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Background: Doxorubicin, an anthracycline class of anticancer, is an effective chemotherapeutic agent with serious adverse effects,
mainly cardiotoxicity. Several possible causes of doxorubicin cardiotoxicity are increased oxidative stress, nucleic acid and protein synthesis
inhibition, cardiomyocyte apoptosis, and mitochondrial biogenesis disruptions. Moringa oleifera (MO), a naturally derived medicine, is
known for its antioxidative properties and activity in alleviating mitochondrial dysfunction. To determine the potency and possible
cardioprotective mechanism of MO leaves aqueous extract via the mitochondrial biogenesis pathway in doxorubicin-induced rats.
Methods: Twenty-four Sprague-Dawley rats were divided into four groups of six. The first group was normal rats; the second group
was treated with doxorubicin 4 mg/kg BW intraperitoneally once weekly for four weeks; the third and fourth groups were treated with
doxorubicin 4 mg/kg BW intraperitoneally once weekly, and MO leaves extract at 200 mg/kg BW or 400 mg/kg BW orally daily, for
four weeks. At the end of the fourth week, blood and cardiac tissues were obtained and analyzed for cardiac biomarkers, mitochondrial
DNA copy number, mRNA expressions of peroxisome-activated receptor-gamma coactivator-1 alpha (PGC-1a), the nuclear factor
erythroid 2-related factor 2 (Nrf2), superoxide dismutase 2 (SOD2), caspase 3, the activity of glutathione peroxidase (GPx), levels of
8-hydroxy-2-deoxyguanosine (8-OH-dG), and malondialdehyde.

Results: MO leaves extract was shown to decrease biomarkers of cardiac damage (LDH and CK-MB), malondialdehyde levels, and
GPx activity. These changes align with the reduction of mRNA expressions of caspase-3, the increase of mRNA expressions of PGC-
lo and Nrf2, and the elevation of mitochondrial DNA copy number. MO leaves extracts did not influence the mRNA expressions of
superoxide dismutase 2 (SOD2) or the levels of 8-OH-dG.

Conclusion: Moringa oleifera leaves extract ameliorates doxorubicin-induced cardiotoxicity by reducing apoptosis and restoring
gene expression of PGC-1a and Nrf2, a key regulator in mitochondrial biogenesis.
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Introduction

Doxorubicin, an anthracycline anticancer drug, is highly efficacious and successful in treating a broad range of solid
tumors and hematological malignancies. Even though doxorubicin is a very efficient anticancer drug, most patients
experience cardiotoxicity as a side effect.'> Cardiotoxicity due to doxorubicin can be characterized by the elevation of
several cardiac enzyme markers, electrocardiogram abnormalities, and left ventricular systolic dysfunction that might
progress to cardiomyopathy and congestive heart failure.”*> The previous study had shown that the incidence of patients
with congestive heart failure could increase dose-dependently with the cumulative dose of doxorubicin.*”
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Several hypotheses regarding the mechanism of doxorubicin-induced cardiomyopathy include impaired adrenergic
regulation of the myocardium, cardiac cell hyperinflammation, and the generation of excessive oxygen free radicals and
lipid peroxidation. Doxorubicin is also known to induce mitochondrial dysfunction, including impaired calcium regula-
tion and apoptosis in cardiomyocytes.®"!

Doxorubicin has a strong affinity for the myocardium, which can induce reactive oxygen species (ROS) production
and mitochondrial damage. Mitochondria are the most prominent organelles damaged in the heart by drugs that induce
cardiotoxicity.® Compared with other tissues, the number of mitochondria in cardiomyocytes is 35-40% higher, so
doxorubicin tends to cause toxicity in the heart.*'*'? Following mtDNA damage, the copy number level of mtDNA
varies, resulting in mitochondrial malfunction, which plays an essential part in doxorubicin-induced cardiotoxicity.'* In
addition, doxorubicin also substantially lowered the expression of mitochondrial superoxide dismutase 2, mitochondria
(SOD2) in cardiomyocytes. SOD2 removes superoxide radicals from mitochondria, producing hydrogen peroxide and
oxygen."> The considerable reduction in SOD2 mRNA and protein expression in PGC-1 knockout mice suggests that
PGC-1 is required for SOD2 expression in the cardiomyocytes.'® Thus, agents that alter mitochondrial dysfunction and
have antioxidative activity are hypothesized to have cardioprotective effects in doxorubicin-induced cardiotoxicity.

