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A B S T R A C T   

The flavonoid compound Isorhamnetin (IRMN) is known for its considerable pharmacological properties, which 
include antioxidant and anti-inflammatory effects, as well as significant protective actions on heart health. 
However, the potential of IRMN to guard against heart damage caused by cisplatin (CP), a common chemo-
therapeutic agent, and the specific mechanisms involved, remain unexplored areas. This research was designed 
to investigate how IRMN counters CP-induced heart toxicity. In our study, mice were orally given IRMN at 50 or 
150 mg/kg/day for a week, followed by CP injections (5 mg/kg/day) on the third and sixth days. The animals 
were euthanized under sodium pentobarbital anesthesia (50 mg/kg, intraperitoneally) on the eighth day to 
collect blood and heart tissues for further examination. Our findings reveal that IRMN administration signifi-
cantly reduced the heart damage and the elevation of heart injury markers such as cardiac troponin I, creatine 
kinase, and lactate dehydrogenase induced by CP. IRMN also effectively lowered oxidative stress markers, 
including reactive oxygen species and malondialdehyde, while boosting ATP production and antioxidants like 
superoxide dismutase, catalase, and glutathione. The compound’s capability to diminish the levels of pro- 
inflammatory cytokines like tumor necrosis factor-alpha and interleukin-6, alongside modulating apoptosis- 
regulating proteins (enhancing Bcl-2 while suppressing Bax and Caspase-3 expression), further underscores its 
cardioprotective effect. Notably, IRMN modulated the p62–Keap1–Nrf2 signaling pathway, suggesting a mech-
anism through which it exerts its protective effects against CP-induced cardiac injury. These insights underscore 
the potential of IRMN as an effective adjunct in cancer therapy, offering a strategy to mitigate the cardiotoxic 
side effects of cisplatin.   

1. Introduction 

Cisplatin (CP) is renowned for its ability to combat tumor cells 
through senescence induction or the activation of intrinsic apoptotic 
pathways, leading to non-repairable DNA damage [1]. Despite being the 
cornerstone of first-line cancer therapies, its clinical application is 
significantly limited by dose-dependent cardiotoxic effects, including 
arrhythmias, chest pain, and heart failure [2]. Such side effects can 
substantially elevate the risk of cardiovascular disorders in cancer pa-
tients undergoing CP treatment. Although the precise mechanisms un-
derlying CP-induced heart toxicity are not fully elucidated, oxidative 
stress, inflammation, and apoptosis are recognized as key contributors to 

its deleterious cardiac impacts. 
The central factor driving CP-related cardiac injury is oxidative 

stress, marked by a disequilibrium between the production of reactive 
oxygen species (ROS) and antioxidant defense capabilities [3]. This 
oxidative imbalance is known to influence various cellular pathways, 
including those leading to inflammation and cell death [4]. Elevated 
ROS can activate nuclear transcription factors, leading to increased 
pro-inflammatory cytokine levels, thereby intensifying inflammatory 
responses [5]. Additionally, the surge in ROS production can compro-
mise mitochondrial integrity, precipitating mitochondrial dysfunction, 
which in turn triggers the caspase-dependent apoptotic pathway [6]. 
The nuclear factor erythroid 2-related factor 2 (Nrf2) is crucial for 
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cellular defense against oxidative damage [7]. The stabilization and 
activation of Nrf2, facilitated by p62-mediated sequestration of 
Keap1—a regulator of Nrf2 degradation—play a vital role in cellular 
resilience to oxidative stress and apoptotic signaling [8]. 

Isorhamnetin (IRMN), a flavonoid with extensive pharmacological 
properties, including antioxidative, anti-inflammatory, and car-
dioprotective effects, has been the focus of recent research [9]. Studies 
have demonstrated IRMN’s efficacy in reducing myocardial injury 
following ischemia/reperfusion by curbing lactate dehydrogenase 
(LDH)-related apoptosis via the NF-κB pathway [10]. Moreover, IRMN 
has been found to inhibit angiotensin II-induced cardiac fibroblast 
proliferation and collagen production, offering a protective mechanism 
against myocardial fibrosis [9]. Additionally, its effectiveness in 
diminishing myocardial collagen buildup and fibrosis in diabetic models 
through the inhibition of the TGF-β/Smad pathway highlights IRMN’s 
therapeutic potential in cardiac fibrosis management [11]. 

