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A B S T R A C T   

Currently, doxorubicin (DOX) is one of the medications commonly used in chemotherapy to treat 
different types of tumors.Nonetheless, despite being effective in multiple tumors, yet its use is 
limited owing to its cytotoxic effects, the therapeutic use of DOX has been limited. This work 
aimed to explore whether curcumin (CMN) can prevents DOX-induced cardiotoxicity in rats. Four 
groups of rats were created, with the first functioning as a control, while the second group 
received CMN. DOX alone was administered to the third group, whereas CMN and DOX were 
administered to the fourth group. Lipid peroxidation assessed as Malondialdehyde (MDA), 
aspartate aminotransferase (AST), alanine aminotransferase (ALT), oxidative stress markers as 
catalase (CAT), superoxide dismutase (SOD), and inflammatory markers as tumor necrosis factor- 
alpha (TNF-α) in heart homogenates, each one was assessed. Heart specimens was investigated 
histologically and ultrastructurally. Increased, AST, and ALT serum levels, increased MDA levels, 
decreased SOD and CAT levels, and increased TNF-α concentrations in heart homogenates were 
all signs of DOX-induced myocardial injury. Histological and ultrastructural examinations 
revealed vacuoles and larger, swollen mitochondria in the cytoplasm. Furthermore, DOX caused 
significant changes in the myocardium, most notably nuclei disintegration, myofibrillar loss, and 
myocyte vacuolization. Using CMN with DOX reduced the harmful consequences of DOX on the 
myocardium by returning the increased AST and ALT levels to their original levels as compared to 
the control and reducing them. In cardiac tissue, CMN significantly increased the concentrations 
of SOD and CAT and significantly decreased the concentrations of MDA and TNF-α. Biochemical 
and histological studies have demonstrated that CMN has a heart-protective effect that might be 
related to its antioxidant and anti-inflammatory capabilities.  
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1. Introduction 

Chemotherapeutic agents with anthracyclines may interact with DNA and biological components [1]. Multiple cancer therapeutic 
drugs are frequently used to treat various tumors. Tolerance to medication, and other serious adverse effects reduce the effectiveness of 
these drugs, which could result in increased mortality rates or reduced quality of life in cancer patients [2]. Cardiac toxicity hazardous 
to human health [3]. Despite being frequently hematological tumors, the anthracycline DOX is limited because of its toxicity to organs 
[4,5]. Researchers have shown that cumulative dose of DOX can abruptly and persistently cause cardiac muscle fiber injury that may 
be reversible through multiple mechanisms such as nucleic acid suppression which interfere with macromolecular biosynthesis by 
embedding into the helix of DNA double strands., reactive oxygen species generation, and mitochondrial dysfunction. This has sparked 
interest in the domain of studying cardiomyopathy caused by chemotherapy [6]. More than 25% of cancer patients receiving DOX may 
experience dose-dependent and cumulative myocardial injury leading to congestive heart failure, cardiomyopathy or arrhythmia [7], 
might be related to myocardial fibrosis, progressive ventricular distension, systolic failure., and mitochondrial ballooning (sign of 
heart damages) [8–10]. 

Once the production of reactive oxygen species (ROS) reaches its peak, it overcomes the antioxidant defenses generated by the cell, 
creating an intracellular condition known as oxidative stress that is inherently risky for the cell’s constituent elements. It is widely 
believed that account for the toxicity of DOX in cardiac muscle fibers [6]. Factors that contribute to both apoptosis and necrosis [11]. It 
has been postulated that DOX treatment on a regular basis lowers antioxidant levels while concurrently raising lipid peroxidation level, 
leading to the development of cardiomyopathy. Oxidative damage level Two of the mechanisms by which DOX induces cardiac 
myocyte damage are increased apoptosis and aggravated inflammation. 