To date, no standard treatment is available to combat doxorubicin cardiotoxicity. The selection of natural compounds
as cardioprotectors is a future opportunity in drug development. One of the plants that can be developed is Moringa
oleifera Lam. A previous study showed that Moringa oleifera aqueous extract could restore cardiac dysfunction in
potassium bromate-induced rats via its anti-inflammatory and antioxidant activities.'” Another study showed that
isothiocyanates, a compound isolated from Moringa oleifera, caused a decrease in mitochondrial superoxide and
restoration of mitochondrial membrane potential in lipopolysaccharide-induced macrophages.'® Several studies have
been carried out to examine the impact of Moringa oleifera on the cardiotoxicity induced by short-term doxorubicin.'**°
The research elucidated the potential mechanism of action of Moringa oleifera through its anti-inflammatory'® and
antioxidant®® pathways. The potential benefits of Moringa oleifera extract on extended periods of doxorubicin-induced
cardiotoxicity and whether mitochondrial biogenesis pathways mediate the effects remain uncertain. Thus, this study
aimed to determine the potency and possible cardioprotection mechanism of Moringa oleifera leaves aqueous extract via
the mitochondrial biogenesis pathway in a longer duration of doxorubicin-induced rats.

Materials and Methods

Materials

Moringa oleifera leaves extract was obtained commercially from PT Javaplant (Solo, Indonesia). The extraction method
and detailed results of the phytochemical analysis of the extract have been provided in the previous manuscript.”'
Doxorubicin-HCI pro injection 2 mg/mL was purchased from Otto Pharmaceutical, Indonesia. Spectrophotometric kits
for Lactate dehydrogenase (LDH) and creatine phosphokinase-MB (CK-MB) were from Diasys Diagnostic Systems,
USA. Reagents for quantitative reverse-transcription Polymerase-Chain Reaction (QRT-PCR) consist of Quick-DNA
Miniprep Plus Kit (Zymo Research), Quick-RNA Miniprep Plus Kit (Zymo Research), ReverTra Ace™ qPCR RT Master
Mix with gDNA Remover (Toyobo), Thunderbird™ SYBR qPCR Mix (Toyobo), and primers are from Integrated DNA
Technologies™ (IDT, Singapore). Rat 8-hydroxy-2-deoxyguanosine (8-OHdG) ELISA kits were purchased from
MyBioSource, USA.

Animals

The experiment was done on 24 male Sprague-Dawley rats aged eight weeks, weighing 200-250 grams. The rats were
housed at the Animal Research Facility in the Indonesian Medical Education and Research Institute, Faculty of Medicine,
Universitas Indonesia, Jakarta. Conditions used for animal housing: 22 + 2°C, with approximately 60% relative humidity,
12-hour dark-light cycle. Animals were kept with free water and standard food access. We implemented the institution’s
standard for animal research. Ethical clearance was approved before the commencement of the study by the Ethics
Committee of the Faculty of Medicine, Universitas Indonesia (approval number: KET-39/UN2.F1/ETIK/ PPM.00.02/
2022, January 17, 2022).
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Experimental Procedure

Twenty-four Sprague-Dawley rats were divided into four groups of six. Group 1 (normal) was injected with NaCl once
weekly for four (4) weeks and given the vehicle (1% CMC) every day for 28 days, except on the injection day. Group 2
(Dox) was a negative control group, injected with doxorubicin once weekly for four (4) weeks (the total dose was 16 mg/
kg BW) and given the vehicle (1% CMC) every day for 28 days, except on the injection day. Group 3 (Dox-MO 200) was
injected with doxorubicin once weekly for four (4) weeks (the total dose was 16 mg/kg BW) and given the Moringa
oleifera aqueous leaves extract at 200 mg/kg BW every day for 28 days, except on the injection day. Group 4 (Dox-MO
400) was injected with doxorubicin once weekly for four (4) weeks (the total dose was 16 mg/kg BW) and given
the Moringa oleifera aqueous leaves extract at 400 mg/kg BW every day for 28 days, except on the injection day
(Figure 1). At the end of the fourth week (or day 29), the rats were anesthetized with ketamine and xylazine. Afterward,
blood samples were taken by direct puncture of the heart. The rats were necropsied, and the heart organs were removed.

