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ABSTRACT

Background: Doxorubicin (DOX) is a commonly used anticancer drug despite its dose-dependent cardiotoxic
effects. The possibility of using stem cells to repair DOX-induced cardiotoxicity may open new therapeutic
options. Aim of the work: To evaluate the role of mesenchymal stem cells (MSC) in recovery of both the
structure and function of DOX-induced cardiotoxicity. Material and Methods: The study used ninety adult
female albino rats divided into three equal groups; one control treated with saline, DOX group treated with
doxorubicin 2.5 mg/kg every other day for two weeks, and DOX-MSC group treated with the same DOX
regimen then injected one week after last DOX dose with DAPI-labeled male umbilical cord blood MSCs (UCB-
MSCs). All three groups were evaluated at the 3" and 6™ weeks of the study by physical status, cardiovascular
assessment in vivo, serum biochemical tests [malondialdehyde (MDA), total anti-oxidant capacity (TAC) and
cardiac troponin | (cTnl)]. Results: DOX caused deterioration in general rat health, significant prolongation of
QT interval and serum TAC, also caused an increase in serum MDA and cTnl. These findings aggravated at the
6" week in DOX group. Significant improvement of previous parameters in DOX-MSC group compared to
DOX was detected at the 6™ week. Homing of injected MSCs in rat hearts was confirmed by RT- PCR for male-
specific Sry gene. Conclusion and Recommendations: UCB-MSCs have reparative effects on the damaged
heart by ameliorating oxidative stress and relatively improving the function of the failing heart. This approach is
worthy of serious consideration for clinical use.

KEYWORDS: Doxorubicin, cardiomyopathy, cardiotoxicity, mesenchymal stem cells, umbilical cord blood
mesenchymal stem cells, oxidative stress.

1. INTRODUCTION particularly cardiotoxicity, has limited the use

ancer is a leading cause of morbidity and

mortality worldwide. It is estimated that
there will be 13.1 million deaths due to cancer
in 2030. However, over the last 20 years, the
survival rate of cancer patients has
significantly increased due to the great
progress of modern cancer therapy. To achieve
these results, however, a considerable price has
been paid in terms of side effects associated
with intensive anticancer treatment (Cardinale
and Sandri, 2010).
Anthracyclines, including doxorubicin (DOX)
have become one of the most effective
chemotherapy treatments for a wide range of
malignant tumors such as hematological
cancers, lymphomas and various solid tumors
such as breast cancer, small cell lung
carcinoma and ovarian cancer (Shi et al.,
2011). Despite its broad-spectrum

antineoplastic  activity, adverse events,

of conventional doxorubicin in clinical practice
(Oliveira et al., 2013).

The molecular mechanisms involved in
chronic anthracycline cardiotoxicity remain a
major topic of discussion. Several mechanisms,
such as apoptosis, alteration of iron and
calcium homeostasis, have been described, but
the exact mechanism is not yet been fully
understood. Oxidative stress is believed to be
the most critical mediator of such myocardial
damage due to DOX therapy (Richard et al,
2011 & Angsutararux et al., 2015).

The recognition that the adult heart in animals
and humans contains a pool of resident
primitive cells that are self-renewing and that
regenerate myocytes and coronary vessels in
vivo raises the question of whether the
cardiotoxic effects of DOX are directed
primarily to this stem cell compartment
[cardiac progenitor cells (CPCs)] being more
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sensitive to oxidative stress and die rapidly by
apoptosis (De Angelis et al., 2010).

Many efforts have been made to prevent
cardiac toxicity in patients with cancer, but
these current therapies cannot guarantee
permanent cardiac protection. One of their
main limitations is that they do not promote
myocardium  regeneration  which  drives
researchers to find new ways to solve those
problems (De Angelis et al., 2016). Long ago,
mesenchymal stem cells (MSCs) attracted
interest for their possible use for both cell and
gene therapies because of their capacity for
self-renewal and  multipotentiality  for
differentiation. These cells can be induced,
either in vitro or in vivo, to differentiate
terminally into various tissue types including
cardiomyocytes (Lin et al., 2010).

Cell transplantation is emerging now as a
potential therapy to treat heart failure
(Loffredo et al., 2015). It is hypothesized that
the activation (or inhibition) of (a) signaling
pathway(s) by introduced MSCs may restore
the regenerative potential of cardiac stem cells
and, hopefully, may avoid anthracycline-
induced cardiotoxic effects (Ezquer et al.,
2015).

Consequently, the strategy of stem cell therapy
may allow aggressive chemotherapy followed
by stem cell repopulation which can rescue the
cardiomyopathic heart (Gho et al., 2013).

2. AIM OF THE WORK
Evaluate the role of UCB-MSC in recovery of
both the structure and function of DOX
cardiotoxic effects in adult female albino rats.

