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ABSTRACT 

Purpose: Doxorubicin (Dox) is a widely used anthracycline antibiotic with dose-

dependent cardiotoxicity. Cardiac myocytes are highly energy-demanding cells that 

harbour a dense and well-structured mitochondrial network, which facilitates the 

accumulation of reactive Dox metabolites, causing disturbance of the 

mitophagy/biogenesis balance. We investigated the potential cardioprotective 

properties of liraglutide, a GLP-1 receptor agonist, either alone or in combination 

with pravastatin, in Dox-induced cardiotoxicity (DIC). Methods: Thirty-five male 

Sprague-Dawley rats were allocated into five groups (n= 7/group): normal control, 

doxorubicin, pravastatin & doxorubicin, liraglutide & doxorubicin, and 

pravastatin-liraglutide & doxorubicin groups. Cardiac histopathological 

assessment, as well as, echocardiography was performed at the end of the 

experiment to asses cardiac function along with measurement of CK-MB and 

troponin-T levels using ELISA. PINK1, Parkin, and PGC-1α gene expression 

levels were quantified using qRT-PCR while oxidative stress markers were 

analyzed biochemically. Results: Our findings demonstrated significant 

improvement in cardiac function, evidenced by the reduction in serum levels of 

cardiac injury markers, CK-MB and troponin-T, and restoration of 

mitophagy/biogenesis balance. This was supported by increased expression of 

PINK1, Parkin, and PGC-1α. Furthermore, co-administration of both drugs 

enhanced myocardial antioxidant capacity and reduced mitochondrial lipid 

peroxidation levels. Echocardiographic imaging and histopathological evaluations 

revealed preserved cardiac architecture and improved ventricular performance and 

fractional shortening, particularly in the combination therapy group. Conclusion: 

The enhanced effects highlight the therapeutic promise of combining pravastatin 

with liraglutide to counteract DIC, restoring mitochondrial dynamics, and 

strengthening antioxidant activity. Such modification of chemotherapeutic 

regimens may help safeguard cardiac health, improve quality of life, and reduce 

treatment-related complications. 
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1. Introduction 

Mitochondria are the main metabolic hub in every nucleated cell that maintains cellular bioenergetics. These 

dynamic organelles undergo synchronized cycles of biogenesis, fission, fusion, and degradation processes that 

fine-tune cellular metabolism and mitochondrial homeostasis.1 The interplay between mitophagy (mitochondrial-

specific autophagy) and biogenesis is essential for mitochondrial content and ensures proper metabolic 

homeostasis.2 Any disruption of this delicate equilibrium impinges on numerous pathological disorders, 

particularly in highly demanding organs.  

 Mitophagy, first described by Lemasters3, is a selective autophagic pathway that removes damaged or long-lived 

mitochondria via autophagolysosomal degradation. The canonical mitophagy pathway relies on mitochondrial 

inner and outer membrane proteins, PINK1 (PTEN-induced putative kinase-1) & E3 ubiquitin ligase Parkin, which 

tag damaged mitochondria for autophagic removal. Under physiological conditions, PINK1 levels are kept low 

via proteolysis mediated by protease presenilin-associated rhomboid-like (PARL), thereby preventing unnecessary 

mitophagy.4 However, under stress conditions, loss of  outer membrane potential creates conditions that allow the 

inner membrane protein PINK1 to stabilize on the outer surface, where it recruits and activates  “Parkin”.5 The 

PINK1-Parkin complex traffics damaged mitochondria for sequestration, which subsequently fuse with lysosomes 

for degradation.6 

Mitophagy is balanced by mitochondrial biogenesis to prevent an energetic crisis.7 This complex process is 

regulated via different transcription factors, including nuclear respiratory factors NRF-1 and NRF-2, and 

peroxisome proliferator-activated receptor gamma co-activator-1 alpha (PGC-1α).8,9 PGC-1α is a master regulator 

that maintains mitochondrial density, structure, integrity, and mt-DNA transcription. The orchestrated PGC-1α 

expression following stressors is important for regulating mitochondrial oxidative phosphorylation and 

biogenesis, as observed in neurodegenerative disorders.10 Yao et al. demonstrated that PGC-1α upregulation and 

its downstream factors enhance mitochondrial mass, respiration, and oxygen consumption.11 

The interplay between mitophagy and biogenesis was illustrated by Shin et al. in the rodent Parkinson's model, 

where the Parkin knockout was associated with downregulation of biogenesis transcription factors.12 Conversely, 

the stimulation of mitobiogenesis following the Parkin overexpression enhances muscular integrity and strength.13 

Those seemingly opposing findings highlight their coordinated role in preserving mitochondrial dynamics and 

protecting cellular function from detrimental consequences.  

Doxorubicin (Dox) is a broad-spectrum chemotherapeutic antibiotic that profoundly disturbs mitochondrial 

dynamics.14 Its clinical application is constrained by multi-organ toxicity.15 The chemical structure of Dox, 

combined with the fact that mitochondria occupy more than one-third of cardiomyocyte volumes, facilitates its 

accumulation in cardiac mitochondria, where it binds to the inner membrane phospholipid cardiolipin.16,17 

Oxidized cardiolipin disrupts the mitochondrial membrane potential and promotes excessive reactive oxygen 

species (ROS) production, leading to mitochondrial DNA damage and contributing to the cardio-selective toxicity 

of the drug.6,18 Preclinical studies have demonstrated that mitochondrial dynamic imbalance, oxidative 

perturbation, and mitochondrial fragmentation is the main pillar of Dox-linked cardiotoxicity.19–21 Dox-associated 

cardiotoxicity draws scientists’ attention to the fact that orchestrated mitophagy/biogenesis in myocytes is the 

fundamental machinery for preventing myocyte toxicity. 
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Additional therapeutic strategies are required alongside chemotherapy to restore the balance between 

mitophagy/biogenesis, thereby maintaining organ function. Statins and Glucagon-like peptide-1 (GLP-1) receptor 

agonists are promising pharmacological interventions with pleotropic properties and an emerging role in 

mitochondrial medicine. Statins remain first-line therapy for managing dyslipidemia and cardiovascular events.22 

Although statins can exert deleterious effects on skeletal muscle mitochondria23, Studies have highlighted the off-

target effects of pravastatin, a hydrophilic statin, in balancing cardiac mitochondrial redox status and reducing 

reactive radical production.24 Pravastatin has been shown to preserve mitochondrial structure and hinder the 

organelle swelling and DNA fragmentation in different rodent models.25–27 

Huang et al. investigated the clinical application of statins in patients with breast cancer, demonstrating that statin 

therapy may help mitigate cardiovascular complications in those undergoing breast-conserving surgery or breast 

radiotherapy, particularly with hydrophilic statins. Notably, the five-year incidence of cardiovascular events was 

lower in the pravastatin group (12.2%) compared with the placebo group (31.7%).28 The hydrophilic nature of 

pravastatin limited its placental transfer, which contributes to a more favorable safety profile and has supported 

its evaluation in clinical studies for the management of  preeclampsia in women.29 In addition, pravastatin has 

demonstrated cardioprotective effects in human myocardium when administered during the reoxygenation phase, 

where it reduces the expression of apoptotic markers associated with ischemia-reperfusion injury.30 

GLP-1 is an incretin that regulates insulin secretion in a glucose-dependent manner. GLP-1R agonists exhibit 

pleiotropic properties, beyond glycemic control effects, owing to their widespread distribution in different 

organs.31,32 Liraglutide (LIR) is a GLP-1receptor (GLP-1R) licensed for glycemic regulation in diabetic patients. 

Beyond glycemic regulation, LIR maintains neuronal mitochondrial integrity by upregulating mitophagy proteins, 

PINK1, and Parkin expression in the hippocampus.33 In addition to mitophagy activation, LIR enhances the 

nuclear expression of mitochondrial biogenesis proteins, PGC-1α, for renewing mitochondrial dynamics. 