This research evaluates the cardioprotective properties of IRMN 
against CP-induced toxicity in mice, focusing on alterations in cardiac 
histopathology and myocardial biomarker levels. It also delves into the 
associated mechanisms by analyzing markers of oxidative stress, 
inflammation, apoptosis, and the involvement of the p62–Keap1–Nrf2 
signaling axis. 

2. Materials and methods 

2.1. Animal preparation 

In this study, we utilized fifty male mice, each weighing between 20 
and 25 g. These animals were housed under controlled environmental 
conditions, with temperatures maintained at 22–25 ◦C and relative hu-
midity kept within 40%–60%. Access to a standard diet and clean water 
was provided ad libitum for a duration of one week before the initiation 
of experimental procedures. The ethical approval for conducting this 
study was obtained from the ethics committee at the Hashemite Uni-
versity, Zarqa, Jordan, with the approval number 14/4/2021/2022 
dated 14 April 2022. Our research adhered strictly to the ARRIVE 
guidelines to promote the responsible and ethical conduct of animal- 
based research [12]. 

2.2. Experimental design and drug administration 

The study involved the division of the fifty mice into five distinct 
groups, with each group consisting of ten mice. The groups were 
designated as follows: Control, CP (Cisplatin), L-IRMN (Low-dose Iso-
rhamnetin + CP), H-IRMN (High-dose Isorhamnetin + CP), and IRMN 
alone. Mice in the CP group were subjected to intraperitoneal injections 
of CP at a dosage of 5 mg/kg. The dose of 5 mg/kg for CP used in your 
study is within the range of dosages typically used in research to induce 
toxicity without being lethal. Such dosages are commonly chosen to 
study sub-lethal nephrotoxic effects while avoiding more severe, 
potentially lethal outcomes associated with higher doses. Research in-
dicates that a range of doses from low sub-therapeutic (5 mg/kg) to sub- 
lethal nephrotoxic (10–12 mg/kg) are used, depending on the severity of 
nephrotoxicity and other side effects being studied [13]. The L-IRMN 
and H-IRMN groups were treated with oral doses of IRMN at concen-
trations of 50 mg/kg and 150 mg/kg, respectively, in combination with 
CP at 5 mg/kg. The IRMN-only group received an oral dose of 
150 mg/kg of IRMN. The specific doses of IRMN (50 mg/kg and 
150 mg/kg) used correspond to a range tested in preliminary studies for 
efficacy and safety in similar biochemical pathways as those influenced 
by CP. In pharmacological studies, the dose selection often varies widely 
based on the compound’s potency, the route of administration, and the 
specific therapeutic targets [9,14]. The treatment regimen was main-
tained for a period of 7 days, with CP injections administered on the 3rd 
and 6th days and daily oral doses of IRMN. All substances used, 
including CP and IRMN, were sourced from SigmaAldrich, UK. 

Following the last IRMN treatment, the mice were anesthetized using 
sodium pentobarbital at a dose of 50 mg/kg (i.p.), and then blood and 
heart tissues were collected for further analysis. 

2.3. Histopathological examination 

Following the collection of blood specimens, hearts were immedi-
ately excised and fixed in 4% paraformaldehyde solution for preserva-
tion. The heart tissues were then dehydrated and embedded in paraffin 
using standard techniques, forming solid paraffin blocks. Sections of 4 
μm thickness were sliced from these blocks and stained with hematox-
ylin and eosin (H&E) for detailed histological evaluation [15]. The 
analysis of histopathological changes was conducted using a Leica 
DM4000B optical microscope (Solms, Germany). Quantification of 
myocardial damage was performed with the aid of Image Pro Plus 
version 6.0 software. 

