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ABSTRACT

Background: Doxorubicin is an effective chemotherapeutic drug that commonly induce
pathological alteration in skeletal muscles. Bone- marrow mesenchymal stem cells
(BMMSCs) offer a therapeutic potential for tissue repair and regeneration. Tumour
necrosis factor-alpha (TNF-a) and Interleukin-1 beta (IL-18) display worthy biomarkers
for tissue damage and repair. Objectives: The aim of the current study was to evaluate
the therapeutic effect of BMMSCs on doxorubicin - induced skeletal myopathy in
experimental animals, through histological studies, antioxidant activity and investigation
of TNF-a, IL-1f as diagnostic parameters for muscle damage and regeneration.
Methodology: 40 adult albino-rats were divided into 4 equal groups; Group-1 (control
group) injected with phosphate-buffered saline (PBS), Group-Il: doxorubicin- induced
myopathy model group; received no treatment, Group-Ill: doxorubicin- induced
myopathy model left for spontaneous muscle recovery, and Group-I1V: doxorubicin-
induced myopathy treated with systemic BMMSCs. The skeletal muscle regeneration
evaluated through histological and antioxidant activity studies and investigation of TNF-
o, IL-18 and vascular endothelial growth factor (VEGF) levels. Results:
Photomicrographic studies of the muscle fibers showed a more evident regeneration in
MSCs treated groups (IV) when compared with the other groups received no treatment.
A significant reduced levels of TNF-o, IL-1f, and increased both VEGF and antioxidant
activity were demonstrated in group IV when compared with the other groups received
no treatment. Conclusion: MSCs is a promising therapy for doxorubicin-induced
skeletal myopathy. TNF-a, and IL-1B are helpful biomarkers for evaluation of SCs
therapeutic efficacy.

INTRODUCTION

Doxorubicin represents one of the most successful
anti-tumor chemotherapeutics. It is used in treatment of
many types of cancer . Doxorubicin (adriamycin) is
antibiotic anti-tumor which was first isolated from the
Streptomyces peucetius bacterium in 1967 22,

Doxorubicin has many adverse effects on different
body organs including muscle pain, weakness and
myotoxicity. Doxorubicin - myotoxicity is mediated by
mitochondrial, DNA, and oxidative damage of skeletal
muscles fibers *°.

One of the contributing mechanisms to doxorubicin-
myotoxicity is the induction of excess levels of TNF-a
which causes contractile dysfunction ® ’. TNF-a levels
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are high in patients with cancer; doxorubicin treatment
exacerbates this rise in TNF levels °. Animals treated
with doxorubicin demonstrated a similar elevation in
TNF levels®. Therefore, TNF-o may display a biomarker
for diagnosis and evaluation of possible therapeutic
lines for doxorubicin- induced skeletal myopathy .

BMMSCs are pluripotent cells that can induce tissue
regeneration and repair through its ability to
differentiate into many types of cells. BMMSCs among
the most studied, and promising types of cells for
treatment of many diseases'%***2,

Spontaneous skeletal muscle fibres recovery is very
limited due to defective mitosis and poor regeneration®.
Through their myogenic potential and anti-
inflammatory and antioxidant capability; MSCs
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represents a superior choice when compared with
myoblasts in skeletal muscle transplantation®****°,

Management trials with biomarkers extensively
needed to clarify the pathogenesis and evaluate possible
therapeutic options for doxorubicin- induced skeletal
myopathy. Therefore, the current study was conducted
to investigate the therapeutic effect of BMMSCs and the
diagnostic value of TNF-a and IL-1p in doxorubicin-
induced skeletal myopathy.

METHODOLOGY

Doxorubicin (Adriamycin):

Adriamycin was purchased as vials from Phramacia
Italia U.S.P Italy.