Conversely, downregulation of PGC-1α in the substantia nigra abolished the liraglutide’s neurotropic effect in the 

Parkinson’s rat model.34 The conspicuous ability of liraglutide to attenuate oxidative perturbation and 

mitochondrial dysfunction ascertained its role as a mitochondrial regulator. The subcutaneous administration of 

liraglutide in patient experienced non-alcoholic steatohepatitis was evaluated over extendend treatment duration. 

Clinical findings indicate that liraglutide is associated with a reduction in hepatic steatosis, liver enzyme 

concentrations, and incidence of fibrosis. Regarding safety, liraglutide is generally well tolerated, with most 

adverse events being mild to moderate in severity. The most commonly reported side effects are gastrointestinal 

in nature, including diarrhea, constipation, and loss of appetite.35,36 Pharmacokinetic analysis from phase III 

studies conducted in the united states and Asia suggest that body weight and sex can influence liraglutide 

kinetics.37,38 Importantly, no dose adjustment is required in patients with hepatic or renal impairments.39,40 

Liraglutide also has a low potential for clinically significant drug-drug interactions due to its minimal involvement 

with cytochrome P450 mediated metabolism. Accordingly, no meaningful interactions have been observed when 

liraglutide is co-administered with commonly used medications as atorvastatin, paracetamol, oral contraceptives, 

and digoxin.41,42 

Collectively, the intricate interplay between mitophagy and biogenesis has attracted scientific interest as a 

therapeutic target to manage disorders linked to mitochondrial dysfunction. We hypothesized that liraglutide and 

pravastatin co-administration would mitigate Dox-induced cardiotoxicity by restoring the balance between 

mitophagy and mitochondrial biogenesis via modulation of the PINK1/Parkin/PGC-1α axis. 
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2. Materials & Methods 

2.1 Animals 

Thirty-five male Sprague-Dawley mature rats (150-170 g), approximately 8-9 weeks old, were acclimatized in the 

Cairo University animal house under homeothermic conditions with a fixed diurnal period (12-hour light/dark). 

Animals had unrestricted access to standard rodent chows and free access to fresh drinking water. The body weight 

of all rats was recorded at the beginning of the experiment and monitored weekly till the day of sacrifice. 

All procedures were conducted in precise accordance with the Guide for Care and Use of Laboratory Animals 

published by the US National Institutes of Health (NIH Publication No. 85–23, revised 2011). Ethical approval of 

the experiment was obtained by the Institutional Animal Care and Use Committee at Cairo University (Permit 

number: PT3459). 

2.2 Drugs & Chemicals 

Doxorubicin hydrochloride was purchased as a concentrated solution (2 mg/ml) from EBEWE Pharma (Unterach, 

Austria). Liraglutide (LIR) was supplied as an injectable pen (6 mg/ml) from Novo Nordisk (Denmark). 

Pravastatin powder was purchased from Uni Pharma (Egypt). Pravastatin solution was freshly prepared by 

dissolving it in distilled water before administration. 

 2.3 Experimental Design 

Rats were acclimatized to the laboratory conditions and then randomly allocated into five groups (n= 7/group). 

The selected doses of pravastatin (20 mg/kg/day) and liraglutide (0.2 mg/kg/day) were based on prior preclinical 

studies demonstrating cardioprotective efficacy. Using body surface area normalization (Km factor), these doses 

correspond to human equivalent doses within or near clinically relevant therapeutic ranges.43 

Group 1; (Normal control), Rats received no pharmacological interventions, only rodent chow, water, along with 

intraperitoneal (i.p.) saline injection. 

Group 2; (Doxorubicin), Rats were administered  a single 20mg/kg doxorubicin (i.p.), on the 20th day of the 

experiment to establish a model of cardiotoxicity.44 

Group 3; (Pravastatin + Doxorubicin), Rats were pretreated with 20 mg/kg pravastatin solution daily by oral 

gavage from day 1 to the 21st day of the experiment.45,46 The cardiotoxic Dox regimen was concurrently applied 

as described in Group 2. 

Group 4; (Liraglutide + Doxorubicin), Rats were pretreated with daily 0.2 mg/kg liraglutide by (i.p.) from day 

1 to the 21st day of the experiment.47,48 The cardiotoxic Dox regimen was concurrently applied as described in 

Group 2. 

Group 5; (Pravastatin + Liraglutide + Doxorubicin), Rats were pretreated daily with a combination of (20 

mg/kg pravastatin solution) + (0.2 mg/kg liraglutide) by oral gavage from day 1 to the 21st day of the experiment. 

The cardiotoxic Dox regimen was concurrently applied as described in Group 2. 

2.4 Echocardiography 

At the end of pharmacological interventions, rats underwent LV transthoracic echocardiographic examination. 

Rats were lightly anaesthetized with an i.p injection of ketamine (50 mg/Kg) and xylazine (10 mg/kg) 

combination49 and were then positioned in a left lateral recumbent position on the heated monitoring platform. 

The anterior chest hair was removed for proper probe coupling. ECHO images were performed using the 

commercially available echocardiogram (Honda HS-2200 V, Tokyo, Japan), with a 12.5 MHz transducer, and the 

proper parasternal long-axis view at the level of papillary muscles was selected for displaying the maximum LV 

area. The M-mode tracing automatically measured the left ventricular internal-diastolic and systolic diameter 
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(LVIDd, LVIDs), ejection fraction (EF%), and fractional shortening (FS%). The cardiac tracings were followed 

for at least 3 consecutive cardiac cycles to ensure reproducibility. 

Following ECHO assessment, blood samples were collected via the retroorbital sinus puncture, centrifuged, and 

then serum was separated in a new Eppendorf tube for subsequent biochemical examination. Animals were 

humanely sacrificed, and cardiac tissues were harvested for histopathological examination and protein 

quantification.   

2.5 Biochemical analysis 

Commercial colorimetric assay kits (Bio-diagnostic company, Cairo, Egypt) were used to quantify 

malondialdehyde (MDA) (Cat. No. MD 25 29) and superoxide dismutase (SOD) (Cat. No. SD 2521) levels.  In 

erythrocyte lysates, SOD activity was assayed at 560 nm by measuring its ability to inhibit the reduction of nitro-

blue tetrazolium dye, whereas the MDA levels were assessed based on measuring the absorbance of the pink Thio-

barbituric acid product at 534 nm.  

 2.6 Enzyme-linked immunosorbent assays (ELISA) 

Creatinine kinase-MB isoenzyme (CK-MB) and Troponin-T were assayed using SUNLONG Sandwich-ELISA 

kits (Hangzhou, China), catalogue numbers SL0203Ra and SL0713Ra, respectively. Micro-ELISA strip plates, 

precoated with specific antibody against each biomarker, were used. Samples were incubated with horseradish 

peroxidase-conjugated secondary antibody in the precoated wells. After the antigen-antibody complex formation, 

the stop reaction was added, which produced a colour change from blue to yellow, which was quantified 

spectrophotometrically at a wavelength of 450 nm. The analyte concentrations were calculated from the standard 

calibration curve. 

2.7 Quantitative real-time polymerase chain reaction (Q-PCR) 

The Q-PCR technique was used to measure the expression of PINK1, Parkin, and PGC-1α proteins in cardiac 

tissues. The freshly isolated heart tissues were snap-frozen in liquid nitrogen to preserve RNA from degradation. 

Up to 30 mg of cardiac tissues were ground in liquid nitrogen, then the resulting fine powder was dissolved in 

lysis buffer for centrifugation and incubation. The lysate was centrifuged at 14,000 x g for 1 min using an RT 

column to facilitate RNA binding.  Contaminants and residues were removed. 