There are several approaches that have been proposed to avoid the risks of DOX-induced cardiotoxicity. According to a recent 
article published in Cardiovascular Toxicology, some of the proposed approaches include targeting mitochondria to improve metabolic 
function, inhibiting inflammatory cytokines, and reducing oxidative stress pathways [12]CMN has been demonstrated to be an 
effective drug due to its established antioxidant action [13]. However, CMN’s poor solubility and rapid systemic elimination restrict its 
application in healthcare situations. This problem has been resolved, the nano formulation of CMN the physicochemical properties 
essential for its efficacy [14]. Turmeric (Curcuma longa), a naturally occurring plant in Southeast Asia, contains CMN. Interestingly, 
CMN has a heart-protective effect when administered in conjunction with DOX, might be attributed to the anti-oxidative activity of 
CMN-derived linoleate “a polyunsaturated fatty acid” that is capable of inhibiting lipid peroxidation through forming fatty acid 
radicals and acting as ROS scavenger [15].However, CMN treatment may aid in protecting the myocardium, where biomarkers such as 
aspartate aminotransferase (AST), alanine aminotransferase (ALT), were significantly decreased, CAT and SOD levels increased, 
whereas MDA levels often improved [16]. Antioxidants such as CAT, SOD, and MDA are responsible for inhibiting and reducing 
damage caused by free radicals in cells [17]. Reducing the degree of lipid peroxidation in heart myocytes caused by both CMN and DOX 
suggests that CMN may have some cardioprotective characteristics, further supporting the idea that CMN has the capacity to decrease 
the negative consequences of DOX [18]. This study focused on how oxidative stress affects the heart by examining the potential of CMN 
in preventing DOX-induced cardiac myocyte damage. 

2. Materials and methods 

2.1. Drugs and chemicals 

DOX (Sigma-Aldrich in St. Louis, MO (USA). 
Powdered Curcuma longa (turmeric) was used to make CMX (CAS Number: 458-37-7; Sigma). Alanine Transaminase Activity Assay 

Kit (Colorimetric/Fluorometric) (ab105134). 
Aspartate Aminotransferase Activity Assay Kit (ab105135). 
MDA (Assay Kit) (Sigma-Aldrich in St. Louis, MO (USA)). 
Abcam provided the CAT (ab83464 Assay Kit) and SOD (ab65354 Assay Kit). TNF-α: derived from Santa Cruz Biotechnology Inc., 

Dallas, Texas (sc-28318). 
Serum CK-MB (Catalogue No.: MBS2515061) and troponin (Catalogue No.: MBS038739) were determined using specific ELISA kits 

supplied by MyBioSource (San Diego, USA). 

2.2. Experimental design and animals 

For this investigation, King Khalid University College of Medicine contributed twenty-four male Wistar albino rats. Each rat 
weighed 200 ± 50 g and was given free access to tap water and a pure diet, AIN-93 M (Research Diets, NJ, USA). Four groups of rats 
were created, with each group receiving adequate care to reduce pain or suffering. In addition, the welfare of the experimental rats was 
carefully monitored, and appropriate measures were taken to ensure maximum welfare. The research ethics committee at King Khalid 
University approved the experimental approach, which was associated with the implementation to be used and managed by laboratory 
animals from the National Institutes of Health (NIH Publication No. 85-23, updated 1985). Following acclimatization to the laboratory 
environment for 2 weeks, the rats were randomly assigned into four groups of six rats each. The groups formed can be described as 
follows. 

Group 1. (Control): Rats were given oral corn oil by gavage for 15 days and one intraperitoneal injection of saline solution (0.9% 
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NaCl) on the 10th day. 

Group 2. (CMN) got CMN CMN (100 mg/kg body weight) for 15 days. The CMN dosage was chosen in accordance with Yu et al. [19]. 

Group 3. (DOX induced cardiotoxicity): Rats were orally administered corn oil orally for 10 days. On the11th day, the rats received 
an intraperitoneal injection of DOX (20 mg/kg bw), followed by five consecutive days of daily oral gavage administration of corn oil. 
Lv et al. [20] approach was used to calculate the DOX dosage. 

Group 4. (DOX + CMN-induced): Rats administered oral gavage doses of CMN (100 mg/kg body weight) for ten days. After receiving 
an intraperitoneal dose of DOX (20 mg/kg bw) on the eleventh day, rats were administered CMN (100 mg/kg bw) orally every day for 
five days. 

