups treated with DOX+MSCs
and L-carnitine, and L-carnitine-pre-treated MSCs groups (groups III, IV, and V), compared with the
DOX-treated group and maximum increase in group V (DOX+L-carnitine-pre-treated MSCs group).
No significant difference was detected in group V (DOX+L-carnitine-pre-treated MSCs group) in
relation to the control group (group I). (P <0.05) (Table 2, Figure 2).

3.4. PKH26 Fluorescence Stain and Immunofluorescent Study for Ki-67

Group III (Dox+MSCs) and group V (Dox+MSCs+Lcarnitine) showed PKH26 labeled red
fluorescent BM-MSCs in the myocardium with more expression in the L-carnitine pre-treated BM-
MSCs group. Regarding Ki-67, the proliferation indicator, samples of the control group showed a
moderate yellow-green reaction, while, the Dox-treated group (group II) showed minimal reaction
to Ki-67. The specimens of the Dox+MSCs treated group and Dox+Lcarnitine group (groups III and
IV) revealed moderate reaction. Dox+MSCs+Lcarnitine group (groups V) revealed increased reaction
to Ki-67 (Figure 3A-G).
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Figure 3. Photomicrographs of the myocardium A) group III and B) group IV showing red fluorescent
cells in the myocardium. C) Group I shows a moderate immunofluorescent yellow-green reaction. D)
group II shows a minimal immunofluorescent yellow-green reaction. E & F) Groups III & IV show
moderate immunofluorescent yellow-green reactions. G) Group V shows increased
immunofluorescent yellow-green reactions. (A & B; PKH x100, C-G; Ki-67 x 100).

3.5. Haematoxylin and Eosin Stain

The specimens of the control group showed normal architecture of the cardiomyocytes with
branching muscle fibers and normal central vesicular nuclei. Group II (Dox-treated group) revealed
fragmented and degenerated cardiomyocytes, separated by empty spaces, congested blood vessels,
inflammatory cellular infiltration, pyknotic nuclei, and thickening of the blood vessel walls. Group
III (Dox+MSCs treated group) showed normal branched cardiomyocytes separated by a few empty
spaces. Group IV (Dox+Lcarnitine group) revealed some empty spaces due to a few fragmented
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myocytes and inflammatory cellular infiltration
normal cardiac muscle fibers (Figure 4A-F).

Figure 4. Photomicrographs of the myocardium A) group I showing the normal architecture of the
myocardium with branching cardiac muscle fibers with normal central vesicular nuclei (arrows). B
and C) Group II showing fragmented and degenerated cardiomyocytes (arrows) separated by empty
spaces (S), congested blood vessels (C), inflammatory cellular infiltration (I), pyknotic nuclei (P), and
thickening of the blood vessel wall (B). D) Group III shows normal branched cardiomyocytes
separated by a few empty spaces (S). E) Group IV shows some empty spaces due to a few fragmented
myocytes (S) and inflammatory cellular infiltration (I). F) Group V shows normal cardiac muscles. (H
& E: A, C-F x 400, B x 200).

3.6. Masson’s Trichrome Stain

Specimens of the control group (group I) showed traces of collagen fibers between the
cardiomyocytes. Fibroplasia was detected in Group II (Dox-treated group) and Group IV
(Dox+Lcarnitine group). Meanwhile, lower deposition of fibrous tissue was noticed in group III
(Dox+MSCs treated group), and traces of collagen fibers were observed in group V
(Dox+MSCs+Lcarnitine group) (Figure 5A-F).
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Figure 5. Photomicrographs of the cardiac tissue. A) Group I shows traces of collagen fibers between
the cardiomyocytes. B & C) Group II shows fibroplasia around the blood vessels and between the
cardiac muscles (arrows). (D) Group III shows a minimal amount of collagen fibers (arrow). (E) Group
IV shows fibroplasia (arrow). F) Group V shows traces of collagen fibers. (Masson’s trichrome x200).

3.7. Immunohistochemical Reaction

The specimens of the control group (group I) showed lower expression of hsp90 in the
cardiomyocytes of all examined sections. Meanwhile, group II (Dox-treated group) revealed higher
expression of hsp90. Moderate expression of hsp90 was noticed in group III (Dox+MSCs treated
group). Higher expression of hsp90 was noticed in group IV (Dox+Lcarnitine group) and lower
expression was detected in group V (Dox+MSCs+Lcarnitine group) (Figure 6A-F). Regarding the
immune reaction to TH, lower TH expression was detected in the control group (group I) and group
II (Dox-treated group). Meanwhile, the highest expression of TH was determined in group III
(Dox+MSCs treated group) and group V (Dox+MSCs+Lcarnitine group). Moderate TH expression
was detected in group IV (Dox+Lcarnitine group) (Figure 7A-E).
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Figure 6. Photomicrographs of the myocardium A) Group I shows weak hsp90 expression. B & C)
Group II shows intense hsp90 expression. D) Group III shows moderate hsp90 expression. E) Group
IV shows higher hsp90 expression. F) Group V shows lower hsp90 expression. (Hsp90 x 200).
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Figure 7. Photomicrographs of the myocardium A & B) Group I and Group II show low TH
expression. D) Group IV shows moderate TH expression. C & E) Group III and Group V show higher
TH expression (TH x 200).