Total RNA was eluted with buffer according to the manual (Cat. No. NA021-0004). Complementary DNA (cDNA) 

was synthesized from the purified RNA template via RevertAid First Strand cDNA Synthesis Kit (Cat. No. 

K1621). The cDNA template was mixed with a combination of an optimized PCR buffer and Thermo Scientific 

Maxima SYBR Green qPCR Master Mix in PCR tubes. PCR tubes filled with cDNA template and q-PCR master 

mix were placed in a thermal cycler based on Thermo Scientific (Cat. No. K0251). 

2.8 Histopathological examination 

Cardiac tissues (n= 3/group) were harvested immediately after euthanasia and fixed in 10% buffered formalin. 

Tissues were prepared for tissue fixation via washing with different ethanol concentrations. Cardiac sections were 

deparaffinized and stained with hematoxylin & eosin dye following a procedure for morphology inspection. The 

microscopical examination was performed by a pathology expert following Bancroft’s technique.50  

2.9 Statistical analysis 

For normally distributed data, the one-way ANOVA test was used to assess the difference between multiple groups, 

followed by the Tukey post hoc test. If the P value is less than 0.05, the differences are considered statistically 

significant. Data sets of the results were expressed as mean +/- SEM, after being processed using GraphPad Prism 

version 9. 
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3. Results 

3.1 Pravastatin with liraglutide suppressed cardiac injury provoked by Dox 

Firstly, we assessed the toxic effects of doxorubicin on cardiac myocytes following a single 20 mg/kg doxorubicin. 

The cardiotoxicity was confirmed by a marked elevation in creatine kinase (CK-MB) and troponin-T (cardiac 

injury parameters) by ~6- and 5-fold, respectively, as shown in Fig. 1 (A & B). Liraglutide (0.2 mg/kg/day) 

treatment suppressed cardiac injury as indicated by a significant decrease in (CK-MB) (p=0.0001) and Troponin-

T (p < 0.0001) levels by 50% and 95%, respectively. Pravastatin (20 mg/kg/day) showed a comparable reduction 

in injury markers by 44% and 88% respectively, relative to the doxorubicin group. In the combined group, both 

treatments showed significant cardioprotective effects via restoring Troponin-T and (CK-MB) levels to 

approximately normal values (p < 0.0001).  

 

Fig. 1: Levels of A) CK-MB and B) Troponin-T after administration of doxorubicin (20mg/kg), liraglutide (0.2 mg/kg/day), 

pravastatin (20 mg/kg/day), and a combination of liraglutide and pravastatin (Lira + Prava). One-way ANOVA followed by 

Tukey post-hoc analysis was performed for the interpretation of data. The results were presented as a mean +/- SE with the 

significance represented as follows: **** p value < 0.0001, *** p value < 0.001, ** p value < 0.01. 

 

3.2 Treatment regimens stimulate the dampened mitophagy pathway associated with Dox administration 

As shown in Fig. 2 (A & B), a single administration of 20mg/kg doxorubicin inhibited the cardiac mitochondrial 

autophagic pathway (mitophagy). Dox reduced the mitophagy canonical protein expression (PINK1 & Parkin) in 

cardiac tissues by 56% and 36%, respectively. Daily administration of 0.2 mg/kg liraglutide significantly increased 

PINK1 and Parkin expression in myocytes by ~4-fold each (p < 0.0001), whereas 20mg/kg/day pravastatin 

elevated their expression by ~ 5 and 6-fold, respectively, compared to the Dox group. The combined treatment, as 

shown in Fig. 2 (A & B), restored PINK1 & Parkin expression to 6.5-fold of Dox group (P < 0.001), exceeding 

liraglutide or pravastatin monotherapy, thereby enhancing dysfunctional mitochondrial disposal via mitophagy.  
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Fig. 2: Levels of A) PINK1, B) Parkin, and C) PGC-1α after administration of doxorubicin (20mg/kg), liraglutide 

(0.2 mg/kg/day), pravastatin (20 mg/kg/day), and a combination of liraglutide and pravastatin (Lira + Prava). One-

way ANOVA followed by Tukey post-hoc analysis was performed for the interpretation of data. The results were 

presented as a mean +/- SE with the significance represented as follows: **** p value < 0.0001, *** p value < 

0.001, ** p value < 0.01, * p value < 0.05. 

 

3.3 Liraglutide alongside Pravastatin boosts mitochondrial biogenesis 

Mitochondrial biogenesis, together with mitophagy, sustains mitochondrial homeostasis, which was disturbed by 

a single 20 mg/kg doxorubicin administration, as shown in (Fig. 2). Dox administration dampened mitochondrial 

biogenesis and reduced PGC-1α expression by 30% compared to normal controls. The 0.2 mg/kg liraglutide daily 

administration showed cardioprotective effects via stimulating mitochondrial biogenesis, which was confirmed 

by a 2.4-fold enhancement in PGC-1α expression in myocytes relative to the Dox group. A combined liraglutide 

and pravastatin treatment as well as pravastatin alone renewed the mitochondrial pool and produced a significant 

upsurge in protein expression by 4-fold and 3.8-fold, respectively, compared to the normal control group (p < 

0.0001), as illustrated in (Fig. 2C). 

3.4 Treatment protocols mitigate oxidative stress and reestablish the mitochondrial antioxidant system in 

cardiac tissues 

A single 20mg/kg Dox disrupted mitochondrial oxidative status and significantly reduced the superoxide 

dismutase (SOD) level by 45%, and increased malondialdehyde (MDA) by ~ 5-fold (p < 0.0001), as shown in 

Fig. 3, compared with the normal control group. Rats in the liraglutide and pravastatin treatment showed a 

significant increment in SOD levels by 1.2 (p = 0.006) and 1.4-fold (p =0.0001), respectively, relative to the Dox 

group. A combined treatment of both tested drugs significantly restored antioxidant properties and increased SOD 

levels in a manner equivalent to the normal control group (p < 0.0001). Co-treatment with liraglutide and 

pravastatin significantly decreased the dox-induced elevation in MDA levels by 40% (p < 0.0001), while 
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liraglutide and pravastatin monotherapies reduced MDA levels by 23% and 14% respectively, when compared to 

the Dox group. Treatment regimens restored the orchestration between mitochondrial antioxidant/oxidative stress 

in cardiac tissues and enhanced cardioprotective effects. 

 

 

Fig. 3: Levels of A) SOD and B) MDA after administration of doxorubicin (20mg/kg), liraglutide (0.2 mg/kg/day), pravastatin 

(20 mg/kg/day), and a combination of liraglutide and pravastatin (Lira + Prava). One-way ANOVA followed by Tukey post-

hoc analysis was performed for the interpretation of data. The results were presented as a mean +/- SE with the significance 

represented as follows: **** p value < 0.0001, *** p value < 0.001, ** p value < 0.01, * p value < 0.05. 

 

3.5 Echocardiographic examination results 

Echocardiographic images in (Fig. 4) demonstrate the effects of doxorubicin and the various treatments on cardiac 

function. Doxorubicin showed a significant reduction in ejection fraction (EF) and fractional shortening (FS) by 

54% and 69% respectively (p < 0.0001), compared with normal control (Fig. 5). Liraglutide improved EF & FS 

by 1.3- and 1.4-fold, respectively, while pravastatin elevated both parameters by 1.5 and 1.7-fold, compared with 

the Dox group. Combined liraglutide and pravastatin thereby produced a notable increase in EF and FS by ~ 2- 

and 2-fold, respectively, significantly surpassing the effects of either drug alone (p < 0.0001).    
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Fig. 4: Levels of A) EF and B) FS after administration of doxorubicin (20mg/kg), liraglutide (0.2 mg/kg/day), pravastatin (20 

mg/kg/day), and a combination of liraglutide and pravastatin (Lira + Prava). One-way ANOVA followed by Tukey post-hoc 

analysis was performed for the interpretation of data. The results were presented as a mean +/- SE with the significance 
represented as follows: **** p value < 0.0001, *** p value < 0.001, ** p value < 0.01, * p value < 0.05. 