3. MATERIAL AND METHODS
Ninety adult female albino rats weighing 150—
200g were included in the study, and were
obtained from the animal house of faculty of
medicine, Zagazig University. Principles of
laboratory animal care followed
recommendations of the National Institutes of
Health Guide for Care and Use of Laboratory
Animals (Institute of Laboratory Animal
Resources, 2011), and Zagazig University —
Faculty of Medicine Institutional animal house.
Before starting the experiment, all animals
subjected to 14 days of passive preliminaries
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for house acclimatization to ascertain their
physical wellbeing and to exclude any diseased
animal. Animals were bred in the animal house
in well-ventilated rooms under controlled
temperature (21-23 °C) and humidity (55+2%)
in a 12 h light-dark cycle within standard
plastic cages of proper sizes and were fed ad
libitum. After housing acclimatization, the rats
were randomly divided into three equal groups:
Group 1 (control): Thirty control rats that
were injected every other day with 1 mL of
normal saline intra-peritoneally (IP) for two
weeks and served as positive control group
(Elmadbouh et al., 2015). Group Il (DOX
group): Thirty rats that received 6 injections
of 2.5 mg/kg B.W (i.p.) of doxorubicin (DOX)
every other day over a period of 2 weeks to
reach a cumulative dose of 15 mg/kg. This
schedule has been previously found consistent
and reproducible for induction of DOX
cardiomyopathy (De Angelis et al., 2010;
Shafik et al., 2011; Elmadbouh et al., 2015).
Group 111 (DOX- MSC group): Thirty rats
that received DOX as the above regimen of
group Il and then left for one week without
medication before being injected with
mesenchymal stem cell (MSC) therapy in a
single dose of 5x 10° MSC per rat. This one-
week gap before injecting MSCs is essential to
ensure adequate elimination of DOX from rat
bodies so as not to damage introduced stem
cells with its cytotoxic action (Speth et al.,
1988; Gustafson et al., 2002), also this week is
required to ensure  development of
cardiomyopathy stigmata before starting
evaluation of rats (Arola et al., 2000 & De
Angelis et al., 2010). At the 3" week from the
start of the experiment (one week after the last
dose of DOX half of rats from all groups were
evaluated by the following parameters: 1) The
physical condition of animals regarding
decreased activity, the presence of ascites,
body weight, and mortality rate (Burkholder et
al., 2012). 2) Rat electrocardiography (ECG)
and arterial blood pressure in live urethane-
anesthetized animals by PowerLab Data
Acquisition and Analysis System
(ADInstruments). 3) Blood samples were
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collected from the carotid artery cannula
inserted in anesthetized live rats from all
groups before heart excision (Parasuraman et
al., 2010). Samples were allowed to clot for 30
minutes at room temperature, centrifuged at
4000 rpm for 15minutes, and then the top
yellow serum layer is pulled by a sterile pipette
without disturbing the white buffy layer
(Bertinchant et al., 2003). Serum samples
collected in Eppendorf tubes were kept frozen
at -800 C to be assayed later for the oxidative
stress markers (MDA and TAC) by
spectrophotometry and cardiac troponin | by
ELISA. Then the remaining half of rats of
group I (DOX-MSC) was injected with
MSCs in a single dose.

Three weeks later (6 weeks from the start of
the experiment): all remaining rats were
evaluated again by the same previous
parameters (Arola et al., 2000; De Angelis et
al., 2010). Heart tissue samples from group Il
(DOX- MSC group) were also used for
detection and localization of mesenchymal
stem cells in myocardial tissue by detecting
“sry” gene located on Y chromosome of male
baby umbilical cord blood stem cells within
heart tissues of female rats using PCR and gel
electrophoresis (Wu et al., 2012).

Preparation, injection, and tissue detection of
mesenchymal stem cells (MSC):

Fresh umbilical cord blood (UCB) was
collected on term delivery of male neonates
with mothers' consent. Since the umbilical cord
is discarded after birth, the cells are easily
accessible without ethical concerns (Moretti et
al., 2009). A blood collection bag system
containing citrate phosphate dextrose (CPD)
anticoagulant was used and the unit was stored
at 22+4oc till processing. Separation of cells
was preferably done after four-hour storage at
4 o0 C (Bieback et al., 2004 & Baksh et al.,
2007).

To isolate mononuclear cells (MNCs), the
UCB unit was diluted 1:3 with phosphate-
buffered saline (PBS)/2 mM EDTA. 15
volume of diluted blood was carefully loaded
onto 1 volume of Ficoll-Hypaque solution.
After density gradient centrifugation, MNCs
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were removed from the interphase and washed
two to three times with PBS. Cell counts were
performed manually using hemocytometer
(Wang et al., 2004). UCB-derived MNCs were
set in culture at a density of 1 X 10° /cm? into
T culture flask of 25ml capacity (Falcon,
Becton Dickinson, Heidelberg, Germany) with
serum-free Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and glucose (4.5 g/l)
with  L-glutamine and 1% penicillin-
streptomycin-Amphotericin B Mixture (10
1U/10 1U/25 ug, 100 ml) in 5% CO2 in a 37°C
incubator (Heraeus, Langenselbold, Germany)
(Freshney, 2010). When cultures reach 80-
90% confluence, cultures were washed twice
with PBS and cells were trypsinized with
0.25% trypsin/ EDTA (Trypsin 1:250, EDTA 1
mM, Lonza Bioproducts, Belgium) for 10-15
min at 37 °C. After centrifugation (at 2400 rpm
for 20 min), cells were suspended in DMEM at
a concentration of 5 X 10%/ml and incubated in
another culture flask (Falcon). The resulting
cultures were referred to as first-passage
cultures (Alhadlag and Mao, 2004). Cell
viability testing was carried out using the
trypan blue dye exclusion test as described
before (Haasters et al., 2009).
Characterization of MSC: MSCs in culture
were characterized by their adhesiveness and
fusiform  shape detected by inverted
microscope (Rochefort et al., 2005 & Moretti
et al., 2009), and by determination of surface
markers of MSCs i.e. the positive expression
of CD105 surface marker and the negative
expression of CD34 surface marker (Baksh et
al., 2007).

After three cell culture passages, stem cells
were washed six times with PBS and treated
with trypsin for 3 min to generate a single-cell
suspension, washed three times with DMEM,
resuspended in minimal volume of the serum-
free DMEM, counted, and prepared for
injection into tail vein of female albino rats in
a single dose of 15x 10° MSCs/ inoculum
(Caplan and Dennis, 2006 & Ma et al., 2014).
Experimental rat groups were examined
through DNA extraction from heart tissue of
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sacrificed female rats, after PCR amplification,
for human sry gene. This method was done to
detect the expression of sex determination
region on the Y chromosome (sry gene) in
recipient female rats' hearts. Results were to be
compared to the results of the sry gene of male
rats (Pulavendran et al., 2011).