2.4. Biochemical analysis 

2.4.1. Serum biochemical analysis 
Whole blood was centrifuged at a speed of 3500 rpm for a duration of 

10 minutes at ambient temperature, to separate the serum [16]. The 
clear supernatant obtained was then stored at − 20 ◦C until further 
biochemical evaluations were performed. The concentrations of serum 
creatine kinase (CK) and lactate dehydrogenase (LDH) were determined 
by adhering to the protocols specified by the kit manufacturer (Abcam, 
United Kingdom). CK assay employs the enzymatic conversion of crea-
tine to phosphocreatine and ADP by CK. The resultant ADP reacts with a 
specific enzyme mix, forming a colorimetric product measurable at 
450 nm. Sample and standards are added to wells, followed by the re-
action mix, and analyzed kinetically using a microplate reader at 37◦C. 
This method allows for precise activity measurements and is adaptable 
for high-throughput screening [17]. LDH catalyzes the conversion of 
lactate to pyruvate, generating a colorimetric product detectable at 
450 nm. This kit is suitable for assessing cell injury and cytotoxicity, 
featuring a straightforward protocol where samples are incubated with 
the LDH reaction mixture and read spectrophotometrically [18]. 

2.4.2. Cardiac tissue biochemical analysis 
Heart tissue samples were processed by homogenization in a solution 

consisting of 0.9% saline to achieve a 10% (w/v) homogenate. This 
mixture was centrifuged at 3000 rpm for 10 minutes to separate the 
supernatant, which was used for the biochemical assays [19]. The ac-
tivity levels of antioxidants including superoxide dismutase (SOD), 
catalase (CAT), and glutathione (GSH), as well as the lipid peroxidation 
marker malondialdehyde (MDA), were quantified in the heart tissue 
using assay kits provided by Abcam, United Kingdom. SOD assay em-
ploys a colorimetric technique to determine SOD activity, which is 
crucial for understanding oxidative stress in biological samples. The 
assay quantifies SOD’s ability to catalyze the dismutation of superoxide 
radicals, indirectly measured through a formazan dye formed by su-
peroxide reaction with a tetrazolium salt. This sensitive method pro-
vides a clear readout of SOD activity, essential for antioxidant research 
[20]. Catalase activity was measured using a colorimetric detection 
method that assesses the decomposition of hydrogen peroxide, a reac-
tion catalyzed by catalase. The decrease in hydrogen peroxide concen-
tration is directly proportional to the catalase activity in the sample. The 
assay setup involves the addition of sample to a reaction mixture con-
taining hydrogen peroxide, followed by measurement of the absorbance 
decrease, reflecting catalase activity [21]. GSH quantifies total gluta-
thione levels using a colorimetric approach. The assay relies on the 
enzymatic recycling method, where glutathione reductase reduces 
oxidized glutathione in the presence of NADPH, which is then measured 
colorimetrically. This method provides a comprehensive view of cellular 
antioxidant capacity and is pivotal for studies involving oxidative stress 
[22]. MDA Assay Kit offers a method to measure MDA, a marker of lipid 

R. Abudalo et al.                                                                                                                                                                                                                                



Toxicology Reports 12 (2024) 564–573

566

peroxidation, using a colorimetric assay. MDA reacts with thiobarbituric 
acid to form a pink adduct measured spectrophotometrically. This assay 
is crucial for assessing oxidative stress and damage in biological sam-
ples, providing a reliable measurement of lipid peroxidation levels [23]. 

2.4.3. Fluorescent imaging for reactive oxygen species detection 
Heart tissues, freshly procured, were prepared for sectioning by 

embedding in optimal cutting temperature compound and then 
sectioned using a cryostat. To evaluate the levels of reactive oxygen 
species (ROS) in cardiac cells, sections were incubated with dihy-
droethidium (obtained from Sigma Chemical Co., USA) for 30 minutes at 
37◦C in an environment shielded from light. Following this, sections 
were further stained with DAPI (from Sigma Chemical Co., USA) for 
10 minutes at ambient temperature, also avoiding light exposure [24]. 
DAPI staining marked the nuclei in blue, whereas ROS activity was 
visualized in red through fluorescein labeling. A Leica DM4000B fluo-
rescence microscope (Solms, Germany) was utilized for examining and 
documenting the stained sections. For quantitative analysis of ROS 
levels captured in the images, Image-Pro Plus software version 6.0 
(Media Cybernetics, Inc.) was used. 

2.4.4. Determination of ATP content 
ATP levels were determined using commercially available kit 

(Abcam, UK), following the instructions provided by the manufacturer. 
The samples were combined with the reaction mix and incubated at 
37◦C for 30 minutes. Subsequently, a precipitant was introduced and 
spun at 4000 rpm for 5 minutes. Afterward, the supernatant was treated 
with a coloring agent for 2 minutes, followed by the addition of a 
terminator at ambient temperature for another 5 minutes. The final 
absorbance was recorded at 636 nm using a microplate reader. 

