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Abstract

Obijective: Cisplatin (CDDP) toxicity is a dose-limiting clinical problem in clinical practice,
mainly because of nephrotoxicity or ototoxicity. However, the mechanism of CDDP-induced
cardiotoxicity is poorly understood. Acetyl-L-carnitine (ALCAR) is an antioxidant agent with
protective effects against the side effects of various chemotherapeutics. CDDP-induced cardio-
toxicity and the protective role of ALCAR were evaluated in this study.

Methods: Morphological changes were evaluated in hematoxylin and eosin-stained sections, and
immunohistochemistry for caspase-3, superoxide dismutase-2 (SOD-2), inducible nitrite oxide
synthase (iNOS), cyclooxygenase-2, and Bcl-2 was performed using the hearts of athymic nude
mice carrying xenograft neuroblastoma tumors. Mice were randomized (six/group) to the con-
trol, CDDP (16 mg/kg), and ALCAR (200 mg/kg)+CDDP (16 mg/kg) groups. Results were ana-
lyzed using nonparametric tests.

Results: No difference was observed in the rates of cardiac necrosis, dilated/congested blood
vessels, hemorrhage, polymorphonuclear leukocyte infiltration, edema, and pyknotic nuclei
among the groups. SOD-2 expression was increased in the CDDP group but not in the
ALCAR+CDDP group. iNOS, Bcl-2, and caspase-3 levels were not significantly different
among the groups.
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Conclusions: ALCAR might be a candidate protective agent for CDDP-induced cardiotoxicity.
SOD-2, as a member of the oxidant system, should be evaluated in further studies as a biomarker

of cardiotoxicity.
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Introduction

Cisplatin, also called cis-diamminedichloro
platinum (CDDP), is a widely used antineo-
plastic agent in oncology clinics. It is used
either alone or in combination regimens. '
The molecular structure of CDDP consists
of a platinum atom in the center sur-
rounded by two chloride and two ammoni-
um ions.>* The molecular weight of CDDP
is 300.1 g/mol. When this complex is in
solid form, it has a yellow color, whereas
it is clear in liquid form. In vivo, CDDP
exists in a neutral form in the extracellular
matrix. The presence of CDDP in the neu-
tral state is caused by the high chlorine level
in the extracellular space. This neutral form
prevents hydrolysis.” CDDP binds to DNA
inside the cell and exerts antineoplastic
effects. This activity of CDDP prevents
DNA replication and mitotic activity in
cells, resulting in programmed cell death.®
In the cell, chlorine ions separate from
CDDP and displace water molecules
because of the low chlorine ion levels.
Then, the nucleophilic groups in DNA
replace the water molecules; thus, the bind-
ing process of CDDP occurs.” ' CDDP is a
highly nephrotoxic drug because of its
excretion via the urinary system. In addi-
tion to its nephrotoxicity, its other
common side effects, such as neurotoxicity
and ototoxicity, have limited its usage.

In addition to these side effects, CDDP
also has cardiotoxic effects.'''* Recent
studies revealed that the cardiotoxicity of
CDDP might be related to an increase in
reactive oxygen species (ROS) levels.'*
Furthermore, CDDP disrupts mitochondri-
al permeability and induces cardiomyopa-
thy, myocarditis, coronary heart disease,
arrhythmia, and Takotsubo syndrome."”

Superoxide dismutase 2 (SOD-2) is a
member of the iron/manganese SOD
family.'® Inactivating mutations in the
SOD-2 gene have been associated with idi-
opathic cardiomyopathy, premature aging,
sporadic motor neuron disease, and cancer.
Inducible nitrite oxide synthase (iNOS) is
produced in response to oxidative stress
via the conversion of NOS in different tis-
sues.'® Cyclooxygenase-2 (COX-2) is an
enzyme that plays a role in pathological
conditions such as inflammation. Bcl-2 has
anti-apoptotic effects against different toxic
conditions. Caspase-3 is a mediator of pro-
grammed cell death (apoptosis).'’