In vivo cardiovascular system evaluation:
Animals were anesthetized with urethane
(Ethyl carbamate) at a concentration of 50
mg/ml, and given to rats in a dose of 1.2 g/kg
IP. Anesthetized rats were placed on a warm
pad in a supine position. The right common
carotid artery was isolated after midline neck
incision and cannulated with insertion of a
Millar Mikro-tip pressure transducer (1.4F
sensor, 2F catheter; Millar Instruments,
Houston, TX) (Mungrue et a., 2002).
Electrocardiograms (ECGs) were recorded
with subcutaneous electrodes in anesthetized
rats. Electrodes were inserted subcutaneously
into left hind limb, left forelimb and right
forelimb in subsequent order. The lead Il ECG
is recorded from the needle electrode inserted
into the right forelimb (van Acker et al., 1996).
Statistical analysis of results:

The collected data were computerized and
statistically analyzed using SPSS program
(Statistical Package for Social Science) version
18.0 (SPSS Inc., 2009).

Quantitative data were expressed as mean *
SD (Standard deviation). One way analysis of
variance (ANOVA) F-test test was used to
calculate difference between quantitative
variables in more than two groups in normally
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distributed data. Kruskal Wallis test was used
to calculate difference between quantitative
variables in more than two groups in not
normally distributed data. This is followed by
Least Significance Difference test (LSD) for
multiple comparisons between groups. Paired
sample T test was used to calculate difference
between quantitative variables in the same
group at 3 weeks and 6 weeks. Qualitative data
were represented as frequencies and relative
percentages. Chi square test was used to
calculate difference between qualitative
variables. Survival rates were calculated and
differences between the groups were assessed
with the log-rank (Mantel-Haenszel) test.
The significance Level for all above mentioned
statistical tests is fixed at 5% level of
probability (P-value) where P value of >0.05
indicates non-significant results, P value of
<0.05 indicates significant results and P value
of <0.01 indicates highly significant results.

4. RESULTS

Characterization of Isolated Cord Blood-
Derived mesenchymal stem cells (MSCs):
Microscopical appearance:
Overtime, small round-shaped cells in culture
change into larger spindle shaped cells with
high proliferation and differentiation capacity.
After three passages in culture, the cell
population showed characteristic adhesiveness,
and  displaying  typical  fibroblast-like
morphology (fusiform shape) detected by
inverted microscope (figure 1).

Fig. 1: A photomicrograph of mesenchymal stem cells culture with fusiform/ spindle shape and
80% confluence in the 2nd week by inverted microscope (x200).
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Expression of surface markers of MSCs:

Majority of isolated cells (about 63%) showed
only CD105 positive expression and negative
expression of CD34 surface markers, while few
cells (about 36%) expressed the adhesion/stem
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cell marker CD34 and were further separated
by MACS column. This phenotype of culture-
expanded UC-stem cells conformed to the
criteria for MSCs (figure 2).

Fig.2: Graphical demonstration of umbilical cord MSC (UCB-MSCs) surface markers

I1)Tracing incorporation and distribution of

Injected MSCs:

Specific Sry gene band (with a size of 254 bp)
was detected only in cardiac tissue of group 1l
female rats injected with UCB-MSCs
confirming homing of such MSCs into injured
cardiac tissues.

1) Physical examination results:

1-

General appearance, health and activity:

The general appearance and behavior of all
groups of animals was recorded during the time
course of the present study.

This observation revealed that control rats were
inquisitive and active and were observed
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moving around the cage, eating, drinking and
interacting with cage mates; particularly after
being stimulated by having their cage picked up
and moved from the rack.

One week after completion of doxorubicin
treatment in both groups 11 and III (at the 3"
week evaluation); the animals' fur became
scruffy and developed a light yellow tinge.

On the 6™ week evaluation (four weeks from
the last DOX dose), animals in the DOX group
(11) appeared to be sicker, weaker, anorexic and
lethargic with dull or sluggish movements
compared with the control group. Anorexia,
while not directly observable, was
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Table (1): Shows effect of DOX on physical parameters in all studied groups. DOX- administered
groups (11, 1) showed significant (P< 0.001) decrease in body weight compared to control group (I),
significant ascites (P<0.05) and non-significant death rate at 3rd week, DOX group (Il) showed
significant (P< 0.001) decrease in body weight, significant ascites (P<0.05) and significant death rate
(P<0.05) compared to control and DOX-MSC and control groups at 6th week.

Group | (control)

Group 11 (DOX)

Group 111 (DOX-MSC)

At 3rd At 6th At 3rd week At6th At 3rd week At 6th

week week week week
Body
weight in 180+17.9 163.3+22. 138.3+14.7° 125+7.3% 133.3+15.1 165+ 23.5"
grams 5 2
Ascites:
Nil 100% 100% - @ -8 -8 —-ab
Moderate 100% 100% 100%
Sever 100%
Death rate:
Survived 27 (90%) 27 (100%) 26 (86.7%) 19 25(83.3%) 24(96%)
Dead 3(10%) 0 (0%) 4 (13.3%) (73.1%)  5(16.7%) 1(4%)°

7 (26.9%)
a
& significant versus control (P<0.05) ® significant versus DOX group (I1) (P<0.05)

indicated when there was a lack of feces in a
cage that has not just been cleaned. There was
also obvious red exudate around the eyes of
group Il (DOX) by the end of 6" week of the
study.

On the other hand these findings were all absent
from group Il (DOX-MSC) which showed

much better activity, appetite, and general heath.