2.4.5. Enzyme-linked immunosorbent assay (ELISA) 
The concentrations of cardiac troponin I (cTnI) in the serum and the 

levels of tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) in 
cardiac tissues were quantitatively assessed. These measurements were 
carried out using specific ELISA kits [25] obtained from Sigma Chemical 
Company, USA, for cTnI, and Thermo Fisher Scientific, USA, for TNF-α, 
with IL-6 kits also sourced from Sigma. The procedure was strictly 
adhered to as per the guidelines provided with each kit to ensure ac-
curate and reliable results. The kits utilize a sandwich ELISA format, 
where capture antibodies specific to the target proteins are pre-coated 
onto microplates. Samples and standards are incubated on these plates 
to bind the target proteins, followed by the addition of a detection 
antibody linked to an enzyme that produces a colorimetric readout 
proportional to the protein concentration. 

2.4.6. Protein expression analysis via western blot 
To analyze protein expression, heart tissues were processed by ho-

mogenization in RIPA buffer supplied by SigmaAldrich, UK, followed by 
centrifugation at 12,000 rpm for 10 minutes at a temperature of 4 ◦C, 
facilitating the protein extraction process. Proteins in equal concentra-
tions were then electrophoresed using 10% SDS-PAGE and subsequently 
blotted onto PVDF membranes provided by Bio-Rad, UK. To prevent 
non-specific binding, membranes were immersed in a blocking solution 
containing 5% skimmed milk for a period of 2 hours at ambient tem-
perature [26]. They were then probed overnight at 4 ◦C with primary 
antibodies at a 1:1000 dilution directed against B-cell lymphoma-2 
(Bcl-2), Bcl-2-associated X protein (Bax), Caspase-3, p62, Keap1, and 
Nrf2, all of which were acquired from Abcam, UK. β-actin was utilized as 
a loading control, diluted at 1:10,000. The following day, after three 
TBST washes, the membranes were exposed to respective secondary 
antibodies at a dilution of 1:10,000 for an hour in a dark environment at 
room temperature. Post three additional washes, the protein bands were 
visualized using the ChemiDoc Western blotting detection apparatus 
from Bio-Rad, UK. 

2.5. Statistical analysis 

The analysis of the gathered data was conducted using Graphpad 
Prism software, with results being articulated as the mean ± standard 
deviation (SD). A one-way analysis of variance (ANOVA) with subse-
quent Tukey’s post hoc test was applied to determine the statistical 
disparities among the experimental groups. A threshold of p < 0.05 was 
set to denote statistical significance. 

3. Results 

3.1. Influence of IRMN on cardiac histopathological changes 

As illustrated in Fig. 2, analysis of heart tissue histopathology 
revealed that both the control and exclusive IRMN treatment groups 
maintained typical histological structures. In contrast, the CP-treated 
group showed significant histopathological changes, including the 
presence of inflammatory cells, signs of cell apoptosis, and myocardial 
edema. Remarkably, these pathological changes were progressively 
diminished in both the low-dose IRMN (L-IRMN) and high-dose IRMN 
(H-IRMN) groups, demonstrating a clear dose-responsive improvement 
when compared to the CP-only group, with statistical significance noted 
(p < 0.01). This indicates the potent capability of IRMN to counteract 
the adverse effects of CP on heart tissue, specifically reducing inflam-
mation, edema in myocardial cells, and preventing cell apoptosis. 

3.2. Impact of IRMN on serum myocardial biomarkers 

Presented in Fig. 3, the serum analysis highlights that the concen-
trations of myocardial biomarkers, specifically cardiac troponin I (cTnI) 
in Fig. 3A, creatine kinase (CK) in Fig. 3B, and lactate dehydrogenase 
(LDH) in Fig. 3C, were notably higher in the CP-treated group than in the 
control group, showing statistical significance (p < 0.01). Conversely, in 
groups treated with low-dose and high-dose IRMN (L-IRMN and H- 
IRMN, respectively), there was a significant decrease in the levels of 
these markers when compared to the CP-only group, indicating a dose- 
responsive improvement (p<0.05 and 0.01, respectively). The IRMN- 
alone group’s biomarker levels were comparable to those of the con-
trol group, with no significant statistical difference (p > 0.05), sug-
gesting that IRMN treatment alone does not adversely affect these 
myocardial markers. 