Sprague Dawley rats

0.2 mL i.p NaCl once weekly for 4 weeks

v v v v

| | Groupl: Do b7 Dis D21
Norma I T Cy

D1-D6 D8-DI3  DI14-D20 D22-D28
L J

I
Vehicle (CMC 1%) orally

Doxorubicin 4 mg/kg BW i.p, once weekly for 4 weeks

DO D7 D14 D21

- Group 2: » . T T o T ” w
tHr frt t1r ot o

DI-D6 D8-DI3 DI4-D20 D22-D28 Sampling

I
Vehicle (CMC 1%) orally

Doxorubicin 4 mg/kg BW i.p, once weekly for 4 weeks
Group 3:

Dox + MO 200 -TTT -TTT t44 .TTT@

D1-D6 D8-D13  D14-D20 D22-D28
L J

DO D7 D14 D21
||

200 mg/kg BW Moringa n'leg'f'era leaves extract orally

DO D7 D14 D21

Doxorubicin 4 mg/kg BW i.p, once weekly for 4 weeks
Group 4:

Dox + MO 400 .TTT .TTT .TTT -TTT@

D1-D6 D8-DI13  D14-D20 D22-D28
L J

I
400 mg/kg BW Moringa oleifera leaves extract, orally

Figure | Experimental procedure of doxorubicin-induced cardiotoxicity treated with Moringa oleifera leaves extract. Group | (normal) was injected with NaCl once weekly
for four (4) weeks and given the vehicle (1% CMC) every 28 days, except on the injection day. Group 2 (Dox) was injected with Doxorubicin once weekly for four weeks
(the total dose was |6 mg/kg BW) and given the vehicle (1% CMC) every day for 28 days, except on the injection day. Group 3 (Dox + MO 200) was injected with
Doxorubicin once weekly for four (4) weeks (the total dose was |6 mg/kg BW) and given the Moringa oleifera aqueous leaves extract 200 mg/kg BW every day for 28 days,
except on the injection day. Group 4 (Dox + MO 400) was injected with Doxorubicin once weekly for four (4) weeks (the total dose was |6 mg/kg BW) and given the
Moringa oleifera aqueous leaves extract 400 mg/kg BW every day for 28 days, except on the injection day.

Abbreviations: BW, body weight; D, day; Dox, doxorubicin; i.p, intraperitoneal; MO200, Moringa oleifera leaves extract 200 mg/kg BW; MO400, Moringa oleifera leaves
extract 400 mg/kg BW; CMC, carboxymethyl cellulose.
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Markers of Cardiac Enzymes Analysis

Blood samples collected in the EDTA tube were centrifuged at 3000 g, 4°C, for 10 minutes. Plasma was then separated
and stored at —70°C before analysis. Afterward, the activities of LDH and CK-MB were analyzed spectrophotometrically
using the procedure provided by the manufacturer (CK-MB FS kit and LDH kit from Diasys Diagnostic Systems, USA).

Histopathological Analysis

The cardiac tissues were fixed with a 10% neutral buffered formalin solution. Histopathological analysis of the cardiac
tissue with a 3—5 um thickness was performed with HE (hematoxylin-eosin) staining for morpho-pathological observa-
tions. A pathologist evaluated abnormalities on cardiac tissues using ordinal scoring of Gibson-Corley et al’s modified
scoring criteria.”? Before determining the scoring criteria, observations were made on each histopathology slide, then
slides with subjectively similar levels of myocarditis were grouped into four scoring criteria groups, which are 0 (none,

very little), +1 (mild), +2 (moderate), and +3 (severe) (Supplementary Material Table 1). Scoring was carried out by two

pathologists who did not know the identity of the sample group (blind scoring).

gRT-PCR Assay

Homogenization of 50 mg of cardiac tissues was done in a micro pestle with 800 pL. of DNA and RNA shield (provided
in the isolation kit). Total RNA was isolated from cardiac homogenates using the Quick-RNA Miniprep Plus Kit (Zymo
Research). Then, cDNA synthesis was performed from total RNA using the ReverTra Ace™ qPCR RT master mix with
gDNA remover. Subsequently, mRNA expressions were determined from the cDNA template by adding a qRT-PCR
reaction mixture (Thunderbird SYBR® qPCR Mix). The primers used for amplifying B-actin and Peroxisome prolif-
erator-activated receptor gamma coactivator-1 alpha (PGC-1a) were according to the study by Barinda et al,® Nrf2
according to Louisa et al,”* SOD2 and Caspase-3 were following the primers used by Zhao? and Khan,?® respectively.
The full sequences of the primers are provided in Supplementary Table 2. The ratio of PGC-1a, SOD2, and Caspase-3

mRNA expressions compared to p-actin as a reference gene was then calculated using the Livak method.?’

