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Doxorubicin (DOX) is a powerful antitumor agent with a well-known cardiaotoxic side effects. In the current study, the ameliorative
combined impacts of montelukast (Mont) and Klotho against doxorubicin-induced cardiac toxicity were examined. Fifty-six adult
male rats (2 months age and weighting 150-200 g) were grouped into 7 groups (8 rats per group). Animals received doxorubicin
alone or in combination with either Mont or Klotho. After 2 weeks of treatments, serum samples were examined to assess the
changes in cardiac activity biomarkers such as LDH, CK-MB, cardiac troponin-I (cTn-I), and heart fatty acid binding protein (H-
FABP). Serum changes of IL-6, inducible nitric oxide synthase (iNOS), and caspase-3 levels were assayed. The oxidative stress
biomarkers such as total antioxidant capacity (TAC) and inflammatory (rat IL-18 and rat TNF-«,) and anti-inflammatory (rat IL-
10) cytokines were examined. Heart histology and transforming growth factor-g1 (TGF-p1) immunoreactivity were measured. DOX
induced cardiomyopathy, which was reflected by the increases in all examined cardiac parameters. Real-time PCR confirmed
that DOX upregulated the expression of TNF-a and IL-18 and decreased the expression of IL-10. Moreover, DOX showed marked
elevation in the ST segment T wave complex, causing profound tachycardia. Heart histology assessments showed cardiac cell
necrosis, inflammatory cell infiltration, interstitial congestion, and increased TGF-81 immunoreactivity. Montelukast and Klotho
administration ameliorated all the altered parameters when administered alone or in combination to DOX-intoxicated rats. Klotho
was more effective compared with montelukast in terms of reductions in heart rate, ST segment T wave complex elevation, cardiac
enzymes (lactate dehydrogenase; LDH, creatine kinase-MB; CK-MB, cardiac troponin I; cTn-I, heart fatty acid binding protein; H-FABP)
cardiac histology, and caspase-3 levels and increases in TAC activity. Montelukast was more effective in reducing serum levels of
IL6 and iNOS, expression of TNF-« and IL-18, and the upregulation of IL-10 expression. The co-administration of both drugs led to
significantly more synergistic results in terms of reducing cardiac toxicity. In conclusion, montelukast and Klotho either alone or in
combination were confirmed to be effective in suppressing DOX-induced cardiac toxicity in rats.
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1. Introduction elevated as a result of this cardiac dysfunction.”> Fur-

Doxorubicin (DOX) is an effective antitumor agent. It  thermore, DOX directly and indirectly initiates apoptotic

has been proven to be potent in the treatment of solid
and hematological malignancies.! The development of
cardiomyopathy, however, limits its usage. This serious
side effect, once developed, results in a poor progno-
sis and is frequently fatal.? The mechanisms of thera-
peutic antitumor outcomes of DOX on tumor cells dif-
fer from that associated with the development of car-
diotoxicity. Nevertheless, they share a common factor,
namely increased liberation of reactive oxygen species
(ROS) markers, which may induce mitochondrial dam-
age, apoptosis, and impairment of gene function of both
tumor cells and cardiomyocytes.?

The production of ROS and superoxide anion-free rad-
icals exacerbates cardiac dysfunction and DNA dam-
age induced by DOX treatment.* Multiple proinflamma-
tory mediators, such as cytokines and fibrosis-associated
markers and their downstream apoptotic pathways, are

processes and stimulates the last stages of programmed
cell death.® Several studies have shown that the harmful
effects of DOX on the heart are due to ROS production
and initiation of various inflammatory pathways and
other inflammatory cytokines.”

Because DOX-induced cardiotoxicity is often irre-
versible, novel protective techniques that can block
DOX-induced pathogenic processes and give protection
against cardiotoxicity should be developed.®- Some trials
have been performed to search for safe medication
to be given during the course of DOX chemotherapy.
EDTA or dextrazoxazone, vitamin E, and vitamin C
can be used as free radical scavengers to antagonize
DOX cardiomyopathy.’°-1? Unfortunately, their beneficial
effect is only manifested after long cumulative doses.
Another trial performed to counteract the cardiotoxicity
of DOX involved the suppression of cardiac remodeling
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by angiotensin-converting enzyme inhibitors or the
inhibition of cardiac apoptosis by alpha one adreno
receptor blockade.*®

Montelukastis a cysteinyl leukotrienes receptor antag-
onist'* and is located mostly in the sarcoplasmic reticu-
lum of cardiomyocytes. It has the potential to regulate
ROS formation.’ Leukotriene receptor antagonists have
been shown to be effective in several inflammatory mod-
els such as experimental gastric mucosal ulceration,*®
methotrexate-induced renal and liver damages,*’-'8 may
ameliorate the pathognomonic chronic inflammatory
changes in DOX-induced cardiomyopathy. Montelukast is
a medication that is used to prevent asthma symptoms.
When asthma is mild, it is usually recommended to
keep it from growing worse.’ It can also help patients
with asthma who experience breathing problems when
they exercise (exercise-induced asthma), as well as sea-
sonal allergies including sneezing, itching, and runny
nose (allergic rhinitis).?°

Klotho was first described as a single-pass trans-
membrane protein that regulates age-related events
in the renal tubular epithelium,?* bounded to the cell
membrane, or released into extracellular space and then
found in the blood, urine, or cerebrospinal fluid. The
main function of Klotho is the regulation of fibroblast
growth factor signaling and ion homeostasis.?? Klotho
acts as a cardioprotective agent due to its role in the
activation of phosphate homeostasis and reducing oxida-
tive stress.?*?* Moreover, it has anticancer and antiaging
effects through the regulation of vitamin D function.?®
Klotho regulates cellular calcium metabolism; therefore,
may be effective in treating cardiac toxicity.”® Previ-
ous studies documented that defects in Klotho gene
expression in mice accelerated cardiac hypertrophy?/
and remodeling as well as vascular calcification.?®

Therefore, the current study aimed to test the ame-
liorative effects of montelukast and Klotho as prophy-
lactic drugs against doxorubicin-induced cardiac toxicity
either alone or in combination.

2. Materials and methods
2.1. Medications and chemicals

Klotho was bought from R&D Systems (Minneapolis, MN,
USA). Montelukast was purchased from Sigma-Aldrich.
Doxorubicin HCL was purchased from Sigma Aldrich
Co, Memphis USA. All chemicals were pure powder and
of pure molecular grade. They were dissolved in saline
before use on experimental animals. SYBR Green PCR
Master Mix, Oligo dT primers, and Qiazol were imported
from QIAGEN (Valencia, CA, USA).

2.2. Animals

Fifty-six male adult Sprague-Dawley rats were bought
from Experimental Animal Breeding Farm (Helwan-
Cairo, Egypt). Animals weighed 150-200 g and were
2 months of age. Eight rats were housed per cage
at room temperature in a well-ventilated area at the

Faculty of Medicine, Department of Pharmacology, Benha
University. The current study got an ethical approve of
both Taif and Benha University, under number TURSP-
2020-09. They had free access to water and standard
food. Animals were handled manually for 30 min for 7
consecutive days to ensure full acclimatization and to
avoid treatment and administration stress.

2.3. Animal grouping

Rats were allocated into 7 groups of eight rats per group,
as follows:

Group I: Normal control: normal rats received saline.