The crushed plant solid Curcuma longa (turmeric) sample wass subjected to a solvent, usually acetone, methanol, ethanol, or 
isopropanol, in the first stage of this method. The solute of interest is then dissolved in the solvent and freed from the solid matrix in the 
second stage. Gathering the solute is the final stage [21]. 

2.3. Estimation of oxidative stress and TNF-α markers 

. Blood samples were collected into Eppendorf tubes. After allowing it to coagulate in the oven for 15 min, it was centrifuged at 
5000 rpm for 20 min to separate the serum. The ALT and AST biomarkers were measured using collected serum through enzymatic 
assays. These assays are based on the principle that AST and ALT catalyze the transfer of amino groups from aspartate and alanine, 
respectively, to alpha-ketoglutarate, forming oxaloacetate and pyruvate, respectively. The resulting oxaloacetate and pyruvate are 
then detected by measuring the absorbance of the NADH produced in the reaction [22]. A piece per heart tissue was taken to generate a 
homogenate, which was then used to measure the levels of CAT [23], SOD [24]and MDA [24,25]. The levels of TNF-α immune 
expression in the cardiac section were investigated [26]. To assess TNF-α, primary antibodies against TNF-α were applied to sections 
and incubated at a concentration of 1:200 using ImageJ software (version 1.46a, NIH, Bethesda, MD, USA). 

2.4. Determination of serum troponin and creatine kinase-MB (CK-MB) 

Serum CK-MB and troponin were determined using specific ELISA kits supplied by MyBioSource (San Diego, USA) according to 
manufacturer’s instructions [27]. 

2.5. Histopathological examination of heart tissue 

Heart samples were extracted from rats in each group. Ten percent neutral buffered formalin was used to fix the specimen prior to 
processing [28]. Hematoxylin and eosin (H&E)-prepared sections of five μm thickness were used and sequentially stained in Masson’s 
trichrome for 5 min each with solutions of iron hematoxylin, acid Ponceau fuchsin, and aniline blue. Using an Olympus BX50 light 
microscope (Tokyo, Japan), histopathological analysis was performed [29]. 

2.6. Ultrastructural examination of heart tissue 

For 24 h, small pieces were fixed in 2.5% glutaraldehyde and then rinsed in phosphate buffer (0.1 M, PH 7.4). For 2 h, post-fixation 
was performed in 1% osmium tetroxide buffered with phosphate buffer to remove the extra fixative, dehydrated through increasing 
ethanol concentrations, and cleared in propylene oxide. The samples were packaged inside gelatin capsules filled with Araldite 502. 
The capsules were polymerized by heating them to 60 ◦C. 

For orientation and observation, toluidine blue-stained semi-thin sections of around 1-μm thickness were prepared. Using an ul-
tramicrotome, extremely thin sections were created and then gathered on uncoated copper grids. A JEOL transmission electron mi-
croscope (JEM-1011, JEOL Co., Tokyo, Japan) was used to analyze and snap photographs of the sections after they had been double- 
stained with lead citrate and uranyl acetate [30]. Understanding the subcellular elements of cells and tissues requires first quantifying 
the organelles in TEM pictures. The National Institutes of Health originally developed ImageJ, an open-source program that may be 
used to measure organelles in TEM images. The program may be used to examine the mitochondrial/endoplasmic reticulum (ER) 
interaction and measure parameters including mitochondrial length, width, area, and circularity [31]. 

2.7. Statistical analysis 

Data were analyzed using the SPSS Software program version 29 (IBM SPSS Statistics for Windows, Armonk, NY: IBM Corp). 
Continuous variables are presented as the mean ± SD (standard deviation). The IBM Social Sciences Statistical Package (SPSS) pro-
gram was used to assess the statistical significance of differences among groups using one-way analysis of variance (ANOVA) and 
Duncan’s post hoc test. Statistical significance was defined as p < 0.05. 
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3. Results 

3.1. Effect of DOX and CMN on the rat mortality rate 

DOX treatment increased the mortality rate (2 out of 6) compared with that for control animals. Co-treatment of rat with DOX +
CMN significantly decreased the rat mortality rate (0 out of 6) compared with DOX treatment alone. No mortality was recorded in the 
control group or the CMN-treatment group during the study period. 