Mitochondrial DNA Copy Number Analysis

Twenty-five (25) mg of heart tissue was added to 95 pL nuclease-free water (NFW), 95 pL solid tissue buffer, and 10 pL
proteinase K. The mixture was incubated for 90 minutes, and the tissue was homogenized using a micro pestle. The
determination of the mitochondrial DNA (mtDNA) copy number was carried out in a qRT-PCR machine. Total DNA was
isolated from cardiac homogenates using the Quick-DNA Miniprep Plus Kit (Zymo Research). The primers were
designed to detect cytochrome c oxidase subunit II (COII) for mitochondrial DNA (mtDNA) and B-actin for nuclear
DNA (nDNA), according to Santos et al.” A total of 50 ng of template DNA was added to the gPCR reaction mixture
consisting of 10 pL of Thunderbird™ SYBR qPCR mix. The reactions were done following the manufacturer’s methods.
The cycle threshold value (Ct) of COII and B-actin in each sample was used to obtain the ratio of mtDNA to nDNA. The
full sequences of the primers are provided in Supplementary Table 3.

Oxidative Stress Markers Analysis

As much as 100 mg of heart tissue was added to a mixture of 1 mL of PBS 0.01 M pH 7.4 solution and 0.1% protease
inhibitor. It was then homogenized in a cold state using an Ultra Turrax homogenizer, followed by centrifugation at
10,000 rpm for 10 minutes. The supernatant was taken to measure oxidative stress markers. The ELISA method was
utilized to determine the levels of 8-hydroxy-2’-deoxyguanosine (8-OH-dG) and glutathione peroxidase activity (GPx) in
homogenized cardiac tissue samples. The Rat 8-hydroxy-2-deoxyguanosine (8-OH-dG) and glutathione peroxidase
activity kits were utilized following the manufacturer’s protocol, as MyBioSource (USA) provided. The extent of lipid
peroxidation was assessed by quantifying Malondialdehyde (MDA) levels in cardiac tissues through the utilization of the
thiobarbituric acid (TBA) method, as previously outlined by Pomierny-Chamioo et al.**
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Statistical Analysis

All the results were provided as means £ SEM and were subjected to normality and homogeneity tests. Differences
between groups were analyzed using One-way ANOVA Tukey’s multiple comparisons for data that met parametric
requirements. Otherwise, the data were analyzed with Kruskal-Wallis followed by Dunn’s method. The significance level
was set at p<0.05. All statistical analysis and figure creation in the manuscript were performed on GraphPad Prism
version 9.4.0.

Results
Moringa oleifera Leaves Extract Reduces the Activity of Cardiac Enzymes CK-MB and
LDH

Doxorubicin increased the activity of cardiac enzymes CK-MB and LDH by up to 300% compared to the normal group.
However, at both doses, Moringa oleifera leaf extract brought the enzymes back to a level close to the normal group’s
(Figure 2).

Moringa oleifera Leaves Extract Normalizes the Morphology of Cardiomyocytes

The histological examination in the normal or control group revealed intact and densely packed striated myocardial
fibers, demonstrating the preservation of the normal myocardial architecture. In contrast, the Doxorubicin (Dox) group
exhibited a significantly different histological profile, characterized by extensive myocarditis, with a mean score of 3.17.
The tissues showed excessive infiltration of inflammatory cells, indicating an inflammatory response and the observation
of necrotic myocardial fibers indicated tissue damage. However, in both the Dox-M0200 and Dox-M0O400 groups, with
the score of 0.55 and 0.33, able to mitigate the effects of Dox, the histological analysis revealed the presence of densely
striated myocardial fibers, resembling the histological features observed in the normal control group (Figure 3).