3.8. Histomorphometric Results

The mean area percent of collagen fibers, in Masson’s trichrome stain, was significantly
increased in group II (Dox-treated group) and group IV (Dox+Lcarnitine group) in relation to the
control group (group I). However, there was a significant decrease of collagen fibers in the groups
treated with MSCs; group III (Dox+MSCs treated group) and group V (Dox+MSCs+Lcarnitine group)
in relation to group II (Dox-treated group). The mean area percent of hsp90 expression was
significantly increased in group II (Dox-treated group) and group IV (DoxtLcarnitine group) in
relation to the control group (group I). However, there was a significant decrease in hsp90 expression
in the groups treated with MSCs; group III (Dox+MSCs treated group) and group V
(Dox+MSCs+Lcarnitine group) in relation to group II (Dox-treated group). The mean area percent of
TH expression was significantly increased in groups III, IV, and V; (Dox+MSCs, Dox+Lcarnitine, and
Dox+MSCs+Lcarnitine treated groups respectively) in relation to group I (control group) and group
II (Dox-treated group) (Figure 8).
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Figure 8. Mean values of the area percent + standard deviation of Masson’s trichrome stain (MTC),
HSP90, and TH expression.

4. Discussion

The role of the current conventional therapy of ischemic heart diseases is inadequate to protect
against future ischemic events and further myocardial damage or cardiomyocyte regeneration.
Unlike MSC therapy, it revealed a decrease in scar size, myocardial fibroplasia, and cardiac function
improvement [56-58]. MSCs release a variety of biologically active immunomodulators such as
growth factors cytokines, and chemokines, which possess anti-inflammatory, anti-fibrotic,
angiogenic, proliferative, and regenerative effects [59,60]. Several studies investigated the effects of
MSCs on myocardial infarction. MSCs enhance neovascularization, cardiomyocyte repair, and
replacement of dead myocardium in addition to the prevention of myofibril apoptosis [58]. However,
the microenvironment of myocardial ischemia is detrimental for the transplanted cells mainly due to
hypoxia and high free radical concentration [61]. Therefore, preconditioning of MSCs with
pharmacological or chemical agents was investigated to improve their therapeutic and regenerative
effects. In the present study, MSCs were cultured with L-carnitine, to explore its beneficial role. The
main influence of L-carnitine is ATP production and inhibition of apoptosis, by stabilizing the inner
mitochondrial membrane, altering membrane potential, and inhibiting mitochondrial splitting [62].
It also enhances the hemodynamic functions and reduces the infarct size, which is consistent with the
findings of the present study. A significant reduction of myocardial infarction serum markers; serum
CK-MB, and troponin I level, was detected in the groups treated with MSCs, L-carnitine, and L-
carnitine-pretreated MSCs, compared with the DOX-treated group which agrees with those reported
in previous studies [63,64]. DOX-induced cardiotoxicity can manifest as acute, subacute, or chronic.
Acute cardiotoxicity from DOX starts directly following administration, with an incidence rate of
presenting echocardiographic abnormalities in around 11% of the patients [13,65]. Therefore, regular
monitoring of cardiac biomarkers is essential for patients undergoing DOX treatment to detect early
signs of myocardial injury. Various mechanisms of DOX-induced cardiomyopathy were investigated.
Oxidative stress, manifested by reactive oxygen species (ROS)-rich microenvironment is a leading
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cause of cardiac injury. The cardiomyocytes are highly susceptible to oxidative damage, due to their
lower levels of antioxidant enzymes such as peroxidase, catalase, and superoxide dismutase [66]. In
agreement with these findings, the current study represented significantly lower levels of the
antioxidant enzyme catalase and elevation of the MDA. MDA is a common measure of oxidative
stress indicating a significant increase in lipid peroxidation [63]. High levels of oxidative damage
devastate the cellular antioxidant defense systems triggering the apoptotic and necrotic cascades [67].
MSCs, particularly under oxidative stress conditions, produce various secretomes that contain
cytokines, proteins, growth factors, and exosomes that boost the antioxidant capacity of MSCs.
Moreover, under hypoxic conditions, the migration of MSCs is stimulated by chemokine receptor
(CXCR?) overexpression through increasing the vascular cells adhesion molecule-1 (VCAM-1) [68].
Specifically, L-carnitine facilitates STAT3 activation and significantly elevates the expression of the
antioxidant protein SOD2. In the injured cardiac cells, marked by mitochondrial dysfunction and
impaired CaMKII signaling, L-carnitine promotes CaMKII expression and activation, as well as
enhances AMPK protein synthesis [69]. Consistent with the mentioned studies, preconditioned-
MSCs with L-carnitine revealed the most significant improvement of the cellular antioxidant defense
mechanism manifested by MDA and catalase results.