Body weight:

The result of the present study revealed that
there was a highly significant difference of
mean values of body weight among different
studied groups at both 3@ and 6" week
evaluation of rats (where p<0.001 and p=0.004
respectively) by analysis of variance (ANOVA)
(table 1). There was a highly significant
decrease in body weight of the DOX group
(group 1) compared to the control group at both
three and six weeks of the study (p<0.001 and
p=0.004 respectively). Regarding DOX-MSC
group (group IlI), highly significant reduction
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of weight compared to control group was
observed only

in the 3™ week (p<0.001) before injecting
MSCs. On comparing the groups Il and Il
(DOX and DOX-MSC respectively), there was
non-significant different in body weight at the
3" week (p>0.05), while in the 6™ week, there
was a significant increase of body weight
(p=0.003) in group Il (DOX-MSCs) compared
to DOX group (group I1). Using paired t test to
compare results of the same group in 3™ and 6™
weeks, it was found that there was no
significant change in body weight between the
two periods (3 and 6" weeks) regarding
control (groups 1), which maintained weight
gain throughout the study, and DOX (group I1)
(p>0.05), while there was a significant increase
in body weight of group 11l (DOX-MSC) (p=
0.001) in the 6" week compared to the 3" week.
Presence of ascites:

The present study revealed that ascites
(abdominal effusion due to blood congestion as
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a sign of heart failure) was observed only in
both of the doxorubicin-treated groups (group Il
and I11), while virtually no abdominal effusion
was detected in controls throughout the study.
Estimated volume of ascites in our study was
considered as follows: Mild: 10-25ml (+)/
moderate: 26-40ml (++)/ severe: 40-55ml
(+++). At the 3 week of the study both
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doxorubicin-treated groups; groups Il (DOX)
and 111 (DOX-MSC), showed moderate ascites
compared to normal control group. By the 6™
week the DOX group (group II) animals
developed grossly enlarged abdomens and
relatively severe ascites while the ascites in
group 111 (DOX-MSC) was partially resolved to
be mild (figure 3).

Table (2): Shows effect of DOX on hemodynamics and ECG parameters in all studied groups. No
significant change was detected in systolic, diastolic and mean arterial pressure between along with HR
all studied groups. QT interval showed significant prolongation in DOX- administered groups (II, 111)
(P<0.01, P<0.05) compared to control group at 6™ week.

Group | (control)

Group Il (DOX)

Group 111 (DOX-MSC)

At 3™ At 6™ At 3@ week At 6"  At3@week At 6™ week
week week week
SystolicBP 110 + 113.7+9.9 109.7+£9.79 110.1+ 102.5+10.89 114.9+4.95
11.44 14.6
DiastolicBP 75.3 + 84.3+13.7 8167+9.87 747+ 62.17 +13.96 81.1+8.25
17.25 17.73
Mean ABP  91.83 + 100 +12.3 955+862 916+ 815+11.62 98+5.85
13.4 15.41
HR 251.3+ 284.8 276.8+31.6 2443+ 235 + 38.74 264.9 +
65.5 +21.7 27.6 36.84
QRS 18.33 + 16.67 + 135+3.62 15+4.88 15.33+3.67 13.8+2.62
complex in 1.97 25
/ms
QT interval 355+ 35+3.35 33+0.98 491+ 47.17+7.65 43.6+5.34°
/ms 5.05 8.03%
PR interval 46.17 + 48.83 + 42 + 4.69 46.9 + 4733+535 42.4+6.6
/ms 2.48 5.19 4.28

& significant versus control (P<0.05)

4- Survival rates of different groups:

® significant versus DOX group (11) (P<0.05)

survival rate was significantly different (p=
0.002) at the 6th week being least in the DOX-

The present study revealed that during the post
treatment period, the survival rate, using
Mantel-Haenszel test, showed insignificant
difference among studied groups at the 3rd
week evaluation (p>0.05). On the contrary, thelV)

group (group I1) [73.1%] than in the control
(group 1) [100%] and MSC-treated group

(group ).
In vivo Cardiovascular assessment:
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1- Blood pressure and heart rate:
Statistical analysis using analysis of variance
(ANOVA) revealed no significant difference
(p>0.05) among studied groups at both 3rd and
6th week evaluation regarding values of arterial
blood pressure [ABP] (systolic, diastolic and
mean arterial blood pressures [MAP]) and the
heart rate (HR). However with paired t test,
comparing values of the same group at the 3rd
and 6th weeks, there was a significant
improvement of both systolic and mean arterial
blood pressure (p=0.006 and p=0.02
respectively) in only group Il (DOX-MSC)
between the 3rd and 6th week (before and after
injection of MSCs). There was no significant
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difference between the 3rd and 6th week in any
of the studied groups regarding diastolic BP
and heart rate.

Electrocardiography (ECG):

Regarding ECG intervals, as seen in rat ECG
tracing [figure 4 (a) and (b)], with ANOVA test,
there was no significant difference among the
studied groups in neither the QRS complex nor
the PR interval at both the 3 and the 6" week
of the study (p>0.05). Only the QT interval was
found to be significantly different among the
three groups at 3™ week of the study (p=0.02)
and highly significant in difference among the
studied groups at 6™ week (p=0.001).

(a) Systolic BP: 115 mmHg, Diastolic BP: 70mmHg, HR: 245bpm, QT interval: 39ms, R amplitude:

0.79 mv.
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(b)Systolic BP: 130 mmHg, Diastolic BP: 95 mmHg, HR: 266bpm, QT interval: 63ms, R amplitude:
0.58 mv.
Fig. 4: (a) Normal ECG tracing of a control rat (below) with normal arterial blood pressure
tracing (above), (b) arterial blood pressure and ECG of a rat from DOX group at the 6th week
with lower ECG amplitude and prolonged QT interval.
Least significant difference (LSD) test for QT prolongation of QT interval in DOX-MSC
interval at the 3™ week revealed a significant group (group I1) compared to control (group 1)
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(p=0.02) and to the DOX group (group II)
(p=0.007), but no significant difference
between control (group 1) and DOX (group I1)
groups. At the 6" week, there was still a

significant prolongation of QT interval in groupV)

111 compared to group | (p=0.01) and a highly
significant prolongation in the group I
compared to group | (p<0.001) with the most
prolonged QT interval found in DOX group
(group 1) (49.1 £ 8.03 ms). There was no
significant difference between groups Il and 11l
(p>0.05). Using paired t test, apart from the
significant prolongation of QT interval of group

1-

Mesenchymal Stem Cell Therapy in Doxorubicin Cardiotoxicity

Il (DOX) in the 6™ week compared to the 3"
week, there was no significant difference in
ECG components between the 3™ and the 6"
week in any of the studied groups (p>0.05).
Serum Biochemical Profile:

Myocardial damage biomarker: Cardiac
troponin | (cTn-I):

Analysis of of mean values of serum cardiac
troponin | (cTnl) revealed statistically
significant difference among studied groups in
both the 3 and the 6" weeks of the study
where p<0.001 and p=0.01 respectively (table3).