CDDP mainly has nephrotoxic, ototoxic,
and neurotoxic effects. However, CDDP-
induced cardiotoxicity and the mechanism
of this toxicity are not well understood.

Acetyl-L-carnitine (ALCAR) is an ester
of L-carnitine. It is a cofactor in mitochon-
drial fatty acid B-oxidation. Its functions
include membrane stabilization and repair
through the reduction of oxidative stress.
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ALCAR is an important compound for var-
ious physiological and pathophysiological
conditions because of its antioxidant activi-
ty.22* ALCAR exhibited a protective role
against CDDP-induced neurotoxicity, neph-
rotoxicity, and ototoxicity in different in vivo
and in vitro studies.”®*’ Ultrasensitive cardi-
ac troponin I (¢Tnl-Ultra) is a good diagnos-
tic marker for myocardial infarction in
cardiology clinics. Furthermore, serum
Tnl-ultra measurement has also been a
useful test for monitoring chemotherapeutic
drug-induced cardiotoxicity in experimental
and clinical studies.’**

One of the most important mechanisms
underlying chemotherapy-induced cardio-
toxicity is increased Ca®" levels in cardio-
myocytes. Increased Ca®" levels stimulate
ROS production, and there are bidirection-
al interactions between these parameters.

Studies are needed to identify methods
for the early detection of cardiotoxicity and
discover antioxidants for preventing the side
effects of chemotherapeutic agents. This
study evaluated CDDP-induced cardiotoxic-
ity and the protective role of ALCAR from
the viewpoint of oxidative stress.

Methods

The Local Animal Care and Use Ethics
Committee of Dokuz Eylul University
approved the protocol of this study.
The studies adhered to the National
Institutes of Health guidelines for the exper-
imental use of animals. Archival formalin-
fixed, paraffin-embedded cardiac tissues
were used in this study. Heart sections
were obtained along the horizontal axis
after 2 days of fixation with 10% formalin.
In all cases, heart tissues were weighed, and
ventricular wall thickness was measured.
The study consisted of three groups, each
containing six animals. Paraffin blocks
from animals in all three groups were sec-
tioned to a thickness of Sum, and

immunohistochemical analysis was con-
ducted using the avidin—biotin peroxidase
method.

Animals

This study was conducted using 18 young
adult (8 weeks old) athymic male nude mice
weighing 25 to 30g. The neuroblastoma
mouse model was developed via the
subcutaneous xenograft transplantation of
10° mouse-derived C1300 neuroblastoma
(MycN amplification-positive) cells.
Animals were housed in HEPA-filtered
cages in a clean, ventilated room at 55%
relative humidity, 22°C, and a 12-hour/
12-hour light/dark cycle. Animals were fed
sterile standard mouse pellet food, and ster-
ile tap water was provided ad libitum.

Chemical agents

Cisplatin ~ (CDDP-Ebewe®, @ EBEWE
Pharma, Osterreich, Austria) was pur-
chased in vials (50mg/100 mL) from Liba
(Istanbul, Turkey).

ALCAR hydrochloride was purchased
from Sigma-Aldrich (Taufkirchen,
Germany) and freshly dissolved in normal
saline at a concentration of 10 mg/mL prior
to injection.

The doses were selected according to our
previous studies.?’->>26-27

Experimental groups

Nude mice received oral saline (0.75mL/
day) for 10 days for hydration. On days 8§,
9, and 10, mice in the CDDP+ALCAR
group were intraperitoneally injected with
ALCAR (200 mg/kg), whereas mice in the
other groups were injected with the same
doses of normal saline on these days. On
the 11th day, a single dose of 16mg/kg
CDDP in 0.2 mL was infused intraperitone-

ally into mice in the CDDP and
CDDP+ALCAR groups, and in control
mice, 0.2mL of saline were infused
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intraperitoneally. No arrhythmia was

observed in any group.