Isolation, culture and labeling of MSCs:

MSCs obtained from the research laboratory at the
Biochemistry and Molecular Biology Unit, Faculty of
Medicine, Cairo University. Bone marrow stromal cells
were aspirated from albino rats femur and tibia. They
were attained by flushing the bone marrow cavity with
Dulbecco’s Modified Eagle’s Medium (DMEM)
(Sigma, USA, D5796) with 10% fetal bovine serum
(FBS) (Sigma, USA, F6178). The cells were spread
over Ficoll-Hypaque (Sigma, USA, F8016) in a 2:1 ratio
in a sterile conical tube and then centrifuged. The
opaque mononuclear cell layer was then aspirated and
inoculated into 1% Penicillin-Streptomycin
supplemented culture medium (Sigma, USA, P4333)
then incubated at 37°C for 14 days. When confluent
colonies appeared (80-90%), cultures were rinsed twice
with phosphate buffer saline (PBS) (Sigma, USA,
P5493) and cells were treated with trypsin (0.25%)
(Sigma, USA, T1426) for 5 minutes at 37°C in 1ml
Ethylene Diamine Tetra Acetate (EDTA) (Sigma, USA,
E6758) then centrifuged at 2400 rpm for 20 minutes.
The resultant cell pellets were re-suspended in serum-
supplemented medium and incubated in 25cm? culture
flasks. The resultant cultures referred to as first passage
cultures *°.

MSC in culture were characterized by their fusiform
shape, adhesiveness, and demonstration of CD29 *’.
Labeling of MSCs with PKH26 dye and cell viability
testing:

Cell Culture were labeled with cell tracker PKH26; a
red fluorescent dye (Sigma Aldrich, USA, MINI26)
according to manufacturer’s instructions °. Cell
viability was detected by adding 1:1 ratio of 0.4 %
trypan blue stain, and cell suspension *°. The cells were
examined using fluorescence microscopy (Sigma-
Aldrich, Saint Louis, USA). Detection of MSCs labelled
with PKH26 fluorescent dye in the hepatic tissue was
done one week after administration, and confirmed
homing of these cells into the skeletal muscle tissue 2°

(Fig. 1).

Fig. 1: Photomicrograph of a section of a rat skeletal
muscle showing red fluorescent labelled MSCs with
PKH26 dye in group 1V (PKH x200).

Animals and Experimental Design:

Forty male Sprague Dawley (SD) adult albino rats
weight 180+40 gram were used in this study. They were
purchased from the Animal Facility, at  Faculty of
Medicine, Cairo University, Egypt. Animals were
locally bred at standard room temperature (18-22°C) fed
free and maintained under standard conditions in
accordance with the international guidelines for use of
laboratory animals®®. The experiment protocol including
animal treatment, and anesthesia was approved by the
Ethics Committee, Faculty of Medicine, Cairo
University. The included forty SD rats in the present
study were divided into 4 equal groups; 10 rats each.
Group | (control group):

Ten SD rats received 1 ml PBS (0.9%) by intra-
peritoneal injection on day 14, 21, 28 and 35.

Group Il (doxorubicin- induced myopathy model
group, with no treatment):

Ten SD rats of this group received an intra-
peritoneal injection of doxorubicin in normal saline
(3.750 mg/kg) on day 14, 21, 28 and 35 to reach a
cumulative dose of 15 mg/kg. Rats of this group were
sacrificed on the following day of the last dose of
doxorubicin administration.

Group 11 (Doxorubicin induced myopathy model
group, with spontaneous recovery):

Ten SD rats of this group received an intra-
peritoneal injection of doxorubicin in normal saline
(3.750 mg/kg) on day 14, 21, 28 and 35 to reach a
cumulative dose of 15 mg/kg. Rats of this group were
sacrificed 30 days after the last dose of doxorubicin
administration *°.

Group IV (BMMCS treated group):

Ten rats of this group were injected with
doxorubicin in normal saline at a dose of (3.750 mg/kg)
on day 14, 21, 28 and 35 to reach a cumulative dose of
(15 mg/kg).Each rat received one systemic injection of
MSCs (1x10°) diluted in 1 ml of phosphate buffer
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saline, through the tail vein, one day after the last dose
of doxorubicin injection. Rats of this group were
sacrificed 30 days after SCs administration®.

By the end of the experiment, the animals were
sacrificed and the skeletal muscles were dissected for
the following investigations:

Quantitative real-time polymerase reaction (RT-PCR):
Measurement of TNF-« and IL-15 genes expression
The broilers’ muscle specimens were studied for
detection of mRNA concentrations of TNF-a, andIL-1f
by quantitative real-time PCR. B- actin gene expression
was used as a house keeping gene to normalize the gene
expression data.