 

 

Fig. 5: Echocardiographic images in M mode for (A) normal control, (B) doxorubicin (20mg/kg), (C) liraglutide (0.2 

mg/kg/day), (D) pravastatin (20 mg/kg/day), and (E) combination of liraglutide and pravastatin. One representative image for 
each group is shown. 
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3.6 Pharmacological interventions optimize myocyte abnormalities induced by Dox  

Cardiomyocytes in the normal control group exhibited normal histological features, including striated, branched 

muscle fibres with oval vesicular nuclei. Intercalated discs between cells are clearly visible and enable cellular 

organization and synchronized contraction. Cardiac sections from doxorubicin-treated groups, as illustrated in 

Fig. 6, revealed marked loss of muscular integrity and striation, along with nuclear loss. Degenerated myocytes 

displayed swollen fibres with a high degree of vascular congestion and inflammatory cell infiltration. Pravastatin 

and liraglutide mono treatment exert cardioprotective effects as evidenced by moderate inflammatory infiltrates 

and fewer recorded congested blood vessels. Additionally, both treatments preserved well-organised cardiac 

architecture with oval-shaped nuclei and mild congestion and cellular inflammatory infiltrates. 

 

Fig. 6: Histopathological images of the rodent cardiac sections. A) normal control group showing: branching and anastomosing 

longitudinal muscle fibres (MF), acidophilic sarcoplasm (hollow arrow), oval vesicular nuclei (arrow), interstitial cells (wavy 

arrow), B) doxorubicin (20mg/kg) showing: inflammation (+), loss of muscle fibers (*), absence of striations (square), C) 

liraglutide (0.2 mg/kg/day) showing: branching muscle fibers (MF), ovoid vesicular nuclei (arrow), sarcoplasm (hollow 

arrow), interstitial cells (wavy arrow), wavy muscle fibres (^), mild vacuolation (bold arrow), (D) pravastatin (20 mg/kg/day) 

showing: longitudinal muscle fibres (MF), vesicular nuclei (arrow), sarcoplasm (hollow arrow), interstitial cells (wavy arrow), 

moderate congestion (**), (E) combination of liraglutide and pravastatin showing: long muscle fiber aligned longitudinally 
(MF), oval shaped nuclei (arrow), interstitial cells (wavy arrow), mild congestion (**), sarcoplasm (hollow arrow).  

 

4. Discussion  

Doxorubicin-induced cardiotoxicity (DIC) represents a major long-term challenge for cancer survivors, typically 

manifesting within the first year of doxorubicin treatment.51 The high incidence of cardiotoxicity is an alarm for 

the urgent need to optimize chemotherapeutic regimens to enhance patient outcomes.52,53 

Over the past decades, a growing understanding of the molecular mechanisms underlying cardiac injury has 

opened new avenues for further investigations. Recent studies have focused on different mediators as 

gasotransmitters (nitric oxide, carbon monoxide, and hydrogen sulfide), as well as endogenous peptides. In 

parallel, personalized medicine has emerged recently in the cardio-oncology field and takes into consideration the 

patient's metabolic and immunological response.54 Several cardioprotective strategies have been explored to 

mitigate DIC, including dexrazoxane, the only FDA-approved cardioprotective agent, which acts by chelating 

iron and reducing ROS formation. Additionally, mitochondrial-targeted antioxidants such as MitoQ and SS-31 

have shown promise in preserving mitochondrial integrity and function.55–57 In a lipopolysaccharide-induced 
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myocardial injury rodent model, overexpression of glutathione S transferase kappa 1, a novel cardioprotective 

agent, attenuates mitochondrial dysfunction, inflammatory responses, and pyroptosis.58  

Mitochondrial quality control mechanisms (fusion, fission, degradation, and biogenesis) play a crucial role in 

maintaining cardiac function and cellular homeostasis.59 Besides these processes, targeting mitochondrial 

oxidative stress has also emerged as a therapeutic strategy. In 5—flurouracil induced cardiotoxicity rodent model, 

Tambe et al demonstrated that enhancing mitochondrial antioxidant defences mitigated oxidative perturbations. 

Their study assessed mitochondrial functional status, apoptotic cell death, and oxidative stress, highlighting the 

protective potential of modulating mitochondrial redox balance.60 

These approaches, alongside metabolic modulators such as GLP-1 receptor agonists and statins, highlight the 

growing interest in targeting mitochondrial dysfunction as a therapeutic strategy. 

In the present study, we investigated whether pravastatin alone and in combination with liraglutide (GLP-1 

agonist) could restore mitophagy/biogenesis equilibrium and redox status during doxorubicin exposure. 

Echocardiographic, histopathological, and biochemical analysis demonstrated that Dox significantly reduced left 

ventricular ejection fraction and fractional shortening, while markedly elevated cardiac injury biomarkers, CK-

MB, and Troponin-T.61 Treatment with liraglutide and pravastatin noticeably preserved cardiac tissue architecture 

and showed a significant reduction in cardiac injury markers (CK-MB and Troponin-T). These findings were 

corroborated by improvements in cardiac ultrastructure and histopathological features.62,63 

Previous scientific studies have shown that DIC arises from the accumulation of Dox and its reactive metabolites 

in cardiac mitochondria.6,18 Within the cardiac mitochondria, doxorubicin undergoes redox cycling, leading to 

oxidative stress and disruption  of mitochondrial dynamics.64 This imbalance between the intrinsic detoxifying 

system and ROS production was shown by elevated MDA and a decline in superoxide dismutase (SOD) levels.65,66 

Liraglutide exhibited potent antioxidant effects, as shown in a robust decline in MDA and concurrent increase in 

SOD levels67–69, thereby supporting energy metabolism and alleviating oxidative stress to preserve mitochondrial 

architecture. Urbano et al. demonstrated that pravastatin was able to restore the oxidative stress/antioxidant 

defense system equilibrium, thereby mitigating ROS-mediated mitochondrial damage. Pravastatin has also been 

shown to preserve cardiac tissues from oxidative radicals following ischemic injury, as evidenced by a significant 

reduction in MDA and improved SOD activity.26,70 

The overwhelming oxidative stress induced by doxorubicin results in extensive damage to mitochondrial 

macromolecules and aggravates mitochondrial membrane damage. The dysfunctional mitochondria accumulate 

due to the inhibition of the mitochondrial autophagic system, mitophagy. Consistent with previous reports, the 

decline in the canonical mitophagy markers PINK1 and Parkin levels following Dox administration contributes 

significantly to cardiotoxicity.15,19 Activation of the mitochondrial degradation pathway by GLP-1R analogue 

facilitates the removal of dysfunctional mitochondria and prevents the formation of mega-mitochondria. 

Liraglutide has been shown to upregulate PINK1 and Parkin, thereby protecting myocytes, as well as neuronal 

and hepatocytes, from dysfunctional mitochondrial accumulation.71,72 

Chen and colleagues further proved that doxorubicin administration disturbs the orchestration between intertwined 

stages of mitochondrial biogenesis and degradation in the cardiotoxic rat models.73,74 The decline in PGC-1α levels 

and its downstream factors impairs mitochondrial biogenesis signalling pathways and produces a vicious cycle of 

oxidative damage.75–77 Elkhoely showed that liraglutide preserved mitochondrial dynamics homeostasis via 

replenishing the expression of the mitochondrial biogenesis coactivator PGC-1α.78 In line with this, upregulation 

of PGC-1α and its downstream regulators in the substantia nigra protects dopaminergic neurons and motor 

functions, while its downregulation following lentivirus injection worsens neurotoxicity and mitochondrial 
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dynamics.34,79 Although this study focused on key regulators of mitophagy and mitochondrial biogenesis 

(PINK1/Parkin/PGC-1α), downstream signaling pathways such as NRF1/2 and Akt/mTOR were not assessed. 