3.2. Body weight and heart weight to body weight ratio 

The body weight and heart weight to body weight ratio in DOX group were significantly increased compared with control rats. The 
heart weight, body weight and ratio of heart weight to body weight in DOX plus CMN group was significantly decreased compared with 
DOX induced (Table 1). 

3.3. Biochemical results 

3.3.1. Lipid peroxidation (MDA) and antioxidant enzyme levels 
As evidenced by the increase in cardiac MDA, AST, and ALT srum levels compared to control and CMN groups, it has been observed 

that DOX induces lipid peroxidation. MDA, AST, and ALT levels were significantly lower in DOX- and CMN-treated rats than in those 
exposed to DOX (Fig. 1A, B, and 1C). The cardiac CAT and SOD levels were lower DOX-treated groups than in the control and CMN 
groups. DOX plus CMN therapy improved the reduction of SOD and CAT compared with the levels observed in animals administered 
DOX (Fig. 2A and B). 

3.3.2. Troponin and creatine kinase-MB (CK-MB) levels 
In the present study, DOX induced myocardial damages in rats was evidenced by higher levels of serum troponin and CK-MB levels. 

Decreased levels of these biochemical markers were observed in CMN cotreated with DOX treated rats compared to DOX treated 
control group (Fig. 3A and B). 

3.3.3. Levels of pro-inflammatory cytokine TNF-α 
TNF-α concentrations were assessed in the cardiac tissues of all the groups. DOX-treated rats had significantly higher TNF-α levels 

in this tissue than in the control and CMN groups. However, according to the levels observed in DOX-treated rats, DOX in conjunction 
with CMN supplementation mitigated the damage caused by TNF-α (Fig. 4). 

3.4. Histological and ultrastructural results 

3.4.1. Control and CMN groups 
The characteristic histological structure of cardiac muscle fibers was observed in H&E-stained sections; they were arranged in an 

anastomosing, branching pattern, with oval nuclei and an acidophilic sarcoplasm in the middle (Fig. 5A and Table 1). Sections that had 
been stained with Masson’s trichrome revealed a few collagen fibers enclosing the cardiac muscle bundles (Fig. 6A and Table 1). 

Ultrastructural investigation was performed on ultrathin sections, which revealed an abundance of cytoplasm comprising many 
healthy myofibrils with myocardial striations in their natural form, regularly spaced sarcomeres, and obvious bands (Z and H) with 
well-preserved mitochondrial integrity. A centralized euchromatic nucleus with regularly dispersed chromatin and intact nuclear- 
enveloped membrane was observed. (Fig. 6 A, B, and Table 1). Desmosomes, gap junctions, and intercalated discs with distinctive 
fascial adhesions were also observed (Fig. 8 A and Table 1). Simple squamous endothelial cells formed capillaries by overlapping the 
vascular lumen (Fig. 9 A and Table 2). 

3.4.2. DOX treated group 
H&E-stained sections showed pronounced fibrinolysis of splitting wavy, widely dispersed, and disordered heart muscle fibers with 

pyknotic nuclei, congested blood capillaries, and edema within the myocardium (Fig. 5 B&C and Table 1). Masson’s trichrome stain 

Table 1 
Effect of curcumin (CMN) on body weight, and heart weight to body weight (HW/BW) ratio in doxorubicin (DOX) 
induced cardiotoxicity in rats. 
[Values are mean ± SE from 6 rats].  

Treatment groups Body weight (g) HW/BW ratio ( × 10− 3) 

Control 272.33 ± 09.667 32.245 
CMN-induced 253.49 ± 15.819 34.3124 
DOX induced 263.23 ± 6.269* 63.71 
DOX plus CMN-induced 201.72 ± 4.163& 39.954 

Data are expressed as means ± S.D. *p < 0.05 compared with control. &p < 0.05 compared with DOX group. 
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revealed that there had been a significant accumulation of collagen fibers (Fig. 6 B&C and Table 1). 
Ultrastructural analysis revealed oversized mitochondria with disorderly cristae, flocculent density accumulation, and abnor-

malities within the mitochondrial outer membrane in addition to damaged myofibrils and disordered Z and H muscle bands. Addi-
tionally, it was possible to observe the disassembling of the outer nuclear layer, clumped chromatin dispersed randomly throughout 
the nuclei, and demarcated spaces within the nuclei (Fig. 7 C&D). Intercalated discs that were damaged with obvious disruption of 
their components, such as desmosomes, gap junctions (Nexus), and adherent fascia (Fig. 8 B and Table 1), as well as distorted cap-
illaries with malformed endothelial cells (Fig. 9 B and Table 2). 