Group II: Montelukast-administered group (Mont): rats
received orally Mont in a dose of 20 mg/kg daily for
2 weeks.?0:2?

Group III: Klotho-administered group (Klotho): rats
received intraperitoneal injections of Klotho (0.01 mg/kg,
in 100-uL saline, every 2 days for 2 weeks).>?

Group IV: Doxorubicin group (DOX): rats received dox-
orubicin HCL (2.5-mg/kg intraperitoneally (i.p) 3 times a
week for 2 weeks (cumulative dose is 15 mg/kg).>°

Group V: Montelukast-treated doxorubicin group
(Mont + DOX): rats received montelukast daily for
2 weeks as in group 1II, and doxorubicin 3 times a week
for 2 weeks as in group IV.

Group VI: Klotho-treated doxorubicin group (Klotho +
DOX): rats received Klotho every 2 days for 2 weeks as in
group III, and doxorubicin 3 times a week for 2 weeks as
in group IV.

Group VII: Klotho + Mont-treated doxorubicin group
(Mont + Klotho + DOX): rats received montelukast as
in group 1I, Klotho as in group III, and doxorubicin as in
group IV in same pattern.

At the end of the experiment, rats were anaesthetized
with urethane (1.5-1.75 gm/kg BW). The rats were set
on their backs after total anesthesia. Needle electrodes
were used to capture ECGs. The 4 limb electrodes were
attached to the rats’ 4 limbs and the recordings were
made at a rate of 25 m/min using the standard lead
113132 After completion of the ECG recording, blood
samples were taken by direct heart puncture®® then
decapitated. No mortalities were reported during the
course of experiment. Serum was extracted from clotted
blood after centrifugation at 3,000 rpm for 10 min and
stored at 4 °C for future serum cardiac measurements.
Heart samples were taken and rapidly washed with
ice cold saline. The heart of each animal was divided
into 5-mm transverse slices containing portions of both
ventricles and the interventricular septum. Small pieces
of the left ventricle measuring about 100 mg were
homogenized in an ice-cooled glass homogenizer with
1mL of phosphate-buffered saline (PBS; 50 mM, pH =7.4),
then centrifuged at 4,000 rpm for 10 min at 4 °C. The
supernatant was assayed for determination of total
proteins using Bradford assay®* The supernatant was
kept at -80 °C for measurement of the total antioxidant
capacity (TAC). Cardiac slices were preserved in 10% for-
malin for histopathological and immunohistochemical
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examination. Small pieces of heart tissue measuring
about 50 mg were inserted in Qiazol for real-time PCR.

2.4. Biochemical measurements of cardiac
enzymes biomarkers

Serum levels of creatine phosphokinase (CK-MB) were
determined using a CPK ELISA kit (Cat. No. C3755-3.5KU).
Serum levels of cardiac troponin-I (cTn-I) were deter-
mined using a cTn-I ELISA kit (cTnl; ab200016). In par-
allel, serum levels of lactate dehydrogenase (LDH) were
determined using an LDH ELISA kit (Cat. No. 601170)
according to the manufacturer’s instructions. All kits
were imported from Abcam Co., USA. For heart-specific
fatty acid binding protein (H-FABP) measurements, ELISA
kits (CSB-E16184r) were used. The absorbance was mea-
sured at 450 nm to measure H-FABP in the spectropho-
tometer. Plotting the absorbance (linear) vs. the relevant
concentrations of the rat H-FABP standards yields a stan-
dard curve.

2.5. Measurements of TAC in cardiac muscle
tissue homogenate

Cardiac muscle (500 mg) was homogenized in ice cold
buffer in 1-mM EDTA and 1-mL/L Triton X-100 for TAC.
The homogenized samples were centrifuged at 6000 x
g for 8 min at 4 °C. The supernatant was stored at
—20°C. The TAC of the hearts was measured as discussed
before ®* TAC was expressed as mmol/mg protein of car-
diac tissue.

2.6. Determination of serum levels of IL-6,
inducible nitric oxide synthase level and
caspase-3

Based on a recent study,*® IL-6 levels in the serum were
assayed using a solid-phase ELISA using a rat IL-6 kit (Cat
# ELR-IL6-1, Ray Biotech, Norcross, USA) and a Microtiter
plate reader at 450 nm. The concentration of inducible
nitric oxide (INOS) in the serum was determined
using commercially available ELISA kits (Multi Sciences
Biotech, China) as directed by the manufacturer. At a
wavelength of 450 nm, the samples or standards were
examined using an ELISA plate reader. As previously
described,?’+*® the quantitative assessment of caspase-
3 levels was performed using a caspase-3 colorimetric
assay kit (Catalog no. 907-013).

2.7. Measurement of related mRNA expression in
cardiac tissue by quantitative real-time
polymerase chain reaction

Using a 7500 fast real-time PCR system, the quantifica-
tion of interleukin-1 (IL-1), tumor necrosis factor (TNF-a),
and interleukin-10 (IL-10) at the mRNA level was investi-
gated (Applied Biosystems, CA). Total RNA was extracted
from cardiac tissue (6 samples per group) using TRI-
zol (Thermo Fisher Scientific, USA), as described in the
manufacturer’s instructions. One hundred milligrams of
cardiac tissues were put in a micro-centrifuge tube with
0.750 mL Trizol reagent, then homogenized with a Rotor
Tissue Ruptor (Qiagen, GmbH, Germany). The amount
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Table 1. Oligonucleotide sequences of primers used in
RT-gPCR.

Gene name Primer Sequence

(5'-3)
TNF-« F: 5’-AAATGGGCTCCCTCTCATCAGTTC- 3
R:5’-TCCGCTTGGTGGTTTGCTACGAC-3
IL-18 F:5'-CCAGGATGAGGACCCAAGCA-3'
R: 5’-TCCCGACCATTGCTGTTTCC-3
IL 10 F: 5’-TGCCAAGCCTTGTCAGAAATGATCAAG- 3
R:5'- GTATCCAGAGGGTCTTCAGCTTCTCTC-3’
B-actin F: 5- AAGTGTGACGTTGACATCCG-3

R: 5'- TCTGCATCCTGTCAGCAATG- 3’

and purity of the RNA were determined using Bio-Rad
spectrophotometer (BMG Lab Tec, GmbH, Germany). Fol-
lowing the manufacturer’s instructions, complementary
DNA was generated using a 2X Reverse Transcriptase
Master Mix (Applied Biosystems, USA). Here, quantita-
tive real-time polymerase chain reaction (QRT-PCR) was
performed in a 20-uL reaction mixture containing 10 uL
of SYBR Green gPCR Master Mix (TOPreal ™ gPCR 2X
PreMIX), 1 uL of 1 ug cDNA, 1 uM of each forward and
reverse primer (Table 1), and 20 uL of nuclease-free water.
Additionally, gRT-PCR was conducted by heating at 95 °C
for 10 min, then followed by 40 cycles at 95 °C for 15 s,
annealing and extension at 60 °C for 1 min. Primer-3 soft-
ware was used to construct the PCR primers, which were
then produced by Invitrogen in the United States. Table 1
shows the primer sequences (5'-3') used in this study.
The 2Ct computation was used to determine relative
changes in gene expression, with Ct revealing changes
in Ct in target genes compared with Ct values of the
housekeeping gene (beta actin gene).*