The primers used for TNF-a were:

- forward: 5'-CCCCGACTACGTGCTCCTC-3" and

- reverse: 5' -GAACGGATGAACACGCCAGTC-3’
The primers used for IL-1p were:
- forward:

5'-CAAGGA GAGACAAGCAACGACAA-3' and
- reverse: 5'-GTCCCGACCATTGCTGTTTC-3'

All the gene primers were designed by using the
chicken sequences from GenBank. Total RNA was
attained by TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instructions, and the
RNA integrity was investigated by 1% agarose gel
electrophoresis. The RNA levels were measured by
0D260/280 readings (ratio >1.8) using a NanoDrop
ND-1000 spectrophotometer (Nano-Drop Technology,
Washington, DE).The RNA was reverse transcribed to
cDNA by use of a PrimeScript RT reagent kit (Takara,
Shiga, Japan). Real-time quantitative PCR was carried
out in a 7500 Real-Time PCR system (Biosystem,
Foster City, CA, USA) using a SYBR Green PCR-kit
(Roche Diagnostics, Laval, Quebec, Canada). All
samples were studied in triplicate, and the results were
expressed as 2—-AACT. Each cycle included
denaturation at 95-C for 10 seconds, annealing at 95-C
for 5 seconds, and extension at 60-C for 34 seconds.
Values normalized to the beta- actin gene. The relative
quantification was measured by the expression 27
and calculated as fold change of the background level
measured in group | (control group) %.

Measurement of VEGF genes by quantitative RT-
PCR*

Total RNA was isolated by RNeasy Mini Kit
(Qiagen, Valencia, CA). Reverse transcription was
performed using AMV transcriptase (Promega,
Madison, WI) to amplify the first cDNA strand from 2
ug of RNA. cDNA strands were further amplified with
platinum pfx polymerase (Invitrogen, Carlsbad, CA).
The RT-PCR of B-actin was used as an internal control.
The primers used for VEGF were:

Forward:

5-CCC AAG CTT GAA ACC ATG AAC TTG CT-¥
and Backward:

5-GCTCTA GAT CAT TCATTC ACC GCC T-3'

The primers used for B-actin were:

Egyptian Journal of Medical Microbiology

Forward:

5-TGG AAT CCT GTGGCA TCC ATG AAA-3' and
Backward:

5-TAA AAC GCA GCT CAG TAA CAGTCC G-3'
Each cycle included denaturation at 45 °C for 45
minutes, 94 °C for 3 minutes, 20 cycles at 94 °C for 30
seconds, 58 °C for 30 seconds, and 72 °C for 1 minute.
The PCR products were separated on 0.8 % agarose gel
electrophoresis for 30 minutes.

Light microscopy study:

Haematoxylin and eosin stain

Muscle tissues were fixed in 4% formaldehyde. The
sections were processed and stained according to
Kiernan %, four micron sections were examined.
Masson’s trichrome stain

It was carried out according to Clavi et a
Electron microscopy study:

Small cylinders (4 mm long xx1 mm x1 mm) of
tissue were prepared from each equatorial muscle
section. These muscle tissue were then fixed by
immersion in vials with 1 mL of glutaraldehyde (1.25%)
and paraformaldehyde (1%) in PBS, at 4°C for 48 h.
The sections were then studied and photographed by
Joel, 100 CX Il Transmission electron microscope (Jeol,
Tokyo, Japan). Images taken by CCD camera model
AMT according to Hayat 2000 %

Collagen area percent study:

Collagen area percent was studied by digital
photographs of the Masson's trichrome stained slides
that taken at 20x and 400x magnification using an
inverted-light microscope (Nikon Eclipse TS100, Nikon
Digital Sight DS-Fil mounted-digital camera). Images
were analyzed using Image J softwarel2. The software
used to outline the area of interest, counted in pixels and
then converted to metric units (Image J software12) %,
Antioxidant Enzymes:

Superoxide dismutase (SOD) activity was studied
using adrenaline auto-oxidation inhibition testing, with
absorbance rate at 480 nm. Catalase activity was
measured through the hydrogen peroxide reduced levels
at 240 nm and the results were expressed as U/total
protein mg. Enzyme activity results were investigated
by  spectrophotometer  (Biomate 3S, Thermo
Scientific—Waltham, MA, USA), using the Bradford
assay 2%,

Statistical analysis:

The collected data were organized, tabulated and
statistically analyzed using SPSS software statistical
computer package version 22 (SPSS Inc, USA). The
mean and standard deviation (SD) were calculated. One
way ANOVA (Analysis of variance) was used to test
the difference about mean values of measured variables
among groups, multiple comparison between pairs of
groups were performed using Tukey HSD (Post hoc
range test). For interpretation of results of tests of
significance, significance was adopted at P < 0.05 *".

1.2,
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RESULTS

QRT-PCR for TNF-a and IL-1p:

TNF-a, and IL-1p levels were significantly higher in
group I, and Il when compared with group I (control
group) and group IV. No significant differences in both

TNF-o and IL-1B among group I and IV which
demonstrated the therapeutic effect of MSCs on muscle
regeneration. However, expression of both TNF-o and
IL1p did not display significant variation between group
Il, and 111 which implicated weak muscle spontaneous
regeneration (Tablel).

Table 1: QRT- PCR products of TNF-o and IL1§ in skeletal muscle tissue of the examined animals (mean + SD).

Group | Group Il Group Il Group IV
TNF-a 2.81+0.58 8.72+1.1* 6.72+1.71* 3.9+1.37
IL-1p 1.22+0.24 6.53+1.61* 5.65+1.76* 2.58+0.69

*Significant P < 0.05

QRT-PCR of VEGF:

Expression of VEGF was significantly higher in
group IV when compared with group | (control group).
However, a significantly higher levels of VEGF were
detected in groups Ill and 1V when compared to group

1. Although the difference between VEGF expression
in groups 11 and 1V was statistically significant, which
implicated the superior regenerative activity of MSCs
over the spontaneous muscle recovery (Table 2).

Table 2: QRT- PCR products of VEGF in muscle tissue of the examined animals (mean + SD).

Group | Group 11

Group Il Group IV

VEGF 22+0.7 1.8 +0.24*

3.71+1.13* 7.45+1.63*

*Significant P < 0.05

Histological results:

Light microscopy haematoxylin and eosin stain

results:

—Group | (Normal control); skeletal muscle
specimens examination showed normal architecture
of skeletal muscle, parallel muscle fibres with
acidophilic striated sarcoplasm peripheral oval
vesicular  nuclei. Loose  connective  tissue
endomysium separating the muscle fibres that
featured a small blood vessel (Fig. 2 a).

—Group Il showed degenerated pale acidophilic
muscle fibres, with nuclear ghosts, areas of
extensive degeneration, disappearance of muscle
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architecture with sarcoplasmic vacuolation, thick
walled arteries, and congested veins (Fig. 2 b & c).
Group |1l showed degenerated pale acidophilic
muscle fibres, with nuclear ghosts, areas of
extensive degeneration, disappearance of muscle
architecture with mononuclear cell infiltration, with
extremely pyknotic nuclei (Fig. 2 d & e).

—Group 1V showed apparently normal architecture of
parallel skeletal muscle fibres with acidophilic
striated sarcoplasm and peripheral oval vesicular
nuclei. Loose connective tissue endomysium
separating the muscle fibres (Fig. 2 f) (Fig. 2).
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Fig. 2: Photomicrographs of H&E stained sections of rat skeletal muscles: a) (group 1) showing normal architecture of
skeletal muscle with parallel muscle fibres, acidophilic striated sarcoplasm (curved arrow) and peripheral oval vesicular
nuclei (N). Loose connective tissue endomysium separating the muscle fibres(thin arrow) and featuring a small blood
vessel (BV).b) & c¢) (group I1) showing degenerated pale acidophilic muscle fibres (curved arrows), with nuclear ghosts
(G), loss of muscle architecture (star) with sarcoplasmic vacuolation (v) and (thin arrows), thick walled arteries (A),
congested veins (V). d) & e) (group I11) showing degenerated pale acidophilic muscle fibers (curved arrows), with
nuclear ghosts (G), loss of muscle architecture (star) with mononuclear cell infiltration (circle) and extremely pyknotic
nuclei(p).f) (group 1V) showing apparently normal architecture of muscle fibres with acidophilic striated sarcoplasm
(curved arrow) and peripheral oval vesicular nuclei (N). Loose connective tissue endomysium separates the muscle
fibres (thin arrow). (Hx & E x 200)