Experimental procedure

On the 18th day, 7 days after CDDP infu-
sion, mice were sacrificed using diethyl
ether anesthesia by whole blood aspiration.
The heart tissues were weighed and mea-
sured, and macroscopic heart examination
was performed (Figure 1). After 2 days
of formalin fixation, 3-mm sections were
paraffin=embedded after routine tissue
processing.

Biochemistry evaluation

Serum levels of cTnl-Ultra were measured
using a sandwich immunoassay method in
an ADVIA Centaur autoanalyzer (Bayer
HealthCare LLC, Leverkusen, Germany).
The sensitivity of the cTnl-Ultra test was
0.006 to 50 ng/mL. This analysis was con-
ducted in the control and CDDP groups to
check the effect of CDDP as a preliminary
study.

Histopathological evaluation

Heart samples were fixed in 10% buffered
neutral formalin for 48 hours, and after
routine tissue processing (dehydration
using alcohol and clearing using xylol),
they were embedded in paraffin. Paraffin

blocks were sectioned at a thickness of
Sum, deparaffinized in xylene, rehydrated
through decreasing concentrations of alco-
hol, and stained with hematoxylin and
eosin (H&E) to evaluate morphological
changes such as edema, dilated/congested
blood vessels, cardiac necrosis, hemorrhage,
polymorphonuclear leukocyte infiltration,
cells with pyknotic nuclei, eosinophilic
cytoplasm, and cytoplasmic vacuolization
as evidence of degeneration. The findings
were marked as positive (+) or negative

(=)

Immunohistochemical procedures

Anti-caspase-3 (ab13847, Abcam,
Cambridge, UK), anti-SOD-2/MnSOD
(ab13534, Abcam), iNOS antibody (PA3-
030A, Thermo Fisher Scientific, Waltham,
MA, USA), anti-COX-2 (abl5191,
Abcam), and anti-Bcl-2 antibodies [E17]
(ab32124, Abcam) were applied at a 1:200
dilution. Heat-mediated antigen retrieval
was performed using Tris/EDTA buffer
pH 9 for Bcl-2. Cytoplasmic staining was
considered positive for all markers.

The obtained sections were stored at
60°C overnight. Then, they were incubated
in three different xylol solutions for
30 minutes each, passed through a descend-
ing alcohol series, and rinsed with distilled
water. Dehydrated tissues were drawn with

Figure |I. Normal macroscopic appearance of the heart after sacrifice.
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PapPen and then incubated in sodium cit-
rate solution (Bio-Optica, Milan, Italy) in
the microwave for 5 minutes at 600 W.
Then, sections were cooled for 20 to
30 minutes and washed three times with
PBS. Then, they were exposed to H,O, for
10 minutes at room temperature. Sections
were then washed again with PBS and incu-
bated with blocking solution (TA-125-UB,
Invitrogen, Fremont, CA, USA) for 1 hour.
The primary antibody was applied over-
night at 4°C. The next morning, sections
were washed with PBS and incubated for
30 minutes with anti-mouse biotin—strepta-
vidin hydrogen peroxidase secondary anti-
body (Histostain-Plus Broad Spectrum
85-9043, Invitrogen). Then, the sections
were washed with PBS and incubated in 3,
3’-diaminobenzidine tetrahydrochloride
(Roche, Basel, Germany) to determine the
visibility of the immunohistochemical reac-
tion. Then, the sections were washed with
distilled water, stained with Mayer’s hema-
toxylin dye, rinsed with alcohol and a xylol
series for transparency, and sealed with
Entellan (UN 1866, Merck, Darmstadt,
Germany). The cytoplasmic expression of
SOD-2, COX-2, and iNOS, evaluated to
determine oxidative stress, was measured
using a BXS50 light microscope (Olympus,
Tokyo, Japan) according to the staining
intensity (negative, mild, moderate, high)
and the percentage positivity in heart
tissue sections.