These pathways play critical roles in mitochondrial transcriptional regulation and cellular survival 80,81 and should 

be explored in future investigations. 

 Beyond GLP-1 agonist, accumulating preclinical evidence indicates that statin therapy decreases vulnerability to 

DIC  through antioxidant, anti-apoptotic properties, and preserves mitochondrial dynamics.7,66,82 The present study 

confirms, for the first time, that pravastatin administration significantly enhances the orchestration between 

mitophagy/biogenesis, with a remarkable elevation in PINK1/Parkin, PGC-1α levels, supporting its protective 

role in mitochondrial quality control. Most notably, we demonstrated here for the first time that the combination 

of liraglutide and pravastatin produces an enhanced cardio-protective effect by restoring mitochondrial dynamics 

and cardiac oxidative status. While the combination therapy exhibited superior cardioprotective effects compared 

to monotherapy, formal pharmacological synergy was not evaluated. Future studies employing dose–response 

matrices and combination index modeling are warranted to distinguish additive from synergistic interactions. A 

limitation of this study is the relatively small sample size, which may affect statistical power and generalizability. 

Upcoming studies should investigate the value of incorporating liraglutide and pravastatin into modified 

chemotherapeutic protocols to maximize treatment efficacy and improve patient compliance in oncology practice. 

Although both liraglutide and pravastatin are clinically approved drugs, translation of these findings requires 

caution due to interspecies differences in pharmacokinetics and pharmacodynamics. Long-term safety, optimal 

dosing, and potential drug–drug interactions in cancer patients remain to be elucidated. 

 5. Conclusion 

Cardiac mitochondrion loaded with Dox shift their balance toward mitochondrial dysfunction and cardiac damage. 

Proper regulation of mitophagy and biogenesis proteins is the cornerstone for regulating the well-structured 

mitochondrial population in cardiac tissues following chemotherapeutic regimens. In summary, liraglutide and 

pravastatin additively protect against Dox-induced cardiotoxicity by restoring mitochondrial quality control via 

PINK1/Parkin/PGC-1α signaling. Targeting mitophagy–biogenesis equilibrium may provide a novel 

cardioprotective strategy during chemotherapy. Identifying the molecular pathway of liraglutide alongside 

pravastatin's ability to purge damaged mitochondria may open new avenues for managing other disorders 

associated with mitochondrial dysfunction.  

Ethical Approval 

Ethical approval of the experiment was obtained by the Institutional Animal Care and Use Committee at Cairo 

University (Permit number: PT3459). 

Authors’ Contribution 

Conceptualization: Mona Magdy Saber 

Data curation: Mona Magdy Saber and Omneya Galal 

Formal analysis: Nada Monir Emad and Omneya Galal 

Investigation: Nada Monir Emad  

Methodology: Mona Magdy Saber 

Project administration: Omneya Galal and Azza Said Awad 



 

13 | Advanced Pharmaceutical Bulletin 2026 

 

Accepted Manuscript (unedited) 
The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

Resources: Omneya Galal 

Software: Nada Monir Emad 

Supervision: Azza Said Awad and Hala Fahmy Zaki 

Validation: Mona Magdy Saber and Hala Fahmy Zaki 

Writing–original draft: Nada Monir Emad 

Writing–review & editing: Mona Magdy Saber, Omneya Galal  

Funding 

The authors declare that no funds, grants, or other support were received during the experimentation or preparation 

of this manuscript. 

Clinical trial number 

Not applicable.  

 

References  

1.  Zhao RZ, Jiang S, Zhang L, Yu Z Bin. Mitochondrial electron transport chain, ROS generation and 

uncoupling (Review). Int J Mol Med 2019;44(1):3-15. doi: 10.3892/IJMM.2019.4188 

2.  Palikaras K, Tavernarakis N. Mitochondrial homeostasis: The interplay between mitophagy and 

mitochondrial biogenesis. Exp Gerontol 2014;56:182-8. doi: 10.1016/J.EXGER.2014.01.021 

3.  Lemasters JJ. Selective mitochondrial autophagy, or mitophagy, as a targeted defense against oxidative 

stress, mitochondrial dysfunction, and aging. Rejuvenation Res 2005;8(1):3-5. doi: 

10.1089/REJ.2005.8.3;CTYPE:STRING:JOURNAL 

4.  Siracusa R, D’amico R, Impellizzeri D, Cordaro M, Filippo Peritore A, Gugliandolo E, et al. Autophagy 

and mitophagy promotion in a rat model of endometriosis. mdpi.com Published online 2021. doi: 

10.3390/ijms22105074 

5.  Yang M, Linn BS, Zhang Y, Ren J. Mitophagy and mitochondrial integrity in cardiac ischemia-

reperfusion injury. Biochim Biophys Acta - Mol Basis Dis 2019;1865(9):2293-302. doi: 

10.1016/J.BBADIS.2019.05.007 

6.  Zhang Y, Zhang T, Li Y, Guo Y, Liu B, Tian Y, et al. Metformin attenuates early brain injury after 

subarachnoid hemorrhage in rats via AMPK-dependent mitophagy. Exp Neurol 2022;353:114055. doi: 

10.1016/J.EXPNEUROL.2022.114055 

7.  Andres AM, Hernandez G, Lee P, Huang C, Ratliff EP, Sin J, et al. Mitophagy is required for acute 

cardioprotection by simvastatin. Antioxidants Redox Signal 2014;21(14):1960-73. doi: 

10.1089/ARS.2013.5416/ASSET/IMAGES/LARGE/FIGURE8.JPEG 

8.  Cardanho-Ramos C, Morais VA. Mitochondrial Biogenesis in Neurons: How and Where. Int J Mol Sci 

2021;22(23). doi: 10.3390/IJMS222313059 

9.  Cheng A, Wan R, Yang JL, Kamimura N, Son TG, Ouyang X, et al. Involvement of PGC-1α in the 

formation and maintenance of neuronal dendritic spines. Nat Commun 2012;3. doi: 

10.1038/NCOMMS2238 



 

14 | Advanced Pharmaceutical Bulletin 2026 

 

Accepted Manuscript (unedited) 
The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

10.  Zhang Q, Lei YH, Zhou JP, Hou YY, Wan Z, Wang HL, et al. Role of PGC-1α in Mitochondrial Quality 

Control in Neurodegenerative Diseases. Neurochem Res 2019;44(9):2031-43. doi: 10.1007/S11064-019-

02858-6 

11.  Yao K, Zhang WW, Yao L, Yang S, Nie W, Huang F. Carvedilol promotes mitochondrial biogenesis by 

regulating the PGC-1/TFAM pathway in human umbilical vein endothelial cells (HUVECs). Biochem 

Biophys Res Commun 2016;470(4):961-6. doi: 10.1016/J.BBRC.2016.01.089 

12.  Shin JH, Ko HS, Kang H, Lee Y, Lee Y Il, Pletinkova O, et al. PARIS (ZNF746) repression of PGC-1α 

contributes to neurodegeneration in parkinson’s disease. Cell 2011;144(5):689-702. doi: 

10.1016/j.cell.2011.02.010 

13.  Leduc-Gaudet JP, Reynaud O, Hussain SN, Gouspillou G. Parkin overexpression protects from ageing-

related loss of muscle mass and strength. J Physiol 2019;597(7):1975-91. doi: 10.1113/JP277157 