3.4.3. DOX plus CMN group 
The normal myocardial structure was only restored in H&E-stained sections, and vasculature congestion was observed (Fig. 4 D). 

Slightly accumulated collagen fibers were visible by Masson’s trichrome staining (Fig. 6 D). 
Ultrastructural analysis revealed a typical, integrity-preserving architecture coupled with a nucleus with a proper chromatin 

structure and nuclear envelope, intact mitochondria, and a striated appearance made up of bands (Z and H) (Fig. 6 E and F). Intact 
intercalated discs formed of fascial adherent, desmosome, and gap (nexus) junctions (Fig. 8C), and the preserved capillaries sur-
rounded by normal endothelial cells were evaluated (Fig. 9C). 

4. Discussion 

About 30% of cancer patients experience DOX-induced cardiac toxicity, which is often detected days after the last DOX treatment as 
cumulative effect [19]. To some extent, the present investigation reveals a clear understanding of the mechanism of DOX-induced 
cardiac muscle fibers. However, a sizable body of data indicates that oxygen-free radical production can cause lipid peroxidation 
and consequent cell injury. Rats administered DOX had significantly higher MDA levels in their cardiac tissues, as observed by the 
investigators, indicating enhanced lipid peroxidation. Previous studies in rats have demonstrated that elevated oxidative stress and 
antioxidant deficiencies may be the etiology of heart tissue injury [32]. 

This study revealed that DOX caused substantial oxidative damage in the cardiac tissue. Following severe tissue injury, trans-
aminases such as ALT and AST are released. As both are abundant in the heart muscle (particularly AST), it is likely that their elevated 
levels signify myocardial injury. AST seum level was much higher in DOX-treated rats than in control and CMN rats, indicating serious 

Fig. 1. Rats exposed to DOX had biochemical indices that significantly increased the levels of MDA (A), AST (B), and ALT (C) between the four 
research groups which are considered clinical indicators of oxidative stress. The increased ALT, AST, and MDA levels were significantly reduced 
when CMN was added to the DOX group. 
The results represent the mean (±SD), n = 6, *p < 0.05 in comparison to controls, and ***p < 0.05 contrary to DOX group. 
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cardiac injury. This outcome is consistent with [29]. Following DOX treatments, there was a considerable increase in the concen-
trations of the heart damage marker, AST enzyme [33–35]. 

However, compared with the control and CMN groups, myocardial CAT levels was significantly reduced in this study. Rats given 
DOX exhibit an increase in cardiovascular oxidative stress, cellular membrane damage, and a significant drop in the antioxidant CAT 
[36]. 

Throughout the study, rats administered DOX showed decreased SOD and CAT levels, supporting the relationship between 
oxidative stress and cardiac damage. There is no disputing the fact that SOD inhibits the formation of OH radicals by converting O2- 

Fig. 2. Showed found the DOX group’s CAT (A)and SOD (B)activity was lower than that of the control group. The DOX group’s CAT and SOD 
activity significantly increased after taking CMN. 
The observations are the mean (±SD); n = 6. *p < 0.05 compared to the controls; ***p < 0.05 in contrary to the DOX group. 

Fig. 3. CK-MB and troponin levels were significantly higher in DOX treated group than those of control group. These levels were significantly lower 
in CMN cotreated with DOX in comparison to those of DOX treated group. 
The results are the mean (±SD), n = 6. *p < 0.05 compared to the controls, and ***p < 0.05 in comparison to the DOX group. 
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Fig. 4. Rats exposed to DOX showed significantly increased levels of pro-inflammatory biomarker TNF-α in the studded groups. The DOX group’s 
TNF-α activity significantly reduced after taking CMN. 
The results are the mean (±SD), n = 6. *p < 0.05 compared to the controls, and ***p < 0.05 in comparison to the DOX group. 