Statistical analysis

All statistical analyses were performed
using IBM SPSS Statistics Version 22.00
(IBM, Armonk, NY, USA), and P<0.05
was considered significant. For compari-
sons between two groups, the chi-squared
test or Fisher’s exact test was performed.
For biochemistry results, the Mann—
Whitney U test was used.

Results

Biochemistry results

In the CDDP group, serum cTnl-Ultra
levels were 8.06+13.55 ng/mL (0.035-
35.71), compared with 0.023 +0.15 ng/mL
(0.016-4.94) in the control group (Mann—
Whitney U test, P=0.045). These results
indicated cardiotoxicity despite the absence
of obvious histopathological changes.

Histopathology results

There were no differences in heart measure-
ments and weights among the groups.
Tumor regression was observed in the
CDDP and ALCAR+CDDP groups com-
pared with the control group findings when
the tumor diameter, necrosis, and apoptosis
ratio were evaluated in the tumor sections.
Tumor necrosis was less common in the
ALCAR+CDDP group than in the
CDDP group, albeit without significance.
In microscopic evaluations of H&E-
stained sections from the three groups,
there were no statistically significant mor-
phological differences among the groups. In
all mice in the control group, the myofibril
morphology was normal, and edema and
congestion were detected in two and five
mice, respectively. However, in addition to
edema and congestion, microscopic examina-
tion revealed cytoplasmic vacuolization in
CDDP-administrated mice and eosinophilic
cytoplasmic change in the ALCAR+CDDP
group compared with sections from the con-
trol group. Although the rate of cytoplasmic
vacuolization was statistically significant
among the three groups via the Kruskal-
Wallis test (P=0.006), the Mann—Whitney
U test revealed no significant differences
among the groups (P =0.067, Figure 2).

Immunohistochemical results

The immunohistochemical results are pre-
sented in Table 1. SOD-2 cytoplasmic
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Figure 2. Microscopic appearance of the myocardium within normal limits (hematoxylin and eosin, x40).

Table I. Immunohistochemical results for heart tissue from each mouse.

Group/mouse No. SOD2 iNOS COX-2 Bcl-2 Casp-3
Control | negative positive negative negative negative
Control 2 negative positive negative negative negative
Control 3 negative positive negative positive negative
Control 4 negative positive negative positive negative
Control 5 negative positive negative positive negative
Control 6 negative positive negative negative negative
Cisplatin | positive positive negative negative negative
Cisplatin 2 positive positive positive negative negative
Cisplatin 3 positive positive positive negative negative
Cisplatin 4 positive positive negative negative negative
Cisplatin 5 positive positive positive negative negative
Cisplatin 6 highly positive positive positive negative positive
Cisplatin+ALCAR | negative positive negative negative negative
Cisplatin+-ALCAR 2 negative positive negative negative negative
Cisplatin+ALCAR 3 negative positive negative negative negative
Cisplatin+ALCAR 4 negative positive negative positive negative
Cisplatin+ALCAR 5 negative positive negative negative negative
Cisplatin+ALCAR 6 negative positive negative negative negative
P (Fisher’s exact test) 0.001 0.1 0.03 0.091 0.5

SOD, superoxide dismutase; iNOS, inducible nitric oxide synthase; COX, cyclooxygenase; Casp-3, caspase-3; ALCAR,

acetyl-L-carnitine.
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expression was negative in all sections in the
control and CDDP+ALCAR groups. In
the CDDP group, SOD-2 expression was
diffuse and mild in five sections and diffuse
and strongly positive in one section com-
pared with the findings in the control and
combination treatment groups (P =0.001).
In all groups, iNOS cytoplasmic expression
was observed as mildly positive. COX-2
cytoplasmic expression was negative in all
sections in the control and CDDP+
ALCAR groups. In the CDDP group,
COX-2 was expressed in four sections
(P=0.03). Regarding apoptosis-related
proteins, expression of the anti-apoptotic
protein Bcl-2 was observed in three control
sections and one CDDP+ALCAR section,
but no expression was observed in the
CDDP group. However, no statistical sig-
nificance was noted for Bcl-2 expression.
For the pro-apoptotic protein caspase-3,
only one section in the CDDP group dis-
played expression in some of the cardio-
myocytes. The level of cardiotoxicity for a
single high dose of CDDP was not sufficient
to cause prominent cell death, but oxidative
stress was observed (Figure 3).