14.  Zhou JC, Jin CC, Wei XL, Xu RB, Wang RY, Zhang ZM, et al. Mesaconine alleviates doxorubicin-

triggered cardiotoxicity and heart failure by activating PINK1-dependent cardiac mitophagy. Front 

Pharmacol 2023;14. doi: 10.3389/FPHAR.2023.1118017 

15.  Li W, Wang X, Liu T, Zhang Q, Cao J, Jiang Y, et al. Harpagoside Protects Against Doxorubicin-Induced 

Cardiotoxicity via P53-Parkin-Mediated Mitophagy. Front Cell Dev Biol 2022;10:813370. doi: 

10.3389/FCELL.2022.813370/BIBTEX 

16.  Wu B Bin, Leung KT, Poon ENY. Mitochondrial-Targeted Therapy for Doxorubicin-Induced 

Cardiotoxicity. Int J Mol Sci 2022;23(3). doi: 10.3390/IJMS23031912 

17.  Rocca C, De Francesco EM, Pasqua T, Granieri MC, De Bartolo A, Gallo Cantafio ME, et al. 

Mitochondrial Determinants of Anti-Cancer Drug-Induced Cardiotoxicity. Biomed 2022, Vol 10, Page 

520 2022;10(3):520. doi: 10.3390/BIOMEDICINES10030520 

18.  Zhang D, Zheng N, Fu X, Shi J, Zhang J. Dl-3-n-butylphthalide attenuates myocardial ischemia 

reperfusion injury by suppressing oxidative stress and regulating cardiac mitophagy via the PINK1/Parkin 

pathway in rats. J Thorac Dis 2022;14(5):1651-62. doi: 10.21037/JTD-22-585 

19.  Xiao D, Chang W, Ding W, Wang Y, Fa H, Wang J. Enhanced mitophagy mediated by the YAP/Parkin 

pathway protects against DOX-induced cardiotoxicity. Toxicol Lett 2020;330:96-107. doi: 

10.1016/J.TOXLET.2020.05.015 

20.  Arinno A, Maneechote C, Khuanjing T, Ongnok B, Prathumsap N, Chunchai T, et al. Cardioprotective 

effects of melatonin and metformin against doxorubicin-induced cardiotoxicity in rats are through 

preserving mitochondrial function and dynamics. Biochem Pharmacol 2021;192. doi: 

10.1016/J.BCP.2021.114743 

21.  Wang T, Xing G, Fu T, Ma Y, Wang Q, Zhang S, et al. Role of mitochondria in doxorubicin-mediated 

cardiotoxicity: from molecular mechanisms to therapeutic strategies. Int J Med Sci 2024;21(5):809-16. 

doi: 10.7150/IJMS.94485 

22.  Rohilla A, Rohilla S, Kumar A, Khan MU, Deep A. Pleiotropic effects of statins: A boulevard to 



 

15 | Advanced Pharmaceutical Bulletin 2026 

 

Accepted Manuscript (unedited) 
The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

cardioprotection. Arab J Chem 2016;9:S21-7. doi: 10.1016/J.ARABJC.2011.06.025 

23.  Csomó K, Belik A, Hrabák A, Kovács B, Fábián O, Valent S, et al. Effect of Pravastatin and Simvastatin 

on the Reduction of Cytochrome C. J Pers Med 2022;12(7). doi: 10.3390/JPM12071121 

24.  Hori E, Kikuchi C, Nagami C, Kajikuri J, Itoh T, Takeuchi M, et al. Role of Glyceraldehyde-Derived 

AGEs and Mitochondria in Superoxide Production in Femoral Artery of OLETF Rat and Effects of 

Pravastatin. Biol Pharm Bull 2017;40(11):1903-8. doi: 10.1248/BPB.B17-00411 

25.  Godoy JC, Niesman IR, Busija AR, Kassan A, Schilling JM, Schwarz A, et al. Atorvastatin, but not 

pravastatin, inhibits cardiac Akt/mTOR signaling and disturbs mitochondrial ultrastructure in cardiac 

myocytes. FASEB J 2019;33(1):1209-25. doi: 10.1096/FJ.201800876R 

26.  Urbano F, Bugliani M, Filippello A, Scamporrino A, Di Mauro S, Di Pino A, et al. Atorvastatin but Not 

Pravastatin Impairs Mitochondrial Function in Human Pancreatic Islets and Rat β-Cells. Direct Effect of 

Oxidative Stress. Sci Rep 2017;7(1). doi: 10.1038/S41598-017-11070-X 

27.  Zuo S, Li L, Jiang L, Jiang C, Li X, Li S, et al. Pravastatin alleviates intracellular calcium dysregulation 

induced by Interleukin-6 via the mitochondrial ROS pathway in adult ventricular myocytes. Published 

online 2020. doi: 10.1016/j.jphs.2020.01.013 

28.  Huang YJ, Lin JA, Chen WM, Shia BC, Wu SY. Statin Therapy Reduces Radiation‐Induced 

Cardiotoxicity in Patients With Breast Cancer Receiving Adjuvant Radiotherapy. J Am Heart Assoc 

2024;13(20):36411. doi: 10.1161/JAHA.124.036411 

29.  Girardi G. Pravastatin to treat and prevent preeclampsia. Preclinical and clinical studies. J Reprod 

Immunol 2017;124:15-20. doi: 10.1016/j.jri.2017.09.009 

30.  Lemoine S, Legallois D, Allouche S, Coulbault L, Gérard JL, Hanouz JL. Pravastatin-induced 

cardioprotection is associated with anti apoptotic effects in human myocardium, in vitro. Eur J 

Anaesthesiol 2012;29:60. doi: 10.1097/00003643-201206001-00194 

31.  Banks TE, Rajapaksha M, Zhang LH, Bai F, Wang NP, Zhao ZQ. Suppression of angiotensin II-activated 

NOX4/NADPH oxidase and mitochondrial dysfunction by preserving glucagon-like peptide-1 attenuates 

myocardial fibrosis and hypertension. Eur J Pharmacol 2022;927:175048. doi: 

10.1016/J.EJPHAR.2022.175048 

32.  Zhang Y, Fang J, Feng W, Sun Q, Xu J, Xia Q. The role of the GLP-1/GLP-1R signaling pathway in 

regulating seizure susceptibility in rats. Brain Res Bull 2018;142:47-53. doi: 

10.1016/J.BRAINRESBULL.2018.06.017 

33.  Jia M, Lv X, Zhu T, Shen JC, Liu WX, Yang JJ. Liraglutide ameliorates delirium-like behaviors of aged 

mice undergoing cardiac surgery by mitigating microglia activation via promoting mitophagy. 

Psychopharmacology (Berl) 2024;241(4):687-98. doi: 10.1007/S00213-023-06492-7/FIGURES/6 

34.  Wu P, Dong Y, Chen J, Guan T, Cao B, Zhang Y, et al. Liraglutide Regulates Mitochondrial Quality 

Control System Through PGC-1α in a Mouse Model of Parkinson’s Disease. Neurotox Res 

2022;40(1):286-97. doi: 10.1007/S12640-021-00460-9/FIGURES/7 



 

16 | Advanced Pharmaceutical Bulletin 2026 

 

Accepted Manuscript (unedited) 
The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

35.  Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D, Parker R, et al. Liraglutide safety and efficacy in 

patients with non-alcoholic steatohepatitis (LEAN): A multicentre, double-blind, randomised, placebo-

controlled phase 2 study. Lancet 2016;387(10019):679-90. doi: 10.1016/S0140-6736(15)00803-X 

36.  Armstrong MJ, Houlihan DD, Rowe IA, Clausen WHO, Elbrønd B, Gough SCL, et al. Safety and efficacy 

of liraglutide in patients with type 2 diabetes and elevated liver enzymes: Individual patient data meta-

analysis of the LEAD program. Aliment Pharmacol Ther 2013;37(2):234-42. doi: 10.1111/apt.12149 