Acute cardiac injury induced by DOX is characterized by cytoplasmic vacuolation and
disruption and thinness of myofibrils [70]. Other architecture changes found in the present study
demonstrated in the cardiac tissue, following DOX administration, are consistent with several
research. They include loss of cardiac muscle fibers, degenerated eosinophilic fibers with pyknotic
nuclei, congested blood vessels, fibroplasia, and inflammatory cellular infiltration mainly neutrophils
[23,71]. This impairment is associated with a significant inflammatory response revealed by injury of
the endothelial cells with leukocyte infiltration and elevation of the inflammatory cytokines; IL-1 f3,
IL-6, and Tnf-a [72,73 and 65]. Consistent with the previous studies, the current work demonstrated
the elevation of the inflammatory mediators; IL-1 B, Tnf-a, NF-xf3, and apoptotic factor; caspase 3
with a decrease of the antiapoptotic factor; Bcl2 in DOX-treated group as documented by Wang et al.
[48] and Pakjoo et al. [74]. On the other hand, the L-carnitine-pretreated MSCs group showed the
optimum results in decreasing the measured inflammatory, apoptotic, and fibrotic cytokines, and
antiapoptotic Bcl2 elevation producing improvement of the structural architecture of cardiac muscles.
As approved by previous studies, the influence of MSCs on injured cardiomyocytes involves an
intricate interaction of cytokines and signaling pathways. MSCs derive various inflammatory and
fibrotic regulators including IL-6, IL-10, TGF-1, and VEGF which reduce oxidative stress, inhibit
inflammation, stimulate cellular regeneration promote proliferation, and prevent apoptosis [75,76].
MSCs reduce the expression of other inflammatory cytokines including interferon-y (IFN-y), IL-13,
IL-12, IL-4, and TNF-a. This reduction is achieved by secreting TNF-a stimulated gene/protein 6
(TSG-6), PGE2, and granulocyte-colony stimulating factor (G-CSF). On the other hand, MSCs
stimulate the production of anti-inflammatory mediators IL-1, and hepatic nuclear factor-4 alpha
(HNEF-4a) by increasing the nitric oxide synthase (iNOS) through the activation of the NF-kB pathway
[77,78]. In addition to the added antioxidant, anti-inflammatory, and anti-apoptotic role of L-
carnitine and its role in the improvement of cardiac tissue architecture {2,42].

Concerning hsp90, a vital molecular chaperone, it regulates various cellular processes such as
functional maturation, activation of several proteins, protein folding, and stability [79,80]. For these
reasons, hsp90 is overexpressed in several cancers and is believed to aid the maturation of numerous
oncoproteins, thereby facilitating cancer growth [81]. In addition, hsp90 was identified in various
cardiac injury pathways such as PI3K/AKT (PKB)/mTOR, MAPK, and TNF-a signaling pathways.
Therefore, hsp90 plays a significant role in various cardiovascular diseases including atherosclerosis
and heart failure [82] as detected in the present study by overexpression in the DOX-treated group
and a decrease in its level especially in the L-carnitine pre-treated-MSCs-group. TH regulates the rate
of catecholamine synthesis. It is essential for heart function, particularly under stress conditions [83].
TH is a cardiac muscle differentiation that is evident in the initial stages of heart development,
especially in gastrulation. Enhanced TH expression resulted in sharp expression of atrial myosin
heavy chain (AMHC1) and T-box 5 gene (Tbx5) within the ventricles, indicating an upregulation of
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cardiac muscle differentiation markers [84]. Reduction of TH expression in the DOX-treated group
and overexpression in the other groups particularly the L-carnitine pre-treated MSCs group together
with the same results concerning the proliferative indicators Ki-67 denotes their cardiomyocyte
proliferation and differentiation capacities. These findings propose that L-carnitine pretreated-MSCs
hold a novel promising treatment for cardiac ischemia and infarction, especially in reducing
apoptosis and enhancing cardiac muscle regeneration. Nevertheless, additional research is needed to
validate these effects and elucidate the underlying mechanisms.

5. Conclusion

The present study demonstrates that preconditioning mesenchymal stem cells (MSCs) with L-
carnitine significantly enhances their therapeutic potential in treating cardiac tissue injury induced
by Doxorubicin (DOX). The combined treatment improved key cardiac biomarkers and reduced
cardiomyocyte degeneration and necrosis, restoring normal cardiac architecture. These beneficial
effects were supported by favorable changes in immunomodulators, proliferative indicators, cardiac
differentiation markers, and apoptotic regulators. Thus, L-carnitine pre-treated MSCs represent a
promising approach for future stem cell therapy, offering enhanced regenerative and therapeutic
outcomes.
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