Discussion

In this study, paraffin blocks of heart tissue
from nude mice were evaluated for CDDP-
induced cardiotoxicity to determine the
protective role of ALCAR. In our previous
study, we used a neuroblastoma xenograft
model of nude to assess the effects of
ALCAR and an ALCAR-CDDP combina-
tion. We demonstrated that ALCAR did
not cause tumor progression. Minimal
interference with the cytotoxic effect of
CDDP was observed. In the ALCAR+
CDDP group, tumors exhibited less necro-
sis than those in CDDP-treated mice, albeit
without significance (unpublished data,
poster presentation).”® In this study, we
demonstrated that ALCAR might be a can-
didate protective agent for CDDP-induced

cardiotoxicity, and SOD-2 might be useful
as a biomarker for oxidative stress to
evaluate CDDP-induced cardiotoxicity.
We also examined whether there was a sig-
nificant difference in heart histopathology
among the groups. Our data revealed that
CDDP caused histopathological changes
such as edema, congestion, and eosinophilic
cytoplasm in the myocardium, but the dif-
ferences among the groups were not
significant.

Gianfranco et al.'® revealed that
ALCAR increases mitochondrial metabo-
lism by increasing the metabolism of
oxygen. In another rat study of ALCAR,
the agent reduced cardiac interfiber bleed-
ing and cardiac fiber atrophy.'” Altun
et al.? observed that combined treatment
with ALCAR and CDDP decreased auto-
toxic effects by approximately 22%.
Handzlik et al®' found that ALCAR
decreased these effects by 59% under
acute hypoxic conditions.

ALCAR was found to be protective
against doxorubicin-induced cardiotoxicity
in our previous study using a Wistar albino
rat animal model.”*> We demonstrated that
ALCAR is protective against CDDP-
induced nephrotoxicity and ototoxicity. In
this study, we confirmed that cTnl-Ultra is
a good diagnostic indicator for myocardial
injury induced by chemotherapeutic drugs
or hypoxia. In this study, CDDP-induced
cardiotoxicity was detected using cTnl-
Ultra levels in concordance with another
study of CDDP.? In that study, they eval-
uated the mechanism of CDDP-induced
cardiotoxicity  using malondialdehyde
(MDA) levels, SOD activity, and reduced
glutathione (GSH) content of levels in car-
diac tissue.”> Cardiac MDA levels were
increased and SOD activity and GSH con-
tent were significantly decreased in the
aforementioned animal study. SOD levels
in cardiac tissue in the treatment group
were significantly lower than those in the
control group, and these results were
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Figure 3. Immunohistochemical expression of superoxide dismutase 2 (SOD-2), cyclooxygenase (COX)-2,
caspase-3 and Bcl-2 in all groups. For SOD-2, COX-2, and caspase-3, cytoplasmic expression was observed
in the cisplatin group, whereas these markers were negative in the control and cisplatin 4 acetyl-L-carnitine
groups (3, 3'-diaminobenzidine tetrahydrochloride, x200). Bcl-2 expression was positive in three control

sections and one section in the combination group, whereas its expression was negative in the cisplatin group.
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compatible with those reported by EI-
Awady et al. Furthermore, ALCAR
decreased SOD expression compared with
the findings in the CDDP group.

In an in vivo study by Singh et a
decreases in SOD1 and SOD-2 expression
were observed in relation to the nephrotoxic
effect of CDDP caused by an increase
of ROS levels. In addition, this study
revealed significant increases in COX-2
and iNOS expression. In this study, SOD-
2 expression was significantly increased in
heart tissues from CDDP-administrated
mice. Additionally, COX-2 expression was
also detected in most sections. However, the
inclusion of only six animals in each group
might explain this result.