Masson's trichrome stain results:
Collagen fibres deposition between muscle fibres and around blood vessels was normal in group | (Fig. 3 a),

massive in Group Il (Fig. 3 b), moderate in group 111 (Fig.3 ¢), and minimal in group 1V (Fig. 3 d) (Fig. 3).
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3: Photomicrographs of a Masson stained sections of rat skeletal muscles: a) (group 1) showing normal collagen
fibres deposition (arrow) between muscle fibres and around blood vessels(BV). b) (group I1) showing massive increase
of collagen fibres deposition (arrow) between muscle fibres and around blood vessels(BV). c) (group III) showing
moderate increase of collagen fibres deposition (arrow) between muscle fibres and around blood vessels(BV). d) (group
IV) showing minimal collagen fibres deposition (arrow) between muscle fibers and around blood vessels(BV).
(Masson's trichrome x 200)

Electron microscopic results:

40

Group |: EM examination revealed myofibrils with
peripheral oval nuclei. The adjoining longitudinal
section of muscle fibre exhibited normal peripheral
nucleus with euchromatin and peripherally
condensed heterochromatin and mitochondria with
normal cristae pattern. Alternating dark bands and
light bands with regular Z lines inside and
sarcomere between 2 successive lines. Each
myofibril was separated from each other by a space
containing mitochondria, glycogen rosettes and
smooth endoplasmic reticulum cisterns (Fig. 4
a&h).

Group Il: EM examination revealed nuclei with
peripheral condensation of chromatin clumps,

absent myofibrils, interrupted myofibrils, dilated
cisterns of smooth endoplasmic reticulum and
ballooned mitochondria with damaged cristae (Fig.
4c&d).

Group I1l: EM examination revealed extensively
absent myofibrils that replaced in some areas by
dense granules, dilated cisterns of smooth
endoplasmic reticulum and ballooned mitochondria
with damaged cristae (Fig. 4 e).

Group IV: EM examination revealed alternating
dark bands and light bands with regular Z lines
inside parallel myofibrils. Myofibrils  were
separated from each other by a space containing
apparently normal mitochondria, and smooth
endoplasmic reticulum cisterns (Fig. 4 f) (Fig. 4).
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Fig. 4: Electron micrographs of a section of rat skeletal muscles: a) (group 1) showing myofibrils (My) with peripheral
oval nuclei (N) with smooth endoplasmic reticulum Cisterns (SER) in-between. The longitudinal section of muscle fiber
exhibits normal peripheral nucleus (N) with euchromatin and peripherally condensed heterochromatin and mitochondria
normal cristae pattern (m). b) (group 1) showing eucheomatic nucleus (N), alternating dark bands (A) and light bands (I)
with regular Z lines and sarcomere (S) between 2 successive (Z) lines, parallel myofibrils (My). Myofibrils are
separated by a space containing mitochondria (m), glycogen rosettes (G) and smooth endoplasmic reticulum cisterns
(SER). ¢) & d) (group II) showing a nucleus (N) with peripheral condensation of chromatin clumps (Chr), absent
myofibrils(star), interrupted myofibrils (arrow), dilated cisterns of smooth endoplasmic reticulum (SER) and (Circles)
and ballooned mitochondria with damaged cristae (m). €) (group 111) showing absent myofibrils (star) replaced by dense
granules (E), dilated cisterns of smooth endoplasmic reticulum (Circle) and ballooned mitochondria with damaged
cristae (m). f) ( group 1V) showing alternating dark bands (A) and light bands (I) with regular Z lines inside parallel
myofibrils. Myofibrils are separated by a space containing apparently normal mitochondria (m), and smooth
endoplasmic reticulum cisterns (SER). (TEM a) x 15000 & b) x 28000, ¢) & e) x 24000, d) x 20000, f) x 28000)