Fig. 5. Displays photomicrographs of illustrated heart sections stained with H&E. 
(Scale bar: 50 μm) 
A: Heart tissues from the controls and CMN rats: branching cardiac muscle fibers (CMF) with acidophilic sarcoplasm, an oval nucleus (N) situated in 
the center, and intercalated discs are visible (arrow). 
B: DOX intoxicated hearts showing cardiac muscle fibers disorganization with pyknotic nuclei (N), congested blood vessels (BV), perivascular fi-
broblasts (arrow), and intramyocardial edema (*). 
C: DOX intoxicated hearts showing prominent fibrinolysis of disorganized splitting wavy cardiac muscle fibers (CMF), which are widely spaced with 
pyknotic nuclei (N) and multiple fibroblasts (F) in between. 
D: DOX plus CMN group showing more or less complete restoration of the normal histological structure of cardiac muscle fibers (CMF) with a central 
oval nucleus (N), blood capillaries, and normal intercalated discs are shown in the image. 
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Fig. 6. Masson’s trichrome-stained heart section photomicrographs 
(Scale bar: 50 μm) 
A: Cardiac tissues from the controls and CMN rats are exhibited branched cardiac muscle fibers (CMF) with a minimal amount of collagen fibers (CF) 
in between. 
B: DOX-intoxicated hearts with disorganized splitting wavy cardiac muscle fibers (CMF) that are widely spaced, interstitial hemorrhage (arrow), and 
collagen fiber accumulation (CF). 
C: DOX-intoxicated hearts with disorganized cardiac muscle fibers (CMF) that are widely spaced with large amounts of collagen (CF) fiber accu-
mulation and focal necrosis (*). 
D: DOX plus CMN group showing nearly more or less complete restoration of the regular morphology of cardiac muscle fibers (CMF) with mild 
amounts of collagen fibers (CF). 

Table 2 
Demonstrating the percentages scoring system of Cardiac histopathological & ultrastructural features of all groups of rats.  

No Cardiac Structures Percentages 

Control group CMN group DOX group DOX plus CMN group 

1 Histopathological Analysis Muscle fibers 0–1 % 1–2 % 24–27 % 1–4 % 
Branching cardiac fibers 0–1 % 2–3 % 35–40 % 2–3% 
Connective tissues 0–1 % 0–2 % 55–58 % 1–2 % 
Central nuclei 0–1 % 0–1 % 25–28 % 2–3 % 
Cross striations 0–1 % 1–2 % 35–41 % 2–3 % 

2 Ultrastructural Analysis Intercalated discs 0–1 % 1–2 % 35–40 % 1–4 %  
• Fascia adherence 0–1 % 1–2 % 24–27 % 1–5%  
• Macula adherent 0–1 % 1–2 % 11–18 % 1–7 %  
• Gap junctions 0–1 % 1–2 % 35–40 % 2–3 % 
Cardiomyocytes 0–1 % 1–2 % 44–58 % 1–2 % 
Myofibrils 0–1 % 1–2 % 55–58 % 1–4 % 
Z and H bands 0–1 % 1–2 % 50–61 % 0–1 % 
Mitochondria 0–1 % 1–2 % 45–50 % 1–2 % 
Blood capillaries 0–1 % 1–2 % 25–28 % 1–4 % 
Interstitial area 0–1 % 1–2 % 46–57 % 2–3 % 
Collagen fibers 0–1 % 1–2 % 54–66 % 2–3 %  
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radicals to H2O2, [37]. DOX treatment promotes the production of proinflammatory cytokines such as TNF-α [38,39]. TNF alpha is a 
type of cytokine that is released when the body detects harmful stimuli such as infections or injuries. It helps to start the inflammatory 
response by attracting and activating immune cells to fight the invaders [40]. 