Table (3): Shows effect of DOX on Cardiac troponin I, MDA and TAC in all studied groups. DOX-
administered groups (11, 111) showed significant (P< 0.05) increase in ¢Tn | and significant (P< 0. 01)
increase in MAD along with significant (P< 0.001) decrease in TAC compared to control at 3 week.

DOX-MSC treated group (I11) showed significant (P<0.01) decrease in ¢Tn | and significant (P< 0.001
decrease in MAD along with significant (P<0.01) increase in TAC compared to DOX group (1) at 6

!

week.
Group | (control) Group 11 (DOX) Group 111 (DOX-MSC)
At 3" week At 6™ At3™@ At 6" At3“week At6™ week
week week week
Cardiac
troponin | 53.28+36 503+44 7262% 88.2 + 78.48 + 66.84 +
3.42 17.23 6.52°2 18.3°
MDA 1584 +2.9 14.82 + 25.31 + 35.74 + 2496 +45 1566+1.2
2.8 3.3 3.4° a b
TAC 1.02+0.10 1.07 + 0.04 + 0.08 + 0.05+0.02 0.65+0.35
0.13 0.03° 0.02° a ab

& significant versus control (P<0.05)

At the 3" week, significant rise in cTnl in both
DOX and DOX-MSC groups compared to the
control group (p=0.01 and p=0.03 respectively)
with non-significant difference between groups
11 and III (p>0.05) [table 7(a)]. At the 6™ week
the level of cTnl in group 11 (DOX-MSC) was
comparable to that of the control group (I) with
non-significant difference (p>0.05), while the
level of cTnl continued to rise in group Il
(DOX) to be significantly higher than both the
control (p=0.02) and the DOX-MSC group (I11)
(p<0.001). Paired t test showed the statistically

® significant versus DOX group (I1) (P<0.05)

significant decline in level of cTn | in the
DOX-MSC group (I11) in the 6™ week of the
study (3weeks after MSCs injection (p=0.03).
Oxidative stress parameters:

Malondialdehyde (MDA):

Statistical analysis of mean values of serum
malondialdehyde (MDA) among the studied
groups using ANOVA showed highly
significant difference at both the 3" and the 6"
week of the study with p=0.003 and p<0.001
respectively (figure 5). Least significant
difference (LSD) test for comparison of the
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mean values of MDA in-between groups after
three weeks revealed that there was a highly
significant rise of MDA in DOX-treated groups
(groups Il and 1) (p=0.002). The rise of MDA
serum level was also highly significant at the
6" week in the DOX group (group 11) compared
to the other two groups [control (I) and DOX-
MSC (lIl) groups] (p<0.001 for both). The
DOX-MSC group and the control group
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showed serum values with statistically
insignificant difference (p>0.05). Paired t test
showed statistically significant rise of MDA in
the DOX group (group 11) at the 6™ week than
the 3" (p=0.002). On the contrary, the MDA
significantly decreased in the DOX-MSC group
(group 111) after treatment with MSCs (at the 6™
week) (p=0.001).

Fig. 5: Bar chart showing graphical comparison among different studied groups as regards
malondialdehyde (MDA) at both the 3rd and the 6th week of the study.

TAC mM /L
h
E =

Fig. 6: Bar chart showing graphical comparison among different studied groups as regards
total antioxidant capacity (TAC) at both the 3rd and the 6th week of the study.
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Total antioxidant capacity (TAC):

The statistical analysis of the total antioxidant
capacity (TAC) using Kruskal-Wallis test
revealed highly significant difference of mean
values among the three studied groups at both
the 3 (p=0.009) and the 6™ (p=0.001) week of
the study (figure 6).

The least significant difference (LSD) test at
the 3“ week showed a highly significant
decline of TAC in both group Il (DOX) and
group Il (DOX-MSC) [0.04 £ 0.03mM/I and

5. DISCUSSION
Doxorubicin  (DOX) is classified as an
anthracycline antibiotic and is wused in
chemotherapy to treat many types of cancer. Its
clinical use is limited by the risk of severe
cardiotoxicity which can lead to progressive
irreversible congestive heart failure particularly
by multiple cumulative doses exceeding 550
mg/m2 (Chatterjee et al., 2010). However,
Doxorubicin is still a well-established and a
highly effective anti-neoplastic agent used to
treat several adult and pediatric cancers such as
solid tumors, leukemia, lymphomas and breast
cancer (Octavia et al., 2012).
Myocardial protection and repair are old
dreams of physicians and remain as important
goals to enhance the beneficial antitumor
activity of doxorubicin as well as to remove the
risk of its induced cumulative cardiotoxicity
(Ahmed and EL-Maraghy, 2013).
Unfortunately, no effective treatment currently
exists for DOX-induced cardiomyopathy
(Razmaraii et al., 2016).
The hypothesis that the anthracycline anti-
tumour agents inadvertently deplete the resident
cardiac stem cells pool, with subsequent loss of
the of cardiac capability of regeneration and
demonstration of symptoms of cardiotoxicity,
has been supported by several experimental
studies (De Angelis et al., 2010 & Li et al.,
2010).
As a result, using stem cells to treat DOX-
induced cardiotoxicity and its subsequent
manifestation s of heart failure has been studied
preclinically for long time before being tried in
the clinical setting, where a flurry of small,
mostly uncontrolled trials indicate that stem cell
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0.05 £ 0.02 mM/I respectively] compared to
control group [1.02 + 0.10 mM/I] with p<0.001.
There was a non-significant difference between
groups Il and I1l. The value of TAC after six
weeks was still lower in both groups Il and 111
than the control (p<0.001 and p=0.01
respectively). However, TAC was significantly
higher in MSC-treated group (group I11) [0.65
0.35mM/I] than in non-treated group (group II)
[0.08 £+ 0.02 mM/I] with p<0.001.

therapy may be feasible in patients (Ezquer et
al., 2015).