2.8. Cardiac histopathology and
immunohistochemical immunoreactivity
Transverse sections from previously formalin-preserved
cardiac slices containing the ventricles and interventric-
ular septum samples were obtained, fixed in a 1:1 mix-
ture of methanol and ethanol, paraffin-waxed, sectioned
at 5 um, and stained with hematoxylin and eosin (H&E).
A representative slide/organ/rat was selected, and then a
6 fixed size nonoverlapped randomly chosen 40x images
were snapshotted. The sections from each animal were
examined for the presence of myocardial degeneration,
inflammatory cell infiltration, and interstitial hemor-
rhage. They were graded as 0 (absent), 2 (mild), 3 (moder-
ate), or 4 (severe).*® Sections were stained with primary
antibody against TGF-1 (ab92486, 1:200) acquired from
Abcam, incubated at 4 °C overnight, and then stained
with secondary antibody at room temperature for 30 min
for TGF-B1 immunohistochemistry. Next, the sections
were rinsed in PBS and treated for 5 min at room temper-
ature with 3, 3’-diaminobenzidine (Gene Tech, Shanghali,
China). The entire technique has already been docu-
mented elsewhere.*!

2.9. Statistical analysis

SPSS version 16 software was used to tabulate and ana-
lyze the collected data (Spssinc, Chicago, ILL Company).
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Table 2. Effect of administration of montelukast and or koltho in a rat model of DOX-induced cardio toxicity on average
(Mean =+ SD) Heart rate (b/min), ST segment T wave complex elevation (mm).

Animals grouping Heart rate (b/min)

ST segment T wave complex elevation (mm)

Group I: Normal control 313.64+7.5
Group II: Montelukast (Mont) 310.55 +10.3
Group III: Klotho 312.47 +£9.8

670.12 + 19.62

578.45 + 17.11P
480.37 + 12.2¢
401.43 + 124

Group IV: Doxorubicin (DOX)
Group V: DOX + Mont

Group VI: DOX + Klotho

Group VII: DOX + Mont + Klotho

0
0

0

15.3 £0.192
9.9+ 2.3P
5.8 4+ 1.2¢
3.9+ 0.29

The letters express the significance levels relative to animal’s grouping. Values with different letters are statistically significant at P> 0.05. Values are

means + SD for 8 different rats per each treatment.

The means and standard deviations (SD) for all examined
biomarkers and SEMs for examined genes were used to
represent the data. The data were tested for normality
using the Shapiro-Wilk test assuming a normality level
of P < 0.05. The one-way analysis of variance (ANOVA)
test was used to look for differences between normally
distributed data. To find significant pairings, a significant
ANOVA test was followed by post hoc multiple com-
parisons using Bonferroni testing. The accepted level of
significance in this work was stated at 0.05 (P < 0.05 was
considered significant).

3. Results

3.1. Protective effects of montelukast and Klotho
against DOX-induced cardiac changes in heart
beat and ST segment T wave complex elevation
Intraperitoneal injection of doxorubicin 2.5 mg/kg thrice
a week for 2 weeks resulted in alterations of all tested
indices of cardiac parameters in the form of marked
increases in heart rate and ST segment T wave complex
height (Table 2). Administration of Mont or Klotho alone
significantly normalized the increases in heart beat and
ST segment T wave complex height (Table 2).

3.2 Protective effects of Montelukast and Klotho
against DOX-induced changes on cardiac
biomarkers

The cardiac cell necrosis parameters LDH, CK-MB, cTn-I,
and H-FABP were elevated (P < 0.05) after DOX injection
to rats (Fig. 1). In parallel, serum levels of the inflamma-
tory cytokine IL-6,iINOS, and apoptotic mediator caspase-
3 were significantly elevated (P < 0.05) in DOX-injected
rats compared with normal control group (Table 3). Pre-
administration of the tested drugs Mont and Klotho
ameliorated the increases in all examined parameters
in serum and cardiac homogenate. Of interest, the co-
administration of Mont and Klotho together showed
synergistic effects upon most altered parameters.

3.3. Protective quantitative effects of montelukast
and Klotho against DOX-induced changes in
cardiac inflammatory cytokines and IL-10
expression

Real-time PCR confirmed that the expression levels of
TNF-« and IL-1 B were upregulated (P < 0.05) in the

DOX-administered rats (Fig.2a andb). The expres-
sion patterns of inflammation mediators were mostly
restored when Mont and Klotho were administered
either alone or in combination. Unlike the inflammatory
mediator results, the anti-inflammatory cytokine IL-10
mRNA was downregulated (P < 0.05) in DOX-injected rats.
Mont and Klotho upregulated IL-10 expression, which
was decreased in DOX-injected rats alone. Combined
administration of Mont and Klotho upregulated and sig-
nificantly (P < 0.05) restored IL-10 expression compared
with DOX-injected rats receiving either Mont or Klotho
alone (Fig. 2c).

3.4. Protective effects of montelukast and Klotho
against DOX-induced cardiac muscle histology
The examined drugs did not cause any changes in
cardiac muscle histology in control, Mont- or Klotho-
administered animals. Control, Mont, and Klotho rats
showed normal cardiomyocyte cytoplasm and cen-
trally located oval nuclei histology (Fig. 3a—c). DOX-
injected rats showed marked degeneration of car-
diomyocytes, interstitial inflammation, and interstitial
congestion (Fig. 3d). In DOX-injected rats receiving Mont
or Klotho alone or in combination, mild improvement
of myocardium degeneration (red arrow) was observed,
with moderate improvements in interstitial inflamma-
tion (yellow arrow) and interstitial congestion (green
arrow) (Fig. 3e—g). The degree of lesion scoring in the
cardiac muscle is presented in Fig. 3h. The degree
of cardiomyopathy scoring was high in DOX-injected
rats and then decreased when Mont or Klotho was
administered alone or in combination to DOX-receiving
rats (Fig. 3h). Combined administration of Mont and
Klotho showed more significant synergistic ameliorative
effects.

3.5. Protective effects of Mont and Klotho on
changes in TGF-81 immunoreactivity

For the expression of TGF-g1 in the cardiac tissue
(Fig. 4a—c), these 3 groups revealed normal cytoplasmic
expression of TGF-B1 (brown color). DOX-intoxicated
rats showed marked increases in TGF-B1 expression in
the form of multiple scattered foci of strong immune
positivity (deep brown cytoplasmic stained) (Fig. 4d).
Monotherapy by Mont or Klotho to DOX-injected rats
resulted in moderate expression of TGF-B1 (Fig. 4e and f).
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Fig. 1. Montelukast and Klotho ameliorate serum changes in A) H-FABP, B) LDH, C) CK-MB, and D) troponin-I in DOX-intoxicated cardiac toxicity. Data
are expressed as means =+ SD, (n = 6). ANOVA test was followed by post hoc multiple comparisons test. Values with different letters are significant at

P <0.05.

Combined therapy of Mont and Klotho to DOX-receiving
rats resulted in minimal expression of TGF-B1 (faint
brown cytoplasmic stained) (Fig. 4g).