3.3. IRMN’s modulation of ROS 

Fluorescence microscopy analysis, as indicated in Fig. 4, showed a 
pronounced elevation in ROS generation within the CP-treated group, 
significantly differing from the control group’s results (p < 0.01). 
Conversely, treatment with both low and high doses of IRMN (L-IRMN 
and H-IRMN groups) was associated with a substantial decrease in ROS 
levels in comparison to the CP-only group, with this reduction being 
statistically significant (p < 0.01). Furthermore, the ROS levels in the 
group treated with IRMN alone were found to be comparable to those in 
the control group, with no significant difference noted (p > 0.05). 

Fig. 1. : Chemical structure of isorhamnetin.[45].  
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3.4. Impact of IRMN on ATP content in mice 

Fig. 5 showed a pronounced reduction in ATP content within the CP- 
treated group, significantly differing from the control group’s results (p 
< 0.01). Conversely, treatment with both low and high doses of IRMN 
(L-IRMN and H-IRMN groups) was associated with a significant increase 
in ATP production in comparison to the CP-only group (p<0.05, <0.01, 
respectively). Furthermore, the ATP production in the group treated 
with IRMN alone were found to be comparable to those in the control 
group, with no significant difference noted (p > 0.05). 

Top of Form 

3.5. Influence of IRMN on oxidative stress and antioxidant defense 
markers 

The examination of cardiac tissue for oxidative and antioxidant 
markers revealed distinct changes across the groups, as shown in Fig. 6. 
Specifically, in the CP-treated group, there was a notable decrease in the 
antioxidant enzymes SOD, CAT, and GSH (p < 0.01), alongside an in-
crease in MDA, a marker of lipid peroxidation (p < 0.01), when 
compared to the control group. On the other hand, treatment with IRMN 
at both low (L-IRMN) and high (H-IRMN) doses resulted in elevated 
levels of SOD, CAT, and GSH, indicating enhanced antioxidant defense 
compared to the CP-only group (p < 0.05 or p < 0.01). Furthermore, the 
MDA levels were significantly lowered in the groups treated with IRMN, 

reflecting reduced oxidative stress (p < 0.01). The group receiving IRMN 
alone demonstrated antioxidant and oxidative marker levels similar to 
those of the control group, with no significant variations observed (p >
0.05). 

3.6. IRMN’s impact on inflammatory cytokine levels 

ELISA assessments demonstrated a pronounced elevation in the 
levels of the inflammatory cytokines TNF-α and IL-6 within the CP- 
treated group, significantly exceeding those of the control group (p <
0.01; depicted in Fig. 7). In contrast, interventions with IRMN at both 
low (L-IRMN) and high (H-IRMN) dosages resulted in a substantial 
reduction in TNF-α and IL-6 concentrations compared to the CP-only 
treated group (p < 0.01). Moreover, the levels of these cytokines in 
the group treated solely with IRMN were comparable to those in the 
control group, indicating no significant deviation (p > 0.05). 

3.7. IRMN’s influence on apoptotic protein expression 

Western blotting aimed at analyzing apoptotic markers showed in 
the CP group a pronounced increase in the expression levels of pro- 
apoptotic proteins Bax and Caspase-3, alongside a decrease in anti- 
apoptotic Bcl-2 expression, all significantly diverging from control 
levels (p < 0.01, as seen in Fig. 8). In stark contrast, both low-dose (L- 
IRMN) and high-dose (H-IRMN) IRMN treatments resulted in a 