The present study has been designed and
conducted to determine the possible curative
effects of umbilical cord blood mesenchymal
stem cell (UCB-MSC) against the DOX-
induced cardiotoxicity in female adult albino
rats. Studied rats were randomly divided into
three groups; group | (saline control), group Il
(DOX), and group Il (DOX-MSC) that's
treated with MSC one week after DOX
treatment. Intraperitoneal administration of
DOX at a total cumulative dose of 15 mg/kg in
6 equal doses (2.5 mg/kg per 48 hours) over a
period of two weeks has induced physical,
hemodynamic, ECG,  biochemical and
histopathological evidences that validate the
development of DOX cardiomyopathy in the rat
model and this dose has been found to be
consistent with previous models of DOX-
induced cardiomyopathy (Siveski-Iliskovic et
al., 1994; Arola et al., 2000; De Angelis et al.,
2010 & Elmadbouh et al., 2015).

Female rats were used as they lack the male-
specific sex determining region Y (Sry gene)
that was used for detection of homing of male-
origin MSCs (Conconi et al., 2006) injected via
tail vein at the third week of the study and this
systemic delivery of MSCs has been reported
by several groups (Di at al, 2012;
Mohammadi Gorji et al., 2012; Oliveira et al.,
2013; Pinarli et al., 2013 & Ammar et al.,
2015).

Intravenous (1V) injection of stem cells has the
advantage of being minimally invasive, and it
allows for wide distribution of cells throughout
the body. It could also have integral beneficial
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effects in DOX- treated patients with the
inflammatory suppressive activity of MSCs on
other systems like the brain, reducing tumor
necrosis factor-a (TNF-a) production by
microglial cells, and the liver; managing tissue-
derived oxidative stress (Tulubas et al., 2013 &
Ezquer et al., 2015).

Many molecules, including integrins, selectins,
and chemokine receptors, known to be involved
in the tethering, rolling, adhesion, and
transmigration of leukocytes from the
bloodstream into tissues are also expressed on
MSCs (Van Linthout et al., 2011).

The umbilical cord blood MSCs (UCB-MSCs),
in particular, are characterized with cell surface
profile of adhesion molecules correlating with
their faster lung clearance and homing into
damaged tissues than other types of
MSCs (Nystedt et al., 2013), in addition, they
have reported significant cardiomyogenic
potential (30-50%) (Gopinath et al., 2010). In
the present study, homing of injected UCB-
MSCs was confirmed by detecting the male
specific Sry gene within female rat myocardium
DNA by PCR and electrophoresis
(Pulavendran et al., 2011).

Compared to other mesenchymal stem cells,
UCB stem cells have unique properties that
UCB-MSCs have a longer telomere length,
which correlates to their higher proliferative
potential, they have not been exposed to
immunological challenge, they are less likely to
carry somatic mutations than other adult cells,
furthermore, animal studies indicated that they
do not have the risk to form teratomas like
embryonic cells (van de Ven et al., 2007).
Manifestations of depressed physical activity
and declined general health were apparent one
week after completion of DOX treatment (at the
3" week) in both DOX-treated groups (Il and
1) and became much more evident three
weeks later (at the 6™ week) only in group Il
(DOX) with marked anorexia, low activity and
dull or sluggish movements compared with the
control group. These findings pass in parallel
with those obtained by several other studies
including Cove-Smith et al. (2014) and
Elmadbouh et al. (2015).

Mesenchymal Stem Cell Therapy in Doxorubicin Cardiotoxicity

Weight loss throughout the study was another
important physical index of DOX-induced
cardiomyopathy and heart failure. Despite the
developed ascites, significantly lower ultimate
body weight of the DOX group (1) in relation
to the other two groups (control and DOX-MSC
groups) was observed.

Similar results of decrease in the final body
weight of the doxorubicin-treated rats were
previously obtained by Alimoradi et al. (2012),
Ahmad and Elmaraghy (2013), Ammar et al.
(2015) and Razmaraii et al, (2016).

Previous studies have reported that DOX
impaired general health and prevented the
progression of body weight in rats due to a
decrease in appetite and food consumption
(Ghibu et al., 2012; Spivak et al., 2013 &
Arafa et al., 2014), which was also observed in
this study, in addition to the DOX-induced
inhibition of protein production (Kwok and
Richardson, 2004).

However, on evaluation of group Il (DOX-
MSC group) in the 6" week of the study, the
MSC- treated rats showed improved general
physical condition with much better activity,
appetite, and general heath which is in line with
the results of Mohammadi Gorji et al. (2012),
Pinarli et al. (2013) and Elmadbouh et al.
(2015).

Moreover, body weight has been significantly
improved in group Il (DOX-MSC) in the 6™
week (after MSCs injection) compared to the
3 week of the study and gained more final
body weight compared to DOX group. The
improved final body weight of MSC- treated
toxic rats has been found before by De Angelis
et al. (2010), Di et al. (2012), Oliveira et al.,
2013, and Ammar et al. (2015).

Development of ascites in both of the
doxorubicin-treated groups (group Il and 111) by
the 3" week of the study and its progression
only in the DOX group by the 6th week was an
important sign of venous congestion and has
been reported by several previous studies to be
a characteristic evidence of DOX-induced heart
failure (Mohan et al., 2006; Yilmaz et al., 2006
& Merlet et al., 2013).

ESCTJ;Vol. (4) NO. (2) December ;2016

Raghda H.; et al....



Original Article

Although ascites is associated with the
development of heart failure, the possibility of
DOX-mediated peritonitis cannot be ruled out,
that's why some researchers have dismissed the
accumulation of ascitic fluid as evidence of
DOX-mediated heart failure (Hayward and
Hydock, 2007).