37.  Garber A, Henry R, Ratner R, Garcia-Hernandez PA, Rodriguez-Pattzi H, Olvera-Alvarez I, et al. 

Liraglutide versus glimepiride monotherapy for type 2 diabetes (LEAD-3 Mono): a randomised, 52-week, 

phase III, double-blind, parallel-treatment trial. Lancet 2009;373(9662):473-81. doi: 10.1016/S0140-

6736(08)61246-5 

38.  Yang W, Chen L, Ji Q, Liu X, Ma J, Tandon N, et al. Liraglutide provides similar glycaemic control as 

glimepiride (both in combination with metformin) and reduces body weight and systolic blood pressure 

in Asian. Wiley Online Libr Yang, L Chen, Q Ji, X Liu, J Ma, N Tandon, A Bhattacharyya, A Kumar, KW 

Kim, KH YoonDiabetes, Obes Metab 2011•Wiley Online Libr 2011;13(1):81-8. doi: 10.1111/j.1463-

1326.2010.01323.x 

39.  Buse JB, Rosenstock J, Sesti G, Schmidt WE, Montanya E, Brett JH, et al. Liraglutide once a day versus 

exenatide twice a day for type 2 diabetes: a 26-week randomised, parallel-group, multinational, open-

label trial (LEAD-6). Lancet 2009;374(9683):39-47. doi: 10.1016/S0140-6736(09)60659-0 

40.  Flint A, Nazzal K, Jagielski P, Segel S, Zdravkovic M. Influence of Hepatic Impairment on 

Pharmacokinetics of the Long-Acting Human GLP-1 Analogue Liraglutide. Diabetes 2007;56:A145. 

Accessed March 29, 2026. 

https://openurl.ebsco.com/contentitem/gcd:25820857?sid=ebsco:plink:crawler&id=ebsco:gcd:25820857 

41.  Alruwaili H, Dehestani B, Le Roux CW. Clinical impact of liraglutide as a treatment of obesity. Clin 

Pharmacol Adv Appl 2021;13:53-60. doi: 10.2147/CPAA.S276085 

42.  Crane J, McGowan B. The GLP-1 agonist, liraglutide, as a pharmacotherapy for obesity. Ther Adv 

Chronic Dis 2016;7(2):92-107. doi: 10.1177/2040622315620180 

43.  Nair AB, Jacob S. A simple practice guide for dose conversion between animals and human. J Basic Clin 

Pharm 2016;7(2):27. doi: 10.4103/0976-0105.177703 

44.  Lv X, Zhu Y, Deng Y, Zhang S, Zhang Q, Zhao B, et al. Glycyrrhizin improved autophagy flux via 

HMGB1-dependent Akt/mTOR signaling pathway to prevent Doxorubicin-induced cardiotoxicity. 

Toxicology 2020;441:152508. doi: 10.1016/J.TOX.2020.152508 

45.  Kooti W, Mansouri E, Assarehzadegan MA, Nejad–Dehbashi FD. Effect of pravastatin on levels of 

filtration slit diaphragm protein and oxidative stress in doxorubicin- induced Nephrotoxicity. Indian J 

Pharm Educ Res 2017;51(1):77-82. doi: 10.5530/IJPER.51.1.11 

46.  Mansouri E, Jangaran A, Ashtari A. Protective effect of pravastatin on doxorubicin-induced 

hepatotoxicity. Bratisl Lek Listy 2017;118(5):273-7. doi: 10.4149/BLL_2017_054 



 

17 | Advanced Pharmaceutical Bulletin 2026 

 

Accepted Manuscript (unedited) 
The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

47.  Li R, Shan Y, Gao L, Wang X, Wang X, Wang F. The GLP-1 analog liraglutide protects against 

angiotensin II and pressure overload-induced cardiac hypertrophy via PI3K/AKT1 and AMPKa signaling. 

Front Pharmacol 2019;10(JUN). doi: 10.3389/FPHAR.2019.00537/FULL 

48.  Zhang Q, Xiao X, Zheng J, Li M, Yu M, Ping F, et al. Liraglutide protects cardiac function in diabetic 

rats through the PPARa pathway. Biosci Rep 2018;38(2):20180059. doi: 10.1042/BSR20180059/57274 

49.  Xu Q, Ming Z, Dart AM, Du XJ. Optimizing dosage of ketamine and xylazine in murine 

echocardiography. Clin Exp Pharmacol Physiol 2007;34(5-6):499-507. doi: 10.1111/J.1440-

1681.2007.04601.X;WEBSITE:WEBSITE:PERICLES;REQUESTEDJOURNAL:JOURNAL:14401681

;WGROUP:STRING:PUBLICATION 

50.  Bancroft JD., Stevens A. Theory and practice of histological techniques. Published online 1996:766. 

51.  Stone JR, Kanneganti R, Abbasi M, Akhtari M. Monitoring for Chemotherapy-Related Cardiotoxicity in 

the Form of Left Ventricular Systolic Dysfunction: A Review of Current Recommendations. JCO Oncol 

Pract 2021;17(5):228-36. doi: 10.1200/OP.20.00924 

52.  Zhang S, Liu X, Bawa-Khalfe T, Lu LS, Lyu YL, Liu LF, et al. Identification of the molecular basis of 

doxorubicin-induced cardiotoxicity. Nat Med 2012;18(11):1639-42. doi: 10.1038/NM.2919 

53.  Zeng X, Cai H, Yang J, Qiu H, Cheng Y, Liu M. Pharmacokinetics and cardiotoxicity of doxorubicin and 

its secondary alcohol metabolite in rats. Biomed Pharmacother 2019;116. doi: 

10.1016/J.BIOPHA.2019.108964 

54.  Pagliaro P, Alloatti G, Penna C. Cardioprotection Reloaded: Reflections on 40 Years of Research. 

Antioxidants 2025, Vol 14, Page 889 2025;14(7):889. doi: 10.3390/antiox14070889 

55.  Szeto HH. First-in-class cardiolipin-protective compound as a therapeutic agent to restore mitochondrial 

bioenergetics. Br J Pharmacol 2014;171(8):2029-50. doi: 10.1111/bph.12461 

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

cardiomyopathy: From molecular mechanisms to therapeutic strategies. J Mol Cell Cardiol 

2012;52(6):1213-25. doi: 10.1016/j.yjmcc.2012.03.006 

57.  Wallace KB, Sardão VA, Oliveira PJ. Mitochondrial Determinants of Doxorubicin-Induced 

Cardiomyopathy. Circ Res 2020;126(7):926-41. doi: 

10.1161/CIRCRESAHA.119.314681/ASSET/04DC20CC-CB50-4A58-9F35-

37FEA5E74719/ASSETS/IMAGES/LARGE/CIRCRESAHA.119.314681.FIG05.JPG 

58.  Gao M, Xu C, Su Z, Kong X, Xu T. Gstk1 confers cardioprotection in sepsis by regulating mitochondrial 

function and inhibiting cGAS/STING-dependent inflammation and pyroptosis. Int Immunopharmacol 

2026;172:116225. doi: 10.1016/j.intimp.2026.116225 

59.  Titus AS, Sung EA, Zablocki D, Sadoshima J. Mitophagy for cardioprotection. Basic Res Cardiol 2023 

1181 2023;118(1):42-. doi: 10.1007/s00395-023-01009-x 

60.  Tambe PK, Mathew AJ, Bharati S. Cardioprotective potential of mitochondria-targeted antioxidant, mito-

TEMPO, in 5-fluorouracil-induced cardiotoxicity. Cancer Chemother Pharmacol 2023 915 



 

18 | Advanced Pharmaceutical Bulletin 2026 

 