Moringa oleifera Leaves Extract Improves the Changes in the mRNA Expression of
Caspase 3

Caspase-3 is known as an apoptosis executor.”’ Doxorubicin significantly enhanced the mRNA expression caspase-3 up
to 3 times vs normal. Co-treatment with Moringa oleifera leaves extract resulted in the restoration of mRNA expression
of caspase-3 like the normal group. However, both dosages resulted in a similar level of expression (Figure 4).
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Figure 2 Plasma CK-MB (A) and LDH (B) activities in rats after treatment of doxorubicin or doxorubicin with Moringa oleifera leaves extracts.
Notes: *p<0.05 vs normal; ®p<0.05 vs Dox; °p<0.05 vs Dox-MO200,°p<0.05 vs Dox-MO400 after analysis with One-way ANOVA followed by Tukey’s multiple comparisons.
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Figure 3 (A) Histopathological of the rats’ cardiac tissues stained with Hematoxylin-Eosin after treatment of doxorubicin or doxorubicin with Moringa oleifera leaves
extracts; (B) Score of cardiac tissues’ abnormalities using modified Gibson-Corley’s criteria. The levels of myocarditis were classified as 0 (none, very little), +1 (mild), +2
(moderate), or +3 (severe). Bar = 50 um. The normal group showed normal histological features, such as normal cardiac muscle fiber arrangement and no inflammatory cell
infiltration. The doxorubicin group showed acute cardiotoxicity characterized by myocarditis. Reduced cardiac muscle cell size, foci of necrotizing myocarditis characterized
by inflammatory cell infiltration, myocardial necrosis, and bleeding between myocardial fibers were observed. Both treatment groups (MO-200 and MO-400) showed nearly
normal structure, little inflammatory cell infiltration, and no bleeding between myocardial fibers.

Notes: ®p<0.05 vs normal; °p<0.05 vs Dox; “p<0.05 vs Dox-M0200,%p<0.05 vs Dox-MO400 after analysis with One-way ANOVA followed by Tukey’s multiple comparisons.
Abbreviations: Dox, doxorubicin 4 mg/kg BW once weekly for four weeks; Dox-M0O200, doxorubicin 4 mg/kg BW once weekly for four weeks + Moringa oleifera leaves
extract 200 mg/kg BW orally daily; Dox-MO400, doxorubicin 4 mg/kg BW once weekly for four weeks + Moringa oleifera leaves extract 400 mg/kg BW orally daily.
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Figure 4 mRNA expressions of Caspase-3/B-actin in rats after treatment of doxorubicin or doxorubicin with Moringa oleifera leaves extracts.

Notes: °p<0.05 vs Dox; Dox: doxorubicin 4 mg/kg BW once weekly for four weeks; after analysis with One-way ANOVA followed by Tukey’s multiple comparisons.
Abbreviations: Dox-MO200, doxorubicin 4 mg/kg BW once weekly for four weeks + Moringa oleifera leaves extract 200 mg/kg BW orally daily; Dox-MO400, doxorubicin
4 mgl/kg BW once weekly for four weeks + Moringa oleifera leaves extract 400 mg/kg BWV orally daily.
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Moringa oleifera Leaves Extract Does Not Alter Cardiac Tissue Concentrations of
8-Hydroxy-2’-Deoxyguanosine, However Lowering Malondialdehyde Concentration

and Glutathione Peroxidase Activity

8-hydroxy-2’-deoxyguanosine (8-OH-dG) is a marker of DNA damage associated with the loss of mtDNA.** Our results
showed no significant difference in the cardiac tissue concentrations of 8-hydroxy-2’-deoxyguanosine after treatment
with doxorubicin or doxorubicin with Moringa oleifera leaves extract in both dosages. However, there is a significant
reduction of malondialdehyde levels up to —37% in Dox-M0200 and —33% in Dox-M0O400 compared to the Dox group.
There is a tendency toward a decrease in glutathione peroxidase activity in both Dox-M0200 (—31%) and Dox-M0O400
(—31%), yet the reduction does not reach statistical significance (Figure 5).

Moringa oleifera Leaves Extract Affects the mRNA Expressions of PGC-1a, SOD2, and
the Copy Number of Mitochondrial DNA

Doxorubicin was consistently shown to repress the mRNA expressions of PGC-1a (up to —70% vs normal), Nrf2 (—28%
vs normal), SOD2 (—58% vs normal), and the copy number of mtDNA (—55% vs normal). Co-treatment with Moringa
oleifera leaves extract improves the mRNA expression of PGC-1a and Nrf2 back to the normal value but not SOD2.
Mitochondrial DNA was shown to escalate with the treatment of Moringa oleifera leaves extracts. However, no dose
dependency was displayed (Figure 6).