However, developed ascites due to drug-
induced peritonitis was previously suggested to
be avoidable when DOX is administered in
multiple doses at low dose concentrations
(Teraoka et al., 2000) as adopted in the present
study.

On the other hand, the ascites in group IlI
(DOX-MSC) was partially resolved by the 6"
week of the study to be mild reflecting the
improved DOX-induced heart failure due to
therapeutic effects of MSCs.

Decreased volume of ascites in DOX-treated
rats with injection of MSCs was noticed in
previous studies as well (De Angelis et al.,
2010; Di et al., 2012 & Pinarli et al., 2013).
The survival rate, in the present study, was
significantly declined in the DOX-group (group
1) at the 6™ week [73.1%] compared to the
control (group 1) [100%] and MSC-treated
group (group II1) [96%]. These survival rate
results were reproducible with those of Merlet
et al. (2013), Warpe et al. (2014) and
Elmadbouh et al. (2015).

Higher mortality has been found in literature
with single large dose of DOX administration
(Hayward and Hydock, 2007), while much
lower mortality has been associated with more
chronic courses (Cove-Smith et al., 2014).
Burkholder and colleagues (2012) reported
that deaths which occurred 3 weeks after
completion of the treatment and onwards were
included in the calculation of cardiac failure-
associated mortality as deaths occurred earlier
were thought to be due to poor general
conditions associated with bone marrow
depression.

That's why the high mortality in the DOX
group by the 6™ week was a result of
deteriorated heart failure that was incompatible
with life due to well noted anorexia (Richard et

Mesenchymal Stem Cell Therapy in Doxorubicin Cardiotoxicity

al.,, 2011) with advanced nephropathy and
protein catabolism (Abdel-Raheem et al., 2013).
Improved survival in group Il with MSC
intervention shown in the present study was
comparable to the results obtained by Di et al.
(2012), Oliveira et al. (2013), Pinarli et al.
(2013) and Ammar et al. (2015).

These results indicate that MSCs improved
weight gain and the general health status and
have a positive influence on a variety of factors
required for improved survival length and
quality. These therapeutic benefits of MSCs are
largely dependent on their capacity to act as a
trophic factor pool combating different
degenerating and debilitating conditions (Wei et
al., 2013).

Several in vivo cardiovascular parameters were
evaluated in the current study to evaluate
recovery of DOX-induced impaired ventricular
function with the injected UCB-MSC.

This study revealed no significant difference
among studied groups at both 3™ and 6™ week
evaluation regarding indices of arterial blood
pressure (systolic, diastolic and mean arterial
blood pressures) and the heart rate (HR).
Similarly, no significant change in arterial
blood pressure values among DOX and other
studied groups was obtained by Hayward and
Hydock (2007), Richard et al. (2011) and
Colak et al. (2012) and absence of significant
change in heart rate was showed also by other
previous studies (Richard et al., 2011 & Warpe
etal., 2015).

Other studies demonstrate significant decline in
blood pressure indices in the DOX-treated
groups despite similar DOX dosing regimens
(Ammar et al., 2015; Elmadbouh et al., 2015
& Razmaraii et al, 2016), but this difference
could be due to that these studies used male
Wister or Sprague Dawley rats instead of
female albino rats used in this study with both
gender and species differences (Martignoni et
al., 2006 & Vijay et al., 2015).

Warpe et al. (2015) also obtained significant
decline in blood pressure; in addition to using
male Wister rats, he induced cardiomyopathy
by a different dosing regimen.

ESCTJ;Vol. (4) NO. (2) December ;2016

Raghda H.; et al....



Original Article

Similarly, others got significant HR changes
following DOX treatment and this difference
from the current study could be attributed to the
use of male rats as well as higher cumulative
DOX dose of 18mg/kg (Shafik et al., 2011 &
Ahmad and Elmaraghy, 2013), or the use of
single large dose of 20mg/kg (Colak et al.;
2012), or just gender-related variation in drug
response despite similar dosing regimens (Vijay
et al., 2015 & Razmaraii et al, 2016).
Evaluation of ECG revealed that only the QT
interval was found to be significantly longer in
the DOX-treated animals at the 3 and the 6"
weeks of the with significant prolongation of
QT interval in group Il (DOX) in the 6™ week
compared to the 3" week.

Dose-dependent significant changes in the ECG
verified the marred cardiac contractility and
conduction after doxorubicin intoxication and
imply negative chronotropic effect in general
(Li et al., 2009). Additionally general metabolic
and electrolyte abnormalities associated with
developed heart failure contribute particularly
to the QT interval prolongation (Hunter et al.,
2008).

Previous reports of DOX cardiotoxicity in
laboratory animals have indicated prolongation
of only QT interval, consistent with the present
study (Rahimi_Balaei et al., 2010).

On the other hand, Colak et al. (2012), using
single dose of 20mg/kg DOX, didn't warrant
that the DOX treatment might cause a heart
conduction disorder.

Conversely, there was a significant
improvement of both systolic and mean arterial
blood pressure values in group 111 (DOX-MSC)
between the 3" and 6™ week (before and after
injection of MSCs).

The QT interval prolon%ation didn't respond to
MSC treatment in the 6" week of the study and
this can be simply explained by the fact that
prolongation of QT interval is mainly attributed
to electrolyte disturbance accompanying heart
failure (mainly hyperkalemia) rather than direct
myocardial damage (Hunter et al., 2008).
There was statistically significant rise of the
biomarker of cardiac injury; cTnl, in DOX-
treated groups (11 and 111) at the 3" week and in
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DOX group (1) only in the 6" weeks of the
study. Several other studies support that cTnl
was raised in the presence of the diffuse cardiac
injury induced by DOX even after cessation of
treatment (Pinarli et al., 2013; Reagan et al.,
2013 & Cove-Smith et al., 2014).