Fig. 2. : The impact of IRMN on cardiac histopathological alterations in mice induced with CP. Panel (A) displays H&E stain images for the control, CP, L- 
IRMN, H-IRMN, and IRMN groups, with a scale bar of 50 μm and a magnification of × 400. Control group displays normal histology, where the arrow points to 
striated eosinophilic sarcoplasm and ’n’ indicates central vesicular nuclei, with interstitial spaces marked by ’s.’ CP group exhibits numerous pathological features, 
including double arrows highlighting increased cell spacing and congested capillaries, while ’stars’ denote periventricular infiltration by inflammatory cells, and ’d’ 
marks deeply stained pyknotic nuclei. L-IRMN and CP treated grop shows myofibrils that are more compact with narrower interstitial spaces. H-IRMN and CP treated 
group, there is a reduction in nuclear degeneration; myofibers are normal with central nuclei indicated by (n) and consistently narrow interstitial spaces (s). In Panel 
(B), the myocardial injury area was quantified for each group. The arrows (1− 3) indicate inflammatory cells, apoptotic cells, and myocardial edema cells, 
respectively. The data are expressed as the mean ± SD for each group (n = 10). ** p < 0.01 compared to the control group; # p < 0.05 and ## p < 0.01 compared to 
the CP group. 
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noticeable modulation of these markers towards a protective profile: Bax 
and Caspase-3 levels were markedly reduced, whereas Bcl-2 levels were 
elevated when compared with the CP-treated group (with statistical 

significance at p < 0.05 or p < 0.01). Between the IRMN-only treated 
group and the control, the differences in the expression of these 
apoptotic markers were not statistically significant (p > 0.05), 

Fig. 3. : The influence of IRMN on the serum levels of myocardial markers, including cTnI (A), CK (B), and LDH (C), in mice induced with CP. The data are depicted 
as the mean ± SD for each group (n = 10). ** p < 0.01 compared to the CONT group; # p < 0.05 and ## p < 0.01 compared to the CP group. 

Fig. 4. : The impact of IRMN on the level of reactive oxygen species (ROS) in mice induced with CP. In Panel (A), representative images of ROS expression are 
shown for the CONT, CP, L-IRMN, H-IRMN, and IRMN groups, with a scale bar of 50 μm. Panel (B) presents the ROS fluorescent area, and the data are expressed as 
the mean ± SD for each group (n = 10). ** p < 0.01 compared to the control group; ## p < 0.01 compared to the CP group. 
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suggesting that IRMN, in the absence of CP-induced stress, does not 
affect the apoptotic balance. 

3.8. Impact of IRMN on p62, Nrf2, and Keap1 protein expression 

Western blot results highlighted in Fig. 9 show alterations in the 
signaling pathway proteins following treatment. Specifically, in the CP- 
treated group, there was a significant reduction in the expression of p62 
and Nrf2 proteins (p < 0.01), accompanied by an elevation in Keap1 
expression when compared to the control group. On the other hand, both 
the low-dose (L-IRMN) and high-dose (H-IRMN) IRMN treatments 

resulted in an increase in p62 and Nrf2 levels (p < 0.05 or p < 0.01), 
alongside a decrease in Keap1 expression, compared to the CP group. 
Between the group treated with IRMN alone and the control, there were 
no noticeable differences in the expression levels of these proteins (p >
0.05), indicating that IRMN treatment, in the absence of CP challenge, 
does not significantly alter the expression of these key signaling 
molecules. 

4. Discussion 

The significant cardiotoxic side effects of Cisplatin (CP), along with 

Fig. 5. : The influence of IRMN on ATP content. The data are presented as the mean ± SD for each group (n = 6). ** p < 0.01 compared to the CONT group; # p <
0.05 and ## p < 0.01 compared to the CP group. 

Fig. 6. : The influence of IRMN on the tissue levels of oxidative stress markers, including SOD (A), CAT (B), GSH (C), and MDA (D), in mice induced with 
CP. The data are presented as the mean ± SD for each group (n = 6). ** p < 0.01 compared to the CONT group; # p < 0.05 and ## p < 0.01 compared to the 
CP group. 
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its other adverse reactions, pose a substantial challenge in cancer ther-
apy, compelling many patients to discontinue its use prematurely [27, 
28]. This disruption often prevents patients from realizing the full po-
tential of their cancer treatment, underscoring an urgent need for safer, 
cardioprotective therapeutic strategies. Isorhamnetin, a naturally 
occurring flavonoid recognized for its broad pharmacological benefits, 
presents a promising avenue for mitigating CP’s detrimental effects on 
the heart. 