Discussion
This study aimed to determine the potential of Moringa oleifera leaves aqueous extract as a cardioprotective agent in
Sprague Dawley rats induced by doxorubicin through the regulation of mitochondrial biogenesis. Our results showed that
co-treatment of doxorubicin with Moringa oleifera leaves extract alleviates doxorubicin-induced toxicity by improving
cardiac enzyme activities, increasing mRNA expressions of PGC-1a and SOD, and restoring mtDNA copy number and
caspase-3 mRNA expressions.

Mitochondrial damage, including deficiency of mitochondrial biogenesis and oxidative phosphorylation systems,
decreased fatty acid oxidation and ATP production, and DNA damage, was identified as the leading causes of
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Figure 5 (A) 8-hydroxy-2’-deoxyguanosine concentration, (B) malondialdehyde concentration, (C) glutathione peroxidase from cardiac tissues of rats after treatment of
doxorubicin or doxorubicin with Moringa oleifera leaves extracts.

Notes: bp<0.05 vs Dox: doxorubicin 4 mg/kg BW once weekly for four weeks; after analysis with One-way ANOVA followed by Tukey’s multiple comparisons.
Abbreviations: Dox, doxorubicin 4 mg/kg BW once weekly for four weeks; Dox-MO200, doxorubicin 4 mg/kg BW once weekly for four weeks + Moringa oleifera leaves
extract 200 mg/kg BW orally daily; Dox-MO400, doxorubicin 4 mg/kg BW once weekly for four weeks + Moringa oleifera leaves extract 400 mg/kg BWV orally daily.
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Figure 6 mRNA expressions of PGC- | a/B-actin (A); PGC-1o/B-actin (B); SOD2/B-actin (C) and mtDNA/nDNA copy number (D) in rats after treatment of doxorubicin or
doxorubicin with Moringa oleifera leaves extracts.

Notes: *p<0.05 vs normal; °p<0.05 vs Dox; Dox: doxorubicin 4 mg/kg BW once weekly for four weeks, after analysis with One-way ANOVA followed by Tukey’s multiple
comparisons.

Abbreviations: Dox-M0O200, doxorubicin 4 mg/kg BW once weekly for four weeks + Moringa oleifera leaves extract 200 mg/kg BW orally daily; Dox-MO400, doxorubicin
4 mg/kg BW once weekly for four weeks + Moringa oleifera leaves extract 400 mg/kg BWV orally daily.

doxorubicin-induced cardiotoxicity.'**! Decreased mitochondrial function due to doxorubicin can lead to apoptosis and
necrosis, which are fatal to the heart and cause left ventricular dysfunction, cardiomyopathy, and heart failure.®'
Chronic doxorubicin has been shown in both in vitro and in vivo investigations to cause cardiotoxicity through oxidative
DNA damage and activation of the p53-apoptosis pathway, mainly in the mitochondria.***? Therefore, the maintenance
of the regulation of mitochondrial biogenesis may be a potential solution to doxorubicin-induced cardiotoxicity.

In this study, the Moringa oleifera leaves extract, as determined in the previous research, is rich in triterpenoids,
polyphenols, saponins, tannins, and flavonoids.?' In an earlier study, the same extract at 500 mg/kg BW showed
neuroprotective activity in mice with a scopolamine-induced memory impairment model.?! Polyphenols in Moringa
oleifera have been investigated to modulate mitochondrial biogenesis, mitochondrial membrane potential, and electron
transport chains, oxidative status, and mitochondrial (intrinsic) pathway apoptosis. Polyphenols can protect against
mitochondrial damage caused by various xenobiotics.>*

Doxorubicin induces cardiotoxicity characterized by increased plasma activity of CK-MB and LDH.*> CK-MB. LDH
can leak out of the myocardium due to the disintegration of the contractile apparatus and increased sarcoplasmic
permeability. Increased circulating levels of LDH and CK-MB indicate leakage from damaged cardiomyocytes.>
Treatment of Moringa oleifera leaves extract in both dosages reduced the activity of these two enzymes. Our findings
align with previous research results, which showed a significant decrease in CK-MB and LDH activity in isoproterenol-
induced rat heart tissue compared to the normal group of rats.*