Cardiac troponin 1 is a specific cardiac marker
as it has not been reported to be expressed
outside of cardiac tissue (Alvarez et al., 2012).
cTnl can be also considered a sensitive and
reliable marker of myocardial damage with
relevant clinical and prognostic implications
(Cardinale et al., 2010).

Serum cTnl results following one- and four-
week intervals after DOX treatment indicated
progression of cardiac injury beyond the dosing
period consistent with the recognized
pathogenesis of doxorubicin cardiomyopathy
which involves active proteolytic cleavage of
myocardial contractile proteins (Ky et al., 2014).
The elevation of cTnl can be also related to
coronary endothelial dysfunction which is
known to occur in heart failure patients, but
cardiomyocyte injury may also be due to acute
left ventricular stretch which may cause
proteolysis and release of the cTnl (Feng et al.,
2007). In addition, it could be a direct
consequence of the cardiomyocyte degenerative
process (Jaffe and Wu, 2012).

As well, it is well documented in clinical
studies that the spectrum of cardiotoxicity with
anthracycline agents includes coronary diseases
with subsequent myocardial ischemic effects
(Swerdlow et al., 2007).

The specific mechanisms of doxorubicin
cardiotoxicity are complex and remain unclear.
However, these mechanisms are related mainly
to the excessive production of reactive oxygen
species (ROS) in the mitochondria that cause
cellular oxidative stress (Abdel raheem et al.,
2013). In turn, doxorubicin-induced increased
oxidative stress is considered the main
universal mechanism to the development of
myocyte apoptosis and the overall deterioration
of Angsutararux et al., 2015).

Evaluation of oxidative stress status in the
present study was performed via estimation of
serum malondialdehyde (MDA) and the total
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antioxidant  capacity (TAC). Measuring
oxidative stress systemically in serum is more
representative of the generalized DOX-induced
oxidative stress and provides a perspective on
the systemic redox state of patients subjected to
chemotherapy and its involvement in the
aggravation of patient toxicity thus being more
clinically applicable (Panis et al., 2012).
Evaluation of serum MDA showed a highly
significant rise in DOX-treated groups (Il and
[11) at the 3" week and statistically significant
rise only in the DOX group (I1) at the 6™ week
of the study. This rise of serum MDA is parallel
with the results of Warpe et al. (2015). Others
reported high local cardiac tissue MDA in
doxorubicin-treated rats (Al-Harthi et al., 2014
& Elmadbouh et al., 2015).

Malondialdehyde is one of the end products of
DOX-induced lipid peroxidation Increase in the
levels of MDA is suggestive of increased
oxidative stress and reduced antioxidant
defenses which result from the generation of
free radicals (Elberry et al., 2010).

There are two mechanisms by which DOX can
generate reactive free radicals. One involves
one electron reduction of the drug to a
semiquinone free radical intermediate (Minotti
et al., 2004), and the second mechanism is
dependent upon interaction of DOX with metal
ions, especially iron (Neilan et al., 2007).
Several studies that have highlighted lipid
peroxidation as the primary mechanism
underlying DOX-induced cardiac toxicity and
pointed out the importance of measuring MDA
and other Thiobarbituric Acid Reactive
Substances (TBARYS) in evaluating
doxorubicin- mediated cardiotoxicity in both
experimental animals (El-Sayed et al., 2011;
Richard et al., 2011& Colak et al., 2012) and
human patients (El-Dakroory et al., 2013).
Similarly, this study revealed highly significant
decrease of TAC in both DOX-treated groups
(DOX and DOX-MSC) compared to control at
the 3" week of the study. In the 6™ week, TAC
significantly continued to decrease in the DOX
group. Similar decline in serum total
antioxidant capacity with DOX treatment was
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found by El-Sayed et al. (2011) and Al-Harthi
et al. (2014).

The rise of oxidative stress products level, as a
major cardiotoxic mechanism, should be
associated with a decline in total body
antioxidant capacity due to consumption of its
components (El-Sayed et al., 2011). Inversely,
there was marked decline in level of MDA of
DOX-MSC group in the 6™ week to be
comparable to that of the control owing to the
effects of injected MSCs. Regarding level of
TAC in the DOX-MSC group, despite its
statistically significant rise in after MSC
injection, it was still significantly less than the
control level but significantly higher than that
of the DOX group.

These results of both MDA and TAC reflect
highly significant improvement of the redox
status of cardiomyocytes and amelioration of
the DOX- induced oxidative stress, the major
mechanism of cardiotoxicity, after MSC
injection systemically into rats (Di et al., 2012
& Liuetal., 2012).

Accordingly, the use of this kind of cell-based
therapy is highly versatile because almost all
therapies were successful (partial recovery or
maintenance of cardiac function) given diverse
factors, including (i) time and route of
administration of MSCs, (ii) number of doses
of MSCs, (iii) source of MSCs, and (iv) grade
of cardiac injury induced by doxorubicin.
Unfortunately, the duration of the beneficial
effect induced by MSC administration has not
been tested (Ezquer et al., 2015).

6. CONCLUSION AND
RECOMMENDATIONS

The results of the present study reflected the
cardiotoxic effects of DOX that's mainly
mediated by oxidative stress and free radical
formation as seen in rise of MDA and decrease
in TAC. These toxic effects manifest as
deteriorated general health, impaired
myocardial function, rise in serum cTnl, and
marked affection of myocardial tissue by
histopathological evaluation.

Systemic injection of UCB-MSCs into tail vein
of adult female albino rats significantly
ameliorated these toxic manifestations, led to
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marked functional and structural cardiac
improvement and stopped the progression
towards heart failure with amelioration of
DOX-induced oxidative stress which raise the
possibility that doxorubicin-induced cardiac
failure is a stem cell disease and show the
reparative effects of MSCs on the damaged
heart.

It's recommended to pay more attention to the
stem cell therapeutic modality with the
importance of performing further studies to
evaluate the mechanism and extent of its
repairing effect and elucidate the possibility of
its clinical application.
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