4, Discussion

The current study confirmed the protective effects of
montelukast and Klotho either alone or in combination
against doxorubicin-induced cardiac toxicity. Both drugs
induced their effects through the restoration of elevated

cardiac parameters, regulating the expression of inflam-
matory and anti-inflammatory cytokines and normaliz-
ing the alterations in cardiac histopathology and fibrosis-
associated gene expression (TGF-A1).

DOX is an antineoplastic and broad-spectrum antibi-
otic used to treat hematological and solid malignancies.
The incidence of dose-dependent toxicity to different
organs such as the heart has limited the use of
DOX.*? The mechanism of DOX-induced cardiotoxi-
city is not fully known—the most often postulated
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Table 3. Protective effect Montelukast and Klotho against DOX-induced cardiaomyopathy.

TAC (mmol/mg protein) IL-6 (pg/mL)

iNOS (IU/mL) Caspase-3 (Pg/mL)

Group I: normal control 97.81 4+ 0.012 17+6.3¢%
Group II: Mont 94.85+0.142 14+£512
Group III: Klotho 91.79+0.17 2 16+59°
Group IV: DOX 28.11 4+ 0.23° 72 +8.1P
Group V: DOX+ Mont 51.46 + 0.41°¢ 37 +3.4°¢
Group VI: DOX + Klotho 71.33 +0.21¢ 48 +2.14
Group VII: DOX + Mont + 85.114+0.2¢ 27 +1.8%

Klotho

21.67 £3.012 0.66 +0.02 2
23.83+£3.812 0.71+0.042
22 +3.892 0.63+0.072
107.14 £ 5.2b 11,1+ 1.4b
53.33 + 3.93¢ 7.9 +23¢
71.67 + 2.164 524 1.2d
34.17 £ 3.31° +0.6%

Presented values are means =+ SD for 8 different rats per group. Values with different letters are statistically significant at P > 0.05.

processes are oxidative stress, intracellular calcium dys-
regulation, inflammation, and cardiomyocyte death.*®
The problem with managing its cardiotoxicity is finding
an agent that has cardioprotective properties while
maintaining anticancer efficacy. In this study, rats were
given a cumulative dosage of DOX (15 mg/kg BW) for 2
weeks to imitate chronic cardiotoxicity, as reported in
previous clinical treatments.”* Previous studies proved
that Mont is nephron-protective and hepatoprotective
in methotrexate-induced organ toxicity."-*® Klotho has
been studied extensively since its discovery to identify
its potential role in treatment of oxidative stress,
inflammation, fibrosis, and apoptosis.?**>%¢ As a result,
we set out to investigate the cardioprotective properties
of Mont and Klotho, focusing on their potential combined
use to control oxidative stress, inflammatory response,
and apoptosis. Both normalized the significant increase
in the ST segment T wave complex, as well as severe
tachycardia occurred by DOX due to a delay in ventricular
repolarization. This was consistent with earlier research
results./ 8

Furthermore, the DOX-induced cardiotoxicity in rats
was characterized by significant increases in the serum
levels of LDH, CK-MB, troponin-1, and H-FABP,*~>! as well
as massive changes in the cardiac tissue degeneration
and fragmentation of the cytoplasm and nuclei.>*° Both
Mont and Klotho either alone or combined decreased
cardiotoxicity caused by DOX treatment, as indicated
by substantial reductions in LDH, CK-MB, c¢Tn-I, and H-
FABP levels, as well as a decrease in myocardial degen-
eration, as seen in the histological results and validated
by us and others.!*>? Furthermore, combining Mont and
Klotho resulted in greater synergistic decreases in car-
diac enzymes and an improvement in cardiac architec-
ture, as seen by a reduction in DOX-induced cardiac
damage.

H-FABP is an excellent cardiac marker.>® The marked
increase in H-FABP levels may reflect cardiomyocyte
necrosis with the release of cell membrane proteins.>*
Furthermore, the histopathological changes were accom-
panied by marked states of oxidative stress manifested
by significant decreases in the TAC of cardiac tissue in
DOX-administered rats. Combination therapy with Mont
and Klotho showed more significant restorative effects

in TAC compared with their separate monotherapy effect
as stated here and by others.>?:>>

As known, ROS promotes lipid peroxidation and the
depletion of antioxidant enzymes.>® Because cardiac
tissue requires a lot of energy, it contains a lot of
mitochondria, making it more vulnerable to DOX
poisoning ® Their inner membrane contains cardiolipin,
an anionic phospholipid with a high binding affinity for
cationic DOX.2 DOX is converted to a semiquinone radical
in mitochondria, which reacts with molecular oxygen
to create a superoxide anion and an additional ROS2
Moreover, the DOX metabolite (doxorubosol) via inhi-
bition of iron regulatory protein increases intracellular
free iron, which induces free radical toxicity.>’ Previous
research has shown that DOX causes the depletion of
antioxidant molecules such as GSH and the fatigue of
cardiac antioxidant enzymes such as CAT and SOD.>:>
Because free radicals are the primary cause of DOX-
induced cardiotoxicity and as oxidative stress is a key
component of cardiac toxicity, antioxidant substances
have long been recognized as potential preventive and
therapeutic agents.®® Current findings confirmed the
impact of Mont or Klotho alone or in combination in
alleviating doxorubicin associated cardiac stress.

Increased free radical production and lipid peroxi-
dation promote the inflammatory response in heart
tissuef? Cell survival, inflammation, and immuno-
logical responses are all affected by the transcription
factor NF-kB. The transcription of proinflammatory
cytokines (TNF-«, IL-18, and IL-6) is enhanced by
NF-kB, which controls inflammatory responses.’#:>0:60
These cytokines cause leukocyte infiltration into the
myocardium, which worsens the inflammatory dam-
age®? Such increase in NF-B, TNF-«, IL-1, and IL-6
production in cardiac tissues can consistently promote
cardiomyocyte death.> Therefore, administration of Mont
or Klotho alone or in combination normalized such
deviation in IL-1 and TNF-«a production to control cardiac
inflammation.

The overexpression of INOS caused by inflammation is
responsible for the increase in cardiac NO levels caused
by DOX. By reacting with the free radical superoxide
anion, high levels of NO produce peroxynitrite, which
causes cardiac oxidative damage, apoptosis, and lipid
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Fig. 2. Quantification of A) TNF-«, B) IL-18, and C) IL-10 expression in rat cardiac tissue. Values expressed as means + SEM (n = 6). ANOVA test was
followed by post hoc multiple comparisons test. Values with different letters are significant at P < 0.05.