Accepted Manuscript (unedited) 
The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

2023;91(5):389-400. doi: 10.1007/s00280-023-04529-4 

61.  Cardinale D, Biasillo G, Salvatici M, Sandri MT, Cipolla CM. Using biomarkers to predict and to prevent 

cardiotoxicity of cancer therapy. Expert Rev Mol Diagn 2017;17(3):245-56. doi: 

10.1080/14737159.2017.1283219 

62.  Liu Z, Zhang F, Zhao L, Zhang X, Li Y, Liu L. Protective effect of pravastatin on myocardial ischemia 

reperfusion injury by regulation of the mir-93/nrf2/are signal pathway. Drug Des Devel Ther 

2020;14:3853-64. doi: 10.2147/DDDT.S251726;PAGE:STRING:ARTICLE/CHAPTER 

63.  Abbas NAT, Kabil SL. Liraglutide ameliorates cardiotoxicity induced by doxorubicin in rats through the 

Akt/GSK-3β signaling pathway. Naunyn Schmiedebergs Arch Pharmacol 2017;390(11):1145-53. doi: 

10.1007/S00210-017-1414-Z/METRICS 

64.  Mao S, Tian S, Luo X, Zhou M, Cao Z, Li J. Overexpression of PLK1 relieved the myocardial ischemia-

reperfusion injury of rats through inducing the mitophagy and regulating the p-AMPK/FUNDC1 axis. 

Bioengineered 2021;12(1):2676-87. doi: 10.1080/21655979.2021.1938500 

65.  Wei S, Ma W, Li X, Jiang C, Sun T, Li Y, et al. Involvement of ROS/NLRP3 Inflammasome Signaling 

Pathway in Doxorubicin-Induced Cardiotoxicity. Cardiovasc Toxicol 2020;20(5):507-19. doi: 

10.1007/S12012-020-09576-4 

66.  Pecoraro M, Marzocco S, Belvedere R, Petrella A, Franceschelli S, Popolo A. Simvastatin Reduces 

Doxorubicin-Induced Cardiotoxicity: Effects beyond Its Antioxidant Activity. Int J Mol Sci 2023, Vol 24, 

Page 7573 2023;24(8):7573. doi: 10.3390/IJMS24087573 

67.  Zaky DA, Sayed RH, Mohamed YS. Liraglutide limits the immunogenic cell death-mediated ROS 

propagation and PI3K/AKT inactivation after doxorubicin-induced gonadotoxicity in rats: Involvement 

of the canonical Hedgehog trajectory. Int Immunopharmacol 2023;119. doi: 

10.1016/J.INTIMP.2023.110212 

68.  Boshchenko AA, Maslov LN, Mukhomedzyanov A V., Zhuravleva OA, Slidnevskaya AS, Naryzhnaya 

N V., et al. Peptides Are Cardioprotective Drugs of the Future: The Receptor and Signaling Mechanisms 

of the Cardioprotective Effect of Glucagon-like Peptide-1 Receptor Agonists. Int J Mol Sci 2024;25(9). 

doi: 10.3390/IJMS25094900 

69.  Mohiuddin MS, Himeno T, Inoue R, Miura-Yura E, Yamada Y, Nakai-Shimoda H, et al. Glucagon-Like 

Peptide-1 Receptor Agonist Protects Dorsal Root Ganglion Neurons against Oxidative Insult. J Diabetes 

Res 2019;2019. doi: 10.1155/2019/9426014 

70.  Thuc LC, Teshima Y, Takahashi N, Nagano-Torigoe Y, Ezaki K, Yufu K, et al. Mitochondrial K(ATP) 

channels-derived reactive oxygen species activate pro-survival pathway in pravastatin-induced 

cardioprotection. Apoptosis 2010;15(6):669-78. doi: 10.1007/S10495-010-0473-0 

71.  Lin TK, Lin KJ, Lin HY, Lin KL, Lan MY, Wang PW, et al. Glucagon-Like Peptide-1 Receptor Agonist 

Ameliorates 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine (MPTP) Neurotoxicity Through Enhancing 

Mitophagy Flux and Reducing α-Synuclein and Oxidative Stress. Front Mol Neurosci 2021;14:697440. 

doi: 10.3389/FNMOL.2021.697440/BIBTEX 



 

19 | Advanced Pharmaceutical Bulletin 2026 

 

Accepted Manuscript (unedited) 
The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. 

 

72.  Yu X, Hao M, Liu Y, Ma X, Lin W, Xu Q, et al. Liraglutide ameliorates non-alcoholic steatohepatitis by 

inhibiting NLRP3 inflammasome and pyroptosis activation via mitophagy. Eur J Pharmacol 

2019;864:172715. doi: 10.1016/J.EJPHAR.2019.172715 

73.  Yu W, Deng D, Li Y, Ding K, Qian Q, Shi H, et al. Cardiomyocyte-specific Tbk1 deletion aggravated 

chronic doxorubicin cardiotoxicity via inhibition of mitophagy. Free Radic Biol Med 2024;222:244-58. 

doi: 10.1016/J.FREERADBIOMED.2024.06.009 

74.  Chen B, Zhang JP. Bcl-xL is required for the protective effects of low-dose berberine against doxorubicin-

induced cardiotoxicity through blocking apoptosis and activating mitophagy-mediated ROS elimination. 

Phytomedicine 2022;101:154130. doi: 10.1016/J.PHYMED.2022.154130 

75.  Yin J, Guo J, Zhang Q, Cui L, Zhang L, Zhang T, et al. Doxorubicin-induced mitophagy and mitochondrial 

damage is associated with dysregulation of the PINK1/parkin pathway. Toxicol Vitr 2018;51:1-10. doi: 

10.1016/J.TIV.2018.05.001 

76.  Liu D, Ma Z, Di S, Yang Y, Yang J, Xu L, et al. AMPK/PGC1α activation by melatonin attenuates acute 

doxorubicin cardiotoxicity via alleviating mitochondrial oxidative damage and apoptosis. Free Radic Biol 

Med 2018;129:59-72. doi: 10.1016/J.FREERADBIOMED.2018.08.032 

77.  Ling G, Wang X, Tan N, Cao J, Li W, Zhang Y, et al. Mechanisms and Drug Intervention for Doxorubicin-

Induced Cardiotoxicity Based on Mitochondrial Bioenergetics. Oxid Med Cell Longev 

2022;2022(1):7176282. doi: 10.1155/2022/7176282 

78.  Elkhoely A. Liraglutide ameliorates gentamicin-induced acute kidney injury in rats via PGC-1α- mediated 

mitochondrial biogenesis: Involvement of PKA/CREB and Notch/Hes-1 signaling pathways. Int 

Immunopharmacol 2023;114:109578. doi: 10.1016/J.INTIMP.2022.109578 

79.  Ma D, Liu X, Liu J, Li M, Chen L, Gao M, et al. Long-term liraglutide ameliorates nigrostriatal 

impairment via regulating AMPK/PGC-1a signaling in diabetic mice. Brain Res 2019;1714:126-32. doi: 

10.1016/J.BRAINRES.2019.02.030 

80.  Scarpulla RC. Transcriptional paradigms in mammalian mitochondrial biogenesis and function. Physiol 

Rev 2008;88(0031-9333 (Linking)):611-38. 

81.  Laplante M, Sabatini DM. MTOR signaling in growth control and disease. Cell 2012;149(2):274-93. doi: 

10.1016/j.cell.2012.03.017 

82.  Bland AR, Payne FM, Ashton JC, Jamialahmadi T, Sahebkar A. The cardioprotective actions of statins in 

targeting mitochondrial dysfunction associated with myocardial ischaemia-reperfusion injury. Pharmacol 

Res 2022;175:105986. doi: 10.1016/J.PHRS.2021.105986 

 

 

 