Chowdhury et al. found that the cardio-
toxic effect of CDDP is related to oxidative
stress, endoplasmic reticulum stress, and
increased inflammation-induced apoptosis.
They reported that CDDP administration
increased caspase-3 activation and inhibited
Bcl-2 expression.!” CDDP also induced
pyknotic nuclei, edema, fibrillary hypertro-
phy, irregulation, and signs of dilatation in
vascular structures in the heart muscle, as
observed using histopathological sections.'’

Some chemotherapeutic drugs have
cardiotoxic effects, such as doxorubicin,
ifosfamide, and cetuximab.?? 2* These car-
diotoxic effects are induced via different
mechanisms. CDDP is also the main
chemotherapeutic drug used to treat neuro-
blastoma, lung cancer, and testicular
cancer. The acute and cumulative cardio-
vascular complications of CDDP include
arrhythmia, myocardial ischemia, cardiac
insufficiency, and ventricular hypertrophy.
These complications affect the quality of
life of patients after treatment. CDDP-
induced cardiotoxicity is caused by the
generation of ROS. ROS cause lipid perox-
idation of the cell membrane and damage
to proteins and DNA. In our study, cardi-
otoxicity in the animal model was not of
sufficient severity to cause arrhythmia or

l.,16

ischemia, but oxidative stress was
prominent.

Previous studies claimed that CDDP is
accumulated by cells via diffusion.
However, recent studies revealed that
CDDP is actively transferred into cells by
Cooper transfer protein 1.* Oxidative stress
directly affects the formation of damage
caused by CDDP.>!' After CDDP treat-
ment, ROS disrupt the structure of intracel-
lular  macromolecules by  changing
intracellular components.'!*!?

Zhau concluded that the metabolic mod-
ulator trimetazidine and coenzyme Q10,
a component of the electron transport
chain, exerted protective effects against
CDDP-induced cardiotoxicity by attenuat-
ing oxidative stress. This protection
occurred in a synergistic manner when
used in combination with other agents.
Zhau studied rat cardiomyocyte cell cul-
tures in vitro, finding that ROS and MDA
levels were decreased by these agents where-
as SOD-2 expression was increased
compared with the effects of CDDP admin-
istration.”” His data contract the literature
and our in vivo data. A candidate protective
agent such as an antioxidant is expected to
reverse the increases in protein expression
caused by CDDP. Xing et al.** found
that saponins from the leaves of Panax
quinquefolius  decreased CDDP-induced
cardiotoxicity by inhibiting oxidative
stress-associated inflammation and apopto-
sis in mice. As a member of the iron/
manganese SOD family, SOD-2 transforms
toxic superoxide into H>O, and diatomic
oxygen. Under oxidative stress caused by
CDDP, SOD-2 levels should be elevated,
as observed in our study. CDDP increases
the total oxidant capacity in tissues.?'*>

One weakness of our study was that we
could not perform electrocardiography or
echocardiography in mice because of the
unavailability of equipment. Another disad-
vantage might be that we did not use an
ALCAR monotherapy group. This group
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was not included to minimize the number of
mice sacrificed. The lack of statistical differ-
ences in histopathology is also a weakness
of our study, but we believe that earlier
symptoms for cardiotoxicity should also
be evaluated. One strength of our study
was that we used tumor-bearing mice with
similarity to the oncology patient model.

We conclude that ALCAR is a candidate
cardioprotective agent against CDDP-
induced cardiotoxicity at the oxidative
stress level. The importance of SOD-2
should be studied in detail. Our next step
will be to evaluate SOD2 levels in the serum
of patients with cancer under CDDP treat-
ment in comparison with a control group to
determine its possible role as a biomarker
for the early detection of cardiotoxicity.
The protective effects of ALCAR against
CDDP-induced toxicity could be evaluated
in clinical trials after animal toxicity and
high-dose safety studies.
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