The vehicle-treated rat hearts used in the current study had a normal appearance and exhibited no morphological alterations. The 
size, shape, and structure of the heart muscle fibers were uniform. All DOX-injected rats developed cardiomyopathy, as evidenced by a 
condition in which the cytoplasm contained vacuoles and swollen inflated mitochondria. Additionally, DOX caused significant 

Fig. 7. Heart architecture as shown in TEM images from all groups. 
Control and CMN groups (Fig. 6A and B) exhibit abundant cytoplasm packed with healthier myofibrils with normal myocardial striations archi-
tecture with regularly arranged sarcomeres and obvious bands (Z and H) with mitochondrial (m) integrity that has been preserved and arranged in 
rows between. There is a nuclear envelope and a central euchromatic nucleus (N) with properly dispersed chromatin. 
DOX group (Fig. 6C and D) shows swelling and degenerated mitochondria mitochondria (m) with disordered cristae, flocculent density deposits, 
outer mitochondrial membrane abnormalities, disturbed myofibrils, with disarrangement of muscle bands (Z and H). Nuclei (N) with minimal 
heterochromatin material distributed within the nucleoplasm and along the nuclear envelope, and there are noticeable spaces (*) inside the nuclei. 
DOX plus the CMN group (Fig. 6E and F) demonstrates typical structure with a striated pattern of distinct bands (Z and H) and preserved integrity, 
the nucleus (N) with appropriate chromatin organization and the nuclear envelop, and preserved mitochondria (m). 
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alterations in the myocardium, which manifested mostly as cardiac muscle fiber degradation, vacuolization, and fragmentation of 
nuclei by reducing the activity of topoisomerase and creating ROS [41]. 

Electron microscopy revealed heavily damaged pleomorphic, disorganized mitochondria with fragmented cristae. Different studies 
[42–44] attributed these changes to the alteration of calcium homeostasis and blockage of Na+/K + ATPase, which results in 
intracellular sodium accumulation that causes mitochondrial swelling. High mitochondrial density and heart muscle fibers contain 
minimal amounts of enzymatic antioxidants that have a significant effect on this mechanism. Additionally, DOX can impair mito-
chondrial membrane potential, creating alterations in the way mitochondria manage calcium and modify ATP synthesis, all of which 
eventually result in mitochondrial malfunction, which initiates cellular apoptosis and cardiomyopathy [45]. 

DOX is frequently used to generate [46,47]. Myocardial infarction, ischemia/reperfusion damage, and hypertrophy are disorders in 
which cardiac function deteriorates, and have been linked to oxidative stress. High ROS levels cause cellular damage, including ne-
crosis and apoptosis [48]. Through disruption of the balance between the cellular antioxidant system and ROS production, DOX creates 
an oxidative stress status that is closely related to DOX-associated cardiac alterations [49]. In this study, collagen fibers were abundant 
in the myocardium and interstitial tissue of DOX-treated animals in comparison to the control group. Neurohumoral substances like 
fibroblast growth factor, which are both locally and systemically generated, promote collagen synthesis and fibroblast proliferation 
[50]. 

CMN’s antioxidant-sparing activity enhanced the antioxidant status and consequently mitigated cardiac injury. There may be one 
or more interactions in the CMN antioxidant pathway, such as free radical scavenging [51], preventing oxidizing enzymes, such as 

Fig. 8. TEM micrographs of Intercalated disc attained from all groups 
The control and CMN groups (Fig. 7A) demonstrate a normal cardiomyocyte with a striated pattern with obvious bands (Z and H), maintained 
mitochondria, and an abundance of cytoplasm and myofibrils (m). Additionally, intercalated discs comprise desmosomes (D), fascia adherent (FA) 
junctions, and gap junctions (nexus) (N). 
DOX group (Fig. 7. B): demonstrate pleomorphic mitochondria, disordered myofibril cytoplasm, and muscular band disorder (Z and H) (m). Fascia 
adherent (FA), desmosomes (D), and gap junctions (Nexus) (N) are among the components of intercalated discs that are disturbed. 
DOX plus CMN group (Fig. 7C) reveals undamaged myofibrils, a striated pattern of clear bands (Z and H), healthy mitochondria (m), and typical 
intercalated discs (fascia adherent (FA), desmosomes (D), and gap junctions (N)) are also assessed. 