peroxidation.®® Based on our findings, DOX-administered
group resulted in considerable increases in mRNA gene
expression of proinflammatory cytokines such as TNF-
a and IL-1 B, serum levels of IL-6 and iNOS, as well
as downregulation of IL-10 mRNA. Montelukast alone
or combined with Klotho resulted in decrease in iNOS

levels and TNF-« and IL-18 mRNA. Moreover, there was
a significant upregulation in IL-10 mRNA. Such findings
were confirmed in partial similar studies.'*%* Clearly, the
combination of Mont and Klotho resulted in more potent
anti-inflammatory effects than that with Mont or Klotho
alone.
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Fig. 3. Photomicrography of histopathological changes of rat cardiac tissues (H&E, x400). Rats from the A) control, B) montelukast-treated group, and
C) Klotho-treated group showed normal histology of cardiomyocyte cytoplasm (blue arrow) and centrally located oval nuclei (black arrow). D)
Represents DOX-injected rats showing marked degeneration of cardiomyocytes (red arrow), interstitial inflammation (yellow arrow), and interstitial
congestion (green arrow). E) Represents Mont + DOX-treated rats showing mild improvements in myocardium degeneration (red arrow) with moderate
improvement in interstitial inflammation (yellow arrow) and interstitial congestion (green arrow). F) Represents Klotho + DOX-treated rats showing
moderate improvements in myocardium degeneration (red arrow), interstitial inflammation (yellow arrow), and interstitial congestion (green arrow),
although the letter 2 parameters were of a lesser degree than Mont + DOX-treated rats. G) Represents Mont + Klotho + DOX-treated rats showing
marked improvements in myocardium degeneration (red arrow), interstitial inflammation (yellow arrow), and interstitial congestion (green arrow). In
Fig. 3H, Values are mean = SE for 6 slides/group. Values with different letters are statistically significant at P > 0.05.
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decreases in immune reactivity compared with e and f.

One of the possible cardioprotective mechanisms of
Mont may due to its inhibitory effect on leukotriene-
mediated sarcoplasmic reticulum oxidative stress.5>:%
Previous human studies have shown that montelukast
contributes to the inhibition of inflammation by

increasing IL-10 levels.”-8 Mont inhibits NF-kB translo-
cation and decreases TNF-induced oxidative damage.®®
Many proinflammatory cytokines, such as TNF-«, are
inhibited by IL-10, which is also known as a cytokine
production inhibitory factor. Klotho upregulated the
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Fig. 5. Representative impacts of montelukast and Klotho against cardiac toxicity induced by doxorubicin.

secretion of 1L-10’° through the activation of the
JAK2/STAT3 signaling axis and inhibition of NF-kB may
be responsible for IL-10-induced TNF-« inhibition.”%”*

Growing evidences has revealed that apoptosis of
cardiomyocytes is an essential cause of DOX-induced
cardiotoxicity.’? Bcl-2 family members, which include
proapoptotic (Bax, caspase-3) and antiapoptotic (Bcl-
2) proteins, are the most important regulators of
apoptosis./?> Our data showed significant increases
in the cleaved caspase-3 levels in DOX-injected rats,
in agreement with previous studies.’**° Monotherapy
with Mont or Klotho exhibited reductions in cleaved
caspase-3 levels, while combined therapy provoked
more significant reductions, confirming that Mont and
Klotho have antiapoptotic effects.”* Previous studies
documented antiapoptotic effects of Klotho in DOX-
induced cardiotoxicity,* which were associated with the
activation of MAPKs.”?

Fibrosis is the body’s natural response to DOX-induced
cardiotoxicity’® TGF-81 regulates inflammatory and
growth factor signaling pathways, which are involved in
DOX-induced cardiac fibrosis. Increased oxidative stress,
followed by antioxidant depletion and lipid peroxidation,
causes tissue inflammation and necrosis, in addition
to promoting tissue fibrogenesis°® Another impor-
tant regulator of collagen formation in DOX-induced
cardiomyopathy is TGF-g1. TGF-B1, a profibrogenic
cytokine generated by cardiac myofibroblasts, causing
cardiomyocyte hypertrophy, death, and fibrosis.”” In this
study, the immunohistochemical staining of myocar-
dial tissues revealed marked increases in the TGF-81
expression in cardiac tissues in DOX-injected rats.”®
However, administration of Mont or Klotho alone resulted
in a moderate reduction in TGF-B1 expression, while

combined therapy resulted in a marked reduction in TGF-
B1 expression. It has been shown that Mont attenuates
hepatic TGF-g1 in hepatic fibrosis.”® In parallel, Klotho
suppresses pro-fibrotic TGF-B1 signaling and organs
fibrosis.*>:®° Therefore, combination therapy has more
potential to inhibit DOX-induced myocardial damage
and fibrosis development.

5. Conclusions

Combined administration of montelukast and Klotho
was proven to be effective in suppressing DOX-induced
cardiotoxicity in rats than do alone. They ameliorated
the cardiotoxicity induced by DOX through the partial
restoration of the elevated cardiac biomarkers, downreg-
ulating the expression of inflammatory cytokines and
fibrosis- and apoptosis-associated proteins, upregulating
the mRNA expression of IL-10 and increasing the
antioxidant activity of affected rats. The collective
synergistic impacts of montelukast and Klotho against
doxorubicin-induced cardiac dysfunction are illustrated
on Fig. 5.

Acknowledgments

The authors are thankful to the technical and adminis-
trative staff at the Departments of Pharmacology, Pathol-
ogy and Clinical Pathology, Faculty of Medicine, Benha
University, Egypt, for their support during this study.

Authors’ contributions
All authors contributed equally to this study.

2202 2unp Gz U0 0119y 1dS STINF ‘SS809€ 8)iS dNO AQ #1G 1 L99/EZ00./SIX0)/EE0 | "0 L/10P/S[ILE-90UBADE/SSIX0)/W0D" dNO"DlWSPESE//:SAY WOIj PIPEOjUMOQ



Funding

This study was supported by Taif University Researchers
Supporting Project (TURSP-2020/09), Taif University, Taif,
Saudi Arabia.

Conflict of Interest statement

No conflicts of interest regarding the current data were
reported.

Ethical approval

The techniques and protocols used in this study were
created in compliance with the Institutional Animal Care
and Ethical Committee of Taif University, Saudi Arabia’s
criteria for animal welfare and the use of animals for
project TURSP-2020-09.

Data availability

Data are available up on request.

References

1. Khiati S, Dalla Rosa I, Sourbier C, Ma X, Rao VA, Neckers LM,
Zhang H, Pommier Y. Mitochondrial topoisomerase [ (toplmt) is
a novel limiting factor of doxorubicin cardiotoxicity. Clin Cancer
Res. 2014:20(18):4873-81.

2. Takemura G, Fujiwara H. Doxorubicin-induced cardiomyopathy
from the cardiotoxic mechanisms to management. Prog Cardio-
vasc Dis. 2007:49(5):330-52.

3. Simtnek Z, Oplustil S, Drabkova J. Cordaites borassifolius (Stern-
berg) Unger (Cordaitales) from the Radnice Basin (Bolsovian,
Czech Republic). Bull Geosci. 2009:84:301-36.

4. Pugazhendhi A, Edison TNJI, Velmurugan BK, Jacob JA, Karup-
pusamy I. Toxicity of Doxorubicin (Dox) to different experimen-
tal organ systems. Life Sci. 2018:200(5):26-30.

5. Shaker RA, Abboud SH, Assad HC, Hadi N. Enoxaparin attenu-
ates doxorubicin induced cardiotoxicity in rats via interfering
with oxidative stress, inflammation and apoptosis. BMC Pharma-
col Toxicol. 2018:19(1):3.

6. YuJ, Gao H, Wu C, Xu QM, Lu JJ, Chen X. Diethyl blechnic, a
novel natural product isolated from Salvia miltiorrhiza Bunge,
inhibits Doxorubicin-Induced Apoptosis by inhibiting ROS and
activating JNK1/2. Int ] Mol Sci. 2018:19(6):1809.