Collagen area percent:

It was significantly higher in group Il and group Il when compared to control group. There was non significant
difference between group | and 1V, although, it showed a significantly lower level in group 1V when compared to group
Il'and 111 (Fig. 5).
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Fig. 5: Collagen area percent in the skeletal muscle fibres
among different groups of the investigated animals
# significant from control, $ significant from group II, @
significant from group 11

Antioxidant Enzymes activity:

There was no statistically significant difference in
SOD and Catalase levels among group | and V. There
was non significant difference between group Il and
group Ill. However, SOD and catalase levels were
statistically higher in group IV when compared to group
Il and Il which prove the regeneration and survival
capability of MSCs (Figure 6, 7).

Mean * SD
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Fig.6: SOD Levels among different groups of the
investigated animals
# significant from control, $ significant from group Il, @
significant from group 111
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Fig.7: Catalase levels among different groups of the
investigated animals
# significant from control, $ significant from group 11, @
significant from group Il
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DISCUSSION

MSCs have extended traction in treatment of various
degenerative and immune disorders * *. In the present
study, we investigated the therapeutic efficacy of MSCs
and the diagnostic value of TNF-o and IL-1B in
doxorubicin-induced skeletal myopathy.

Our study proved that rats treated with systemic
MSCs showed obvious signs of skeletal muscle
regeneration demonstrated by significant alteration in
the histological and laboratory results. In that group,
skeletal muscle fibres showed apparently normal
architecture.

Although, the present work demonstrated that
skeletal muscles specimens of the group of rats left for
spontaneous recovery showed areas of extensive
degeneration, and disappearance of muscle architecture.

This could be explained by the fact that the skeletal
muscles regeneration is mediated by resident satellite
cells, both of hematopoietic and mesenchymal origin.
Initially, BM derived cells settle in the perivascular
interstitial tissue and display relatively low myogenic
potential. Therefore, the muscle tissue has poor
spontaneous regeneration >34,

Burdziriska, et al. ** reported that muscle injury
initiates mobilization of BMMSCs from bone marrow to
the peripheral blood. These MSCs reside in skeletal
muscle then differentiate into mature myocytes through
Bystander effect which is induced by factors secreted by
SCs.

Wang et al.® stated that release of vascular
endothelial growth factor from SCs improves the blood
supply and enhances tissue regeneration. Similarly, we
demonstrated higher levels of VEGF gene expression in
SCs treated group.

The present study elucidated an antioxidant
capability of MSCs in the treated group in terms of
significantly high levels of SOD and catalase enzymes.
These findings proved the crucial post-transplantation
and survival advantage of MSCs. Previous studies
demonstrated that MSCs administration had antioxidant
effect on skeletal muscles by inducing high levels of
SOD and glutathione * .

Conversely, another study reported that infused
umbilical cord stem cells exert profibrogenic potential
in treatment of hepatic injury *". This could be explained
by the fact that stem cell could be a double edge sward
therapy depending on the route of transplantation *.

Inflammatory cytokines have a crucial role in
regulating tissue damage and regeneration. One of the
suggested attributors to muscle dysfunction in
doxorubicin- treated patients, is its ability to elevate
serum TNF-a levels 7.

TNF is produced by a variety of cells, including
cardiac and skeletal myocytes *.
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TNF induces contractile dysfunction through binding
to TNF-receptors in the skeletal myofibrils .

In the present study, two inflammatory mediators,
TNF-a and IL-1PB have been investigated as potential
indicators for evaluation of the therapeutic efficiency of
MSC for doxorubicin- induced skeletal myopathy.
Analysis of our findings revealed noteworthy lower
levels of both TNF-o and IL-1f in MSCs treated group.
In agreement, other studies demonstrated the ability of
SCs to lessen TNF-a, IL-1p levels thereby ameliorating
tissue injury 2.

CONCLUSION

MSCs is a promising therapy for doxorubicin-
induced skeletal myopathy. TNF-o and IL-1f are
helpful biomarkers for evaluation of SCs therapeutic
efficacy.
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