Fig. 9. TEM micrographs of the mitochondria, Z and H band, and endothelial cells from all groups. 
The control and CMN groups (Fig. 8 A) Healthful myofibrils with typical myocardial striations, and distinct bands (Z and H) can be found in a 
cytoplasm that is densely packed. Endothelial cells (En) and their nuclei (N) with regularly distributed heterochromatin (Chr) and regular nuclear 
envelope (ne), which overlap to form the vascular lumen (Lu), are seen in capillaries, along with preserved mitochondrial integrity (m). 
DOX group (Fig. 8. B): reveals enlarged mitochondria (m), deformed capillaries with damaged endothelial cells (En) that create a vascular lumen 
(Lu) and disrupted myofibrils with altered muscle bands (Z and H). with a disintegrated irregular nucleus (N) with disrupted heterochromatin (Chr) 
and irregular nuclear envelope (ne). Note that collagen fibrils (CF) are being deposited. 
DOX plus CMN group (Fig. 8. C): demonstrates the typical architecture of cardiac muscle fibers, which is kept intact and has a striated pattern of 
distinct bands (Z and H), preserved mitochondria (m), and intact capillaries with healthy endothelial cells (En) that form the vascular lumen (Lu) 
and its more or less health nucleus (N) with regularly distributed heterochromatin (Chr) and some irregularity of its nuclear envelope (ne). 
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cytochrome P450 [52], oxygen quenching, reducing its availability for oxidative reactions, avoiding consequences, and neutralizing 
the oxidative characteristics of metal ions [53]. In this approach, CMN successfully reduced tissue damage by restoring the antioxidant 
status and reducing oxidative stress. 

The present findings imply that treatment with CMN may prevent myocardial injury, since rats treated with CMN plus DOX had 
lower levels of AST and ALT compared to those in the DOX-only group. These data indicate that CMN maintains the cardiac muscle 
fibers’ natural architectural and structural consistency, which can be explained by CMN’s ability to stabilize membranes, as shown by 
the near-normal AST and ALT enzymatic activity [5]. 

In this study, CMN stopped DOX-triggered alterations in MDA with a reduction in lipid peroxidation. The cardiac tissue of the group 
treated with CMN plus DOX showed higher SOD and CAT activities. Some studies have indicated that CMN exerts a protective effect 
[54]. Following CMN’s administration with DOX, on the other hand, significantly reduced these cardiac abnormalities, demonstrating 
CMN’s benefits to heart health [55]. 

In the present study, DOX induced myocardial damages in rats was evidenced by higher levels of serum troponin and CK-MB levels. 
Decreased levels of these biochemical markers were observed in CMN cotreated with DOX treated rats compared to DOX treated 
control group. Therefore, it has been observed that CMN has cardioprotective effects which are most likely due to antioxidant and free 
radical scavenging activity [56]. 

Co-treatment of CMN with DOX reduced TNF-α immunological expression in cardiac tissue, highlighting the anti-inflammatory 
potential of CMN [49]. 

In order to lessen oxidative stress—which was seen in the histological examination—and to restore the normal structure of the 
cardiac tissues in the treated rat models, DOX and CMN were used in the procedure. These histological changes could be related to the 
polyunsaturated fatty acid linoleate, which is produced from CMN, and its antioxidative properties, which can scavenge ROS and 
generate fatty acid radicals to prevent lipid peroxidation [14], and enhancing heart-protective mitochondrial respiratory chain en-
zymes [57]. According to histopathological assessment, DOX-induced heart damage was reduced in the CMN treatment group. 

5. Conclusion 

By administering DOX along with bioactive dietary supplements like CMN, the effect of DOX can be lessened. Consequently, 
administering CMN as an adjuvant medication may serve as an antioxidant-based preventative or curative strategy to treat cardiac 
muscle fibers affected by DOX. The study was limited by the fact that the rats were cancer-free, while DOX is typically given to treat 
cancer after it has manifested in humans or other animals. As a result, the results of this investigation may have been impacted by 
cancer and its side effects, such as inflammation. 
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