7. Kuzu M, Kandemir FM, Yildirim S, Kucukler S, Caglayan C, Turk
E. Morin attenuates doxorubicin-induced heart and brain dam-
age by reducing oxidative stress, inflammation and apoptosis.
Biomed Pharmacother. 2018:106(10):443-53.

8. Angsutararux P, Luanpitpong S, Issaragrisil S. Chemotherapy-
Induced cardiotoxicity: overview of the roles of oxidative
stress. Oxidative Med Cell Longev. 2015:2015:795602. https://doi.
0rg/10.1155/2015/795602.

9. Elblehi SS, el-Sayed YS, Soliman MM, Shukry M. Date palm
pollen extract avert doxorubicin-induced cardiomyopathy fibro-
sis and associated oxidative/nitrosative stress, inflammatory
cascade, and apoptosis-targeting Bax/Bcl-2 and Caspase-3 sig-
naling pathways. Animals (Basel). 2021:11(3):886.

10. Hadi N, Yousif NG, al-amran FG, Huntei NK, Mohammad
BI, Ali §J. Vitamin E and telmisartan attenuates doxorubicin
induced cardiac injury in rat through down regulation of

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Heba A. Elnouryetal. | 11

inflammatory response. BMC Cardiovasc Disord. 2012:12:63.
https://doi.org/10.1186/1471-2261-12-63.

Akolkar G, da Silva Dias D, Ayyappan P, Bagchi AK, Jassal DS,
Salemi VMC, Irigoyen MC, de Angelis K, Singal PK. Vitamin
C mitigates oxidative/nitrosative stress and inflammation in
doxorubicin-induced cardiomyopathy. Am ] Physiol Heart Circ
Physiol. 2017:313(4):H795-h809.

ZhangY,Hua HY, Zhang TM. Inhibitory effect of dioxopiperazine
compounds on malondialdehyde formation induced by doxoru-
bicin in rat liver mitochondria in vitro. Zhongguo Yao Li Xue Bao.
1993:14(4):340-3.

van Dalen EC, Caron HN, Dickinson HO, Kremer LCM, Cochrane
Gynaecological, Neuro-oncology and Orphan Cancer Group. Car-
dioprotective interventions for cancer patients receiving anthra-
cyclines. Cochrane Database Syst Rev. 2011:2011(6):Cd003917.
Hafez HM, Hassanein H. Montelukast ameliorates doxorubicin-
induced cardiotoxicity via modulation of p-glycoprotein and
inhibition of ROS-mediated TNF-a/NF-«B pathways. Drug Chem
Toxicol. 2020:45(2):548-59.

Becher UM, Ghanem A, Tiyerili V, Fiirst DO, Nickenig G, Mueller
CFH. Inhibition of leukotriene C4 action reduces oxidative stress
and apoptosis in cardiomyocytes and impedes remodeling after
myocardial injury. J Mol Cell Cardiol. 2011:50(3):570-7.
Cuciureanu M, Caruntu ID, Kuchar M, Nechifor M. The influ-
ence of leukotriene receptors’ antagonists on experimentally
induced ulcer in rats. Rev Med Chir Soc Med Nat Iasi. 2008:112(3):
750-6.

Abdel-Raheem IT, Khedr NF. Renoprotective effects of mon-
telukast, a cysteinyl leukotriene receptor antagonist, against
methotrexate-induced kidney damage in rats. Naunyn Schmiede-
berg’s Arch Pharmacol. 2014:387(4):341-53.

Kose E et al. Beneficial effects of montelukast against
methotrexate-induced liver toxicity: a biochemical and his-
tological study. Sci World J. 2012:2012:987508. https://doi.
0rg/10.1100/2012/987508.

Kemp JP. Recent advances in the management of asthma using
leukotriene modifiers. Am J Respir Med. 2003:2(2):139-56.

Kim MK, Lee SY, Park HS, Yoon HJ, Kim SH, Cho YJ, Yoo KH,
Lee SK, Kim HK, Park JW et al. A Randomized, multicenter,
double-blind, Phase III Study to evaluate the efficacy on allergic
rhinitis and safety of a combination therapy of montelukast and
levocetirizine in patients with asthma and allergic rhinitis. Clin
Ther. 2018:40(7):1096-1107 .e1.

Guo Y, Zhuang X, Huang Z, Zou ], Yang D, Hu X, du Z, Wang L,
Liao X. Klotho protects the heart from hyperglycemia-induced
injury by inactivating ROS and NF-«<B-mediated inflammation
both in vitro and in vivo. Biochim Biophys Acta Mol basis Dis.
2018:1864(1):238-51.

Kuro-o M. Klotho as a regulator of fibroblast growth factor
signaling and phosphate/calcium metabolism. Curr Opin Nephrol
Hypertens. 2006:15(4):437-41.

Razzaque MS. The FGF23-Klotho axis: endocrine regulation of
phosphate homeostasis. Nat Rev Endocrinol. 2009:5(11):611-9.
Zhu H, Gao Y, Zhu S, Cui Q, du J. Klotho improves cardiac
function by suppressing reactive oxygen species (ROS) mediated
apoptosis by modulating Mapks/Nrf2 signaling in Doxorubicin-
Induced cardiotoxicity. Med Sci Monit. 2017:23(11):5283-93.
Kuro-o M. Klotho and aging. Biochim Biophys
2009:1790(10):1049-58.

Zhuang X, Sun X, Zhou H, Zhang S, Zhong X, Xu X, Guo Y,
Xiong Z, Liu M, Lin Y et al. Klotho attenuated Doxorubicin-
induced cardiomyopathy by alleviating Dynamin-related pro-
tein 1 - mediated mitochondrial dysfunction. Mech Ageing Dev.
2021:195:111442. https://doi.org/10.1016/j.mad.2021.111442.

Acta.

2202 2unp Gz U0 0119y 1dS STINF ‘SS809€ 8)iS dNO AQ #1G 1 L99/EZ00./SIX0)/EE0 | "0 L/10P/S[ILE-90UBADE/SSIX0)/W0D" dNO"DlWSPESE//:SAY WOIj PIPEOjUMOQ


https://doi.org/10.1155/2015/795602
https://doi.org/10.1155/2015/795602
https://doi.org/10.1186/1471-2261-12-63
https://doi.org/10.1100/2012/987508
https://doi.org/10.1100/2012/987508
https://doi.org/10.1016/j.mad.2021.111442

12

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

| Toxicology Research, 2022

Xie J, Cha SK, An SW, Kuro-o M, Birnbaumer L, Huang CL.
Cardioprotection by Klotho through downregulation of TRPC6
channels in the mouse heart. Nat Commun. 2012:3:1238. https://
doi.org/10.1038/ncomms2240.

Lim K, Lu TS, Molostvov G, Lee C, Lam FT, Zehnder D, Hsiao
LL. Vascular Klotho deficiency potentiates the development of
human artery calcification and mediates resistance to fibroblast
growth factor 23. Circulation. 2012:125(18):2243-55.

Hemmati AA, Olapour S, Najafzadeh Varzi H, Khodayar MJ,
Dianat M, Mohammadian B, Yaghooti H. The evaluation of the
ameliorative effect of montelukast against arsenic trioxide-
induced cardiotoxicity in rats. J Nat Pharm Prod. 2017:12(4):
€65046.