Doxorubicin is known to induce apoptosis in cardiomyocytes via caspase-3 activation. Doxorubicin induces oxidative
stress, opening the mitochondrial permeability transition pore and releasing pro-apoptotic proteins, including cytochrome

314 https: Journal of Experimental Pharmacology 2023:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Patintingan et al

C, from the mitochondrial matrix. Cytochrome C activates caspase-3 through interaction with apoptotic peptidase
activating factor-1 (Apaf-1) and caspase-9, leading to apoptosis.’” Therefore, it is known that doxorubicin might interfere
with mitochondrial function and induce apoptosis mediated through the activation caspase-3 via the mitochondrial
pathway.*®

Our study displayed that the co-treatment of doxorubicin and Moringa oleifera leaf extract can prevent apoptosis in the
myocardium by reducing caspase-3 mRNA expression. However, no dose-dependency effect was observed. Caspase-3 is
secreted as a procaspase that can only be activated after further modification during the apoptotic process by caspase-8 and
caspase-9. The mRNA level of caspase-3 can only reflect the amount of procaspase. However, it cannot reflect the level of
biologically active caspase.’® However, a study by Chen et al showed a positive correlation between the level of mRNA
expression and protein expression.*® Despite the close correlation, the level of cleaved caspase-3 should also be studied.

Apoptosis in the myocardium can also be induced by 8-OH-dG, which is a marker of DNA damage, via the activation
of initiator and executor caspases.’® The imbalance between ROS formation and antioxidant defense system activity can
induce the oxidation of biological macromolecules such as DNA, one of the oxidative product is 8-OH-dG.*'
Doxorubicin is known to induce oxidative stress and increase 8-OH-dG levels. 8-OHdG is formed from an attack by
hydroxyl radicals at the C-8 position of deoxyguanosine DNA residues.*? Doxorubicin caused an increase in 8-OH-dG
levels, and co-treatment with Moringa oleifera leaves extract resulted in an improvement in oxidative stress. However,
no difference was observed in the tissue 8-OH-dG levels.

The accumulation of 8-OH-dG was twofold higher than the copy number of mtDNA. The distinction may be due to
doxorubicin causing the formation of more hydroxyl radicals and 8-OH-dG in the mitochondria or a slower repair rate in
the mitochondria than in the nucleus. Since mitochondrial genome expression is critical for the integrity of the electron
transport chain, high oxidation of mtDNA can disrupt the mitochondrial structure and decrease bioenergetic function.
The cardioselective accumulation and persistence of 8-OH-dG and mtDNA reflect mitochondrial dysfunction in
cardiotoxicity that was observed clinically in patients receiving doxorubicin. 8-Oh-dG results from DNA damage due
to an imbalance of the antioxidant defense system and ROS formation.*> Moreover, detoxification of reactive oxygen
species is regulated by PGC-1a.**

Even though MO leaves extract does not diminish the content of 8-OH-dG, there is a considerable reduction in lipid
peroxidation following treatment with MO at both dosages. As previously stated, doxorubicin may cause oxidative stress
and DNA damage, as seen by the high degree of lipid peroxidation. In contrast, we noticed a trend for MO to reduce
glutathione levels. It is still being determined how this phenomenon occurs. However, it might be explained by the
ambiguous responses of antioxidant enzymes in response to accumulating reactive oxygen species, either increased or
diminished.*’

PGC-1a is a transcription factor that functions as the cardiovascular system’s primary regulator of mitochondrial
biogenesis.'" Further, PGC-10. regulates the expression of myocardial antioxidants, including SOD2. Moreover, PGC-1a.
will lead to mitochondrial DNA (mtDNA) synthesis and mitochondrial biogenesis.***”

Doxorubicin causes a decrease in PGC-1a mRNA expression. Our results align with research conducted by Guo et al
that doxorubicin can inhibit PGC-10, which disrupts cardiac mitochondrial biogenesis.*® PGC-1a interacts with receptors
and nuclear transcription factors to activate the transcription of downstream target genes, including mitochondrial
transcription factor A. (TFAM), which is essential for mtDNA transcription and preservation and mtDNA nucleoid
formation.** In our study, administration of Moringa oleifera extracts restored PGC-1o. mRNA expression. Qualitative
phytochemical analysis showed that Moringa oleifera leaves extract contains secondary metabolites: triterpenoids,
polyphenols, saponins, tannins, and flavonoids.>! Polyphenols, such as resveratrol, quercetin, and flavonoids, have
been investigated in vivo to increase PGC-1a expression and mitochondrial biogenesis.** PGC-1a regulates the expres-
sion of the mitochondrial antioxidant superoxide dismutase 2 (SOD2) and protects the heart from oxidative stress.’