Caliskan A, Yavuz C, Karahan O, Yazici S, Guclu O, Demirtas S,
Mavitas B. Factor-Xa inhibitors protect against systemic oxidant
damage induced by peripheral-ischemia reperfusion. J] Thromb
Thrombolysis. 2014:37(4):464-8.

Lobo Filho HG, Ferreira NL, Sousa RB, Carvalho ER, Lobo
PLD, Lobo Filho JG. Experimental model of myocardial infarc-
tion induced by isoproterenol in rats. Rev Bras Cir Cardiovasc.
2011:26(3):469-76.

Wong ZW, Thanikachalam PV, Ramamurthy S. Molecular
understanding of the protective role of natural products on
isoproterenol-induced myocardial infarction: a review. Biomed
Pharmacother. 2017:94(10):1145-66.

Parasuraman S, Raveendran R, Kesavan R. Blood sample col-
lection in small laboratory animals. J Pharmacol Pharmacother.
2010:1(2):87-93.

Bradford MM. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem. 1976:72(5):248-54.

Dianat M, Hamzavi GR, Badavi M, Samarbafzadeh A. Effects
of losartan and vanillic acid co-administration on ischemia-
reperfusion-induced oxidative stress in isolated rat heart. Iran
Red Crescent Med ]. 2014:16(7):e16664.

Baradaran Rahim V, Khammar MT, Rakhshandeh H, Samzadeh-
Kermani A, Hosseini A, Askari VR. Crocin protects car-
diomyocytes against LPS-Induced inflammation. Pharmacol Rep.
2019:71(6):1228-34.

Zhang YY, Yi M, Huang YP. Oxymatrine ameliorates
doxorubicin-induced cardiotoxicity in rats. Cell Physiol Biochem.
2017:43(2):626-35.

Abdel-Wahab AF, Al-Harizy WM. Propofol protects against
ischemia/reperfusion injury associated with reduced apoptosis
in rat liver. ISRN Anesthesiology. 2013:2013:517478. https://doi.
0rg/10.1155/2013/517478.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the
comparative C(T) method. Nat Protoc. 2008:3(6):1101-8.

Ibrahim MA, Ashour OM, Ibrahim YF, el-Bitar HI, Gomaa
W, Abdel-Rahim SR. Angiotensin-converting enzyme inhibition
and angiotensin AT(1)-receptor antagonism equally improve
doxorubicin-induced cardiotoxicity and nephrotoxicity. Pharma-
col Res. 2009:60(5):373-81.

Khafaga AF, El-Sayed YS. All-trans-retinoic acid ameliorates
doxorubicin-induced cardiotoxicity: in vivo potential involve-
ment of oxidative stress, inflammation, and apoptosis via
caspase-3 and p53 down-expression. Naunyn Schmiedeberg’s Arch
Pharmacol. 2018:391(1):59-70.

Renu K, V.G. A, P.B. TP, Arunachalam S. Molecular mechanism of
doxorubicin-induced cardiomyopathy - an update. Eur J Pharma-
col. 2018:818(1):241-53.

Octavia Y, Tocchetti CG, Gabrielson KL, Janssens S, Crijns
HJ, Moens AL. Doxorubicin-induced cardiomyopathy: from

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

molecular mechanisms to therapeutic strategies. ] Mol Cell Car-
diol. 2012:52(6):1213-25.

XiaoJ, Sun GB, Sun B, Wu Y, He L, Wang X, Chen RC, Cao L, Ren
XY, Sun XB. Kaempferol protects against doxorubicin-induced
cardiotoxicity in vivo and in vitro. Toxicology. 2012:292(1):53-62.
Doi S, Zou Y, Togao O, Pastor JV, John GB, Wang L, Shiizaki K,
Gotschall R, Schiavi S, Yorioka N et al. Klotho inhibits trans-
forming growth factor-betal (TGF-betal) signaling and sup-
presses renal fibrosis and cancer metastasis in mice. J Biol Chem.
2011:286(10):8655-65.

Kim JH, Hwang KH, Park KS, Kong ID, Cha SK. Biological role of
anti-aging protein Klotho. J Lifestyle Med. 2015:5(1):1-6.

Warpe V,Mali VR, S A, Bodhankar SL, Mahadik KR. Cardioprotec-
tive effect of ellagic acid on doxorubicin induced cardiotoxicity
in wistar rats. ] Acute Med. 2015:5(1):1-8.

Valensi P, Lorgis L, Cottin Y. Prevalence, incidence, predic-
tive factors and prognosis of silent myocardial infarction:
a review of the literature. Arch Cardiovasc Dis. 2011:104(3):
178-88.

Zare MFR, Rakhshan K, Aboutaleb N, Nikbakht F, Naderi N,
Bakhshesh M, Azizi Y. Apigenin attenuates doxorubicin induced
cardiotoxicity via reducing oxidative stress and apoptosis in
male rats. Life Sci. 2019:232(9):116623.

Alanazi AM, Fadda L, Alhusaini A, Ahmad R, Hasan IH, Mah-
moud AM. Liposomal resveratrol and/or carvedilol attenuate
Doxorubicin-induced cardiotoxicity by modulating inflamma-
tion, oxidative stress and S100A1 in rats. Antioxidants (Basel).
2020:9(2):159.

Sayed-Ahmed MM, Rishk AM, Soloma S, Abdel-Aleem S. Protec-
tion by L-Carnitine against the inhibition of gene expression of
heart fatty acid binding protein by chronic administration of
Doxorubicin. 2000:12(4):275-81.

Olejnik A, Krzywonos-Zawadzka A, Banaszkiewicz M, Bil-
Lula I. Klotho protein contributes to cardioprotection dur-
ing ischaemia/reperfusion injury. J Cell Mol Med. 2020:24(11):
6448-58.

Ye XD, He Y, Wang S, Wong GT, Irwin MG, Xia Z. Heart-type
fatty acid binding protein (H-FABP) as a biomarker for acute
myocardial injury and long-term post-ischemic prognosis. Acta
Pharmacol Sin. 2018:39(7):1155-63.

Kleine AH, Glatz JFC, van Nieuwenhoven FA, van der Vusse GJ.
Release of heart fatty acid-binding protein into plasma after
acute myocardial infarction in man. Mol Cell Biochem. 1992:116(1-
2):155-62.

Kose E, Oguz F, Vardi N, Ediz Sarihan M, Beytur A, Yiicel A, Polat
A, Eki Nci N. Therapeutic and protective effects of montelukast
against doxorubicin-induced acute kidney damage in rats. Iran J
Basic Med Sci. 2019:22(4):407-11.

Sandamali JAN, Hewawasam RP, Jayatilaka KAPW, Mudduwa
LKB. Cardioprotective potential of Murraya koenigii (L.) Spreng.
leaf extract against Doxorubicin-induced cardiotoxicity in rats.
Evid Based Complement Alternat Med. 2020:2020:6023737. https://
doi.org/10.1155/2020/6023737.

Minotti G, Ronchi R, Salvatorelli E, Menna P, Cairo G. Doxoru-
bicin irreversibly inactivates iron regulatory proteins 1 and 2
in cardiomyocytes: evidence for distinct metabolic pathways
and implications for iron-mediated cardiotoxicity of antitumor
therapy. Cancer Res. 2001:61(23):8422-8.

Chen CT, Wang ZH, Hsu CC, Lin HH, Chen JH. In Vivo protective
effects of diosgenin against Doxorubicin-induced cardiotoxicity.
Nutrients. 2015:7(6):4938-54.

Sies H. Total antioxidant capacity: appraisal of a concept. ] Nutr.
2007:137(6):1493-5.

2202 2unp Gz U0 0119y 1dS STINF ‘SS809€ 8)iS dNO AQ #1G 1 L99/EZ00./SIX0)/EE0 | "0 L/10P/S[ILE-90UBADE/SSIX0)/W0D" dNO"DlWSPESE//:SAY WOIj PIPEOjUMOQ


https://doi.org/10.1038/ncomms2240
https://doi.org/10.1038/ncomms2240
https://doi.org/10.1155/2013/517478
https://doi.org/10.1155/2013/517478
https://doi.org/10.1155/2020/6023737
https://doi.org/10.1155/2020/6023737

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Bin Jardan YA et al. Sinapic acid ameliorates oxidative stress,
inflammation, and Apoptosis in acute Doxorubicin-induced
cardiotoxicity via the NF-kB-mediated pathway. Biomed Res Int.
2020:2020:3921796. https://doi.org/10.1155/2020/3921796.

Bal Z, Wang Z. Genistein protects against doxorubicin-induced
cardiotoxicity through Nrf-2/HO-1 signaling in mice model. Env-
iron Toxicol. 2019:34(5):645-51.

Hu C, Zhang X, Zhang N, Wei WY, Li LL, Ma ZG, Tang QZ.
Osteocrin attenuates inflammation, oxidative stress, apoptosis,
and cardiac dysfunction in doxorubicin-induced cardiotoxicity.
Clin Transl Med. 2020:10(3):e124.

Bahadir A, Kurucu N, Kadioglu M, Yenilmez E. The role of
nitric oxide in Doxorubicin-induced cardiotoxicity: experimen-
tal study. Turk ] Haematol. 2014:31(1):68-74.

Yu S, Yang H, Guo X, Sun Y. Klotho attenuates angiotensin II-
induced cardiotoxicity through suppression of necroptosis and
oxidative stress. Mol Med Rep. 2021:23(1):66.

Cao SS,Kaufman RJ. Endoplasmic reticulum stress and oxidative
stress in cell fate decision and human disease. Antioxid Redox
Signal. 2014:21(3):396-413.

Anderson R, Theron AJ, Gravett CM, Steel HC, Tintinger GR,
Feldman C. Montelukast inhibits neutrophil pro-inflammatory
activity by a cyclic AMP-dependent mechanism. Br ] Pharmacol.
2009:156(1):105-15.

A.El-Kelany M, Anani H, Omar A, Hashem EF. Can Montelukast
correct immune dysregulation in preschool children with mild
persistent asthma? The Egyptian Journal of Pediatric Allergy and
Immunology. 2020:17(2):87-95.

Chen S, Jin G, Shan J, Zhang M, Men Q, Xu L. Cardioprotective
effect and influence on NOS expression of Montelukast sodium
in rats. Yao Xue Xue Bao. 2003:38(11):821-5.

Buendia P, Ramirez R, Aljama P, Carracedo J. Klotho prevents
translocation of NF«B. Vitam Horm. 2016:101:119-50. https://doi.
0rg/10.1016/bs.vh.2016.02.005.

Mytych ], Romerowicz-Misielak M, Koziorowski M. Klotho
protects human monocytes from LPS-induced immune

71.

72.

73.

74.

75.

76.

77.

78.

Heba A. Elnouryetal. | 13

impairment associated with immunosenescent-like phenotype.
Mol Cell Endocrinol. 2018:470:1-13. https://doi.org/10.1016/j.
mce.2017.05.003.

Sopjani M, Rinnerthaler M, Kruja J, Dermaku-Sopjani M. Intra-
cellular signaling of the aging suppressor protein Klotho. Curr
Mol Med. 2015:15(1):27-37.

Zhang DX, Ma DY, Yao ZQ, Fu CY, Shi YX, Wang QL, Tang QQ.
ERK1/2/p53 and NF-«B dependent-PUMA activation involves in
doxorubicin-induced cardiomyocyte apoptosis. Eur Rev Med Phar-
macol Sci. 2016:20(11):2435-42.

Zhang QL, Yang JJ, Zhang HS. Carvedilol (CAR) combined with
carnosic acid (CAA) attenuates doxorubicin-induced cardiotox-
icity by suppressing excessive oxidative stress, inflammation,
apoptosis and autophagy. Biomed Pharmacother. 2019:109:71-83.
https://doi.org/10.1016/j.biopha.2018.07.037.

El-Boghdady NA, Abdeltawab NF, Nooh MM. Resveratrol and
Montelukast alleviate paraquat-induced hepatic injury in mice:
modulation of oxidative stress, inflammation, and apopto-
sis. Oxidative Med Cell Longev. 2017:2017:9396425. https://doi.
0rg/10.1155/2017/9396425.

Song S, Gao P, Xiao H, Xu Y, Si LY. Klotho suppresses car-
diomyocyte apoptosis in mice with stress-induced cardiac injury
via downregulation of endoplasmic reticulum stress. PLoS One.
2013:8(12):¢82968.

Lin H, Zhang J, Ni T, Lin N, Meng L, Gao F, Luo H, Liu
X, Chi J, Guo H. Yellow wine polyphenolic compounds pre-
vents Doxorubicin-induced cardiotoxicity through activation
of the Nrf2 signalling pathway. J Cell Mol Med. 2019:23(9):
6034-47.

Sun X, Chen G, Xie Y, Jiang D, Han J, Chen F, Song Y.
Qiligiangxin improves cardiac function and attenuates cardiac
remodelling in doxorubicin-induced heart failure rats. Pharm
Biol. 2020:58(1):417-26.

El-Swefy S, Hassanen SI. Improvement of hepatic fibrosis
by leukotriene inhibition in cholestatic rats. Ann Hepatol.
2009:8(1):41-9.

2202 2unp Gz U0 0119y 1dS STINF ‘SS809€ 8)iS dNO AQ #1G 1 L99/EZ00./SIX0)/EE0 | "0 L/10P/S[ILE-90UBADE/SSIX0)/W0D" dNO"DlWSPESE//:SAY WOIj PIPEOjUMOQ


https://doi.org/10.1155/2020/3921796
https://doi.org/10.1016/bs.vh.2016.02.005
https://doi.org/10.1016/bs.vh.2016.02.005
https://doi.org/10.1016/j.mce.2017.05.003
https://doi.org/10.1016/j.mce.2017.05.003
https://doi.org/10.1016/j.biopha.2018.07.037
https://doi.org/10.1155/2017/9396425
https://doi.org/10.1155/2017/9396425

	 Synergistic impacts of Montelukast and Klotho against doxorubicin-induced cardiac toxicity in Rats
	1. Introduction
	2. Materials and methods
	3. Results
	4. Discussion
	5. Conclusions
	 Acknowledgments
	Authors' contributions
	Funding
	Conflict of Interest statement
	Ethical approval
	Data availability