According to a study, PGC-1a regulates mitochondrial biogenesis through the transcriptional machinery to increase
the bulk of the mitochondria. Oxidative stress is one of the stressors that increase PGC-1a activity and cause it to move
from the cytoplasm to the nucleus. Nrfl and Nrf2 expression is increased because of activated PGC-1a.'®*” As shown in
our findings, the reduction of PGC-1a aligns with those of Nrf2 mRNA expressions.
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Of the three isoforms of superoxide dismutase (SOD) known, SOD2 (or manganese SOD, MnSOD) is localized in the
mitochondrial matrix. Mitochondrial localization control and the activity of SOD2 are essential to remove ROS in
mitochondria.** In our study, doxorubicin caused a significant decrease in SOD2 mRNA expression compared to the normal
group. However, the addition of Moringa oleifera leaves extracts failed to restore the expression of SOD2 mRNA to normal.

Despite an increase in PGC1 and Nrf2 expression, SOD2 expression remains unaltered after treatment with MO. One
potential reason is that MO might induce epigenetic modifications that may influence the PGC-1a levels. A study by
Monraz-Mendez et al reported that MO improved Moringa inhibited the progression of liver damage in a non-alcoholic
steatohepatitis (NASH) model by modulating miRNAs important in NASH development, one of which is AMPK, hence
disrupting the AMPK/PGCla axis.*’ However, whether the same process occurred in cardiomyocytes is yet unknown.

Mitochondrial biogenesis, including mitochondrial copy number, is regulated by PGC-lo TFAM activation. It is
known that inhibition of PGC-1a significantly reduces the copy number of mtDNA, and methylation of the promoter of
PGC-la is associated with an increase in the copy number of mtDNA.’*>' This study showed that induction of
doxorubicin causes a decrease in mtDNA copy number. Doxorubicin causes mtDNA oxidation, inhibiting its ability to
replicate and express. It is followed by a reduction in the mitochondria in the copy number of mtDNA, a decrease in ATP
production, and an increase in the production of reactive oxygen species (ROS) due to reduced transcription of oxidative
phosphorylation subunits, which ultimately can develop into cardiomyopathy.*'* Though insignificant, administration of
Moringa oleifera extract in both doses increased the copy number of mtDNA. Moringa oleifera may affect other stages
of mitochondrial biogenesis. Moringa oleifera can potentially increase mitochondrial biogenesis by increasing the
expression of mitochondrial subunit complex proteins I, II, III, and V in the skeletal muscle of rats treated with
endurance training.>>>*

Based on the analysis of various parameters above, there is a tendency to improve the regulation of mitochondrial
biogenesis in rats induced by cardiotoxicity due to doxorubicin after co-treatment with Moringa oleifera leaves extract.
Based on our findings, the proposed mechanism of Moringa oleifera in doxorubicin induced cardiotoxicity is described in

Figure 7.

0[O Doxorubicin

—| Inhibited by Dox

—==p Induced by Dox

Moringa oleifera

~~—> Increased by MO Cell

. - .
== Decreasedby MO @<}> Cardiotoxicity s | <= | pony || Caspase

Figure 7 Proposed mechanism of Moringa oleifera (MO) leaves extract in doxorubicin-induced cardiotoxicity. The beneficial effect of MO is facilitated through its ability to
restore the degrees of apoptosis and regulate mitochondrial biogenesis. This is evidenced by normalizing mitochondrial DNA copy number and mRNA expressions of PGC-
lo and Nrf2, reducing oxidative stress and DNA damage in cardiac tissue.
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Conclusion
Moringa oleifera leaves extract showed a protective effect on doxorubicin-induced cardiotoxicity in the rats. The effect
of Moringa oleifera leaves extract is mediated by its activity to normalize the level of apoptosis and regulate

mitochondrial biogenesis, as shown by the normalization of mitochondrial DNA copy number and mRNA expressions
of PGC-1a and Nrf2.
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