The cardioprotective capacity of isorhamnetin is not only hypothe-
sized but also supported by substantial in vitro and in vivo evidence. 
Previous studies have established its protective effects on vital organs 
such as the liver [29], lungs [30], and kidneys [31] from various dam-
ages. Yet, the specific impact of isorhamnetin on cardiac tissue, partic-
ularly against CP-induced toxicity, and the underlying mechanisms 
remain less explored. Our study bridges this gap, demonstrating through 
histopathological evaluations how isorhamnetin ameliorates 
CP-induced pathological changes in the heart, including inflammation, 
cellular edema, and apoptosis. Notably, these protective effects were 
dose-dependent, with higher doses of isorhamnetin offering more sig-
nificant protection. 

Biochemical markers like Cardiac Troponin I (CTnI), Creatine Kinase 
(CK), and Lactate Dehydrogenase (LDH) are pivotal in diagnosing car-
diac injury [32]. The elevation of these markers in response to CP 
treatment, as observed in our study, indicates cardiac damage. 
Conversely, isorhamnetin treatment significantly attenuated the levels 
of these markers, suggesting a protective mechanism against CP-induced 
cardiac toxicity. This finding aligns with the hypothesis that iso-
rhamnetin mitigates membrane damage and functional impairment, 
primarily through its antioxidative actions. 

Oxidative stress, characterized by an imbalance between the pro-
duction of reactive oxygen species (ROS) and the body’s antioxidant 
capacity, plays a central role in CP-induced cardiac damage [33]. 
Enzymatic antioxidants such as SOD, CAT, and GSH are crucial in 
mitigating oxidative stress. An increase in ROS can diminish SOD and 
CAT activity, causing oxidative stress. GSH, an essential antioxidant, 
becomes depleted, further increasing ROS activity and triggering a series 
of lipid peroxidation that compromises membrane integrity. MDA, a 
byproduct of lipid peroxidation, indicates the extent of damage to bio-
logical tissues [34]. Elevated MDA levels can severely damage cell 
membranes, increasing oxidative stress. Our study illustrates that CP 
treatment disrupts the balance of these antioxidants, exacerbating 
oxidative stress and cellular damage. Isorhamnetin’s intervention, 
which elevates SOD, CAT, and GSH levels while reducing MDA, un-
derscores its potential to restore this balance, thus protecting cardiac 
cells from oxidative damage. 

The interplay between oxidative stress and inflammation is a key 
driver of CP-induced cardiotoxicity. ROS overproduction can trigger 
inflammatory responses, further aggravating cardiac damage [35]. 
TNF-α, a crucial inflammatory cytokine, can initiate an inflammatory 
cascade, contributing to myocardial apoptosis and ventricular remod-
eling, while IL-6 can lead to cardiac depression [36,37]. Previous 
research has shown that CP increases TNF-α and IL-6 release in heart 
tissue, contributing directly to damage [38]. Our findings that iso-
rhamnetin significantly lowers inflammatory cytokines TNF-α and IL-6 
further validate its anti-inflammatory properties. This dual action of 
combating oxidative stress and inflammation underscores iso-
rhamnetin’s comprehensive cardioprotective mechanism. 

Moreover, evidence suggests CP causes severe heart toxicity by 

Fig. 7. : The impact of IRMN on the levels of the inflammatory cytokines TNF-α (A) and IL-6 (B) in mice induced with CP. The data are presented as the mean 
± SD for each group (n = 10). ** p < 0.01 compared to the CONT group; ## p < 0.01 compared to the CP group. 
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triggering mitochondria-mediated cell death [39]. The accumulation of 
ROS due to CP can impair the function of heart mitochondria, leading to 
the release of factors that promote cell death. The Bcl-2 protein family, 

which plays a critical role in controlling cell death, includes both 
anti-apoptotic (Bcl-2) and pro-apoptotic (Bax) proteins. While Bcl-2 
helps maintain mitochondrial integrity, CP-induced ROS production 

Fig. 8. : The influence of IRMN on the levels of apoptosis factors, including Bax (B), Bcl-2 (C), and Caspase-3 (D), in mice induced with CP (A). The data are 
presented as the mean ± SD for each group (n = 3). ** p < 0.01 compared to the CONT group; # p < 0.05 and ## p < 0.01 compared to the CP group. 

Fig. 9. : The impact of IRMN on the levels of signal pathway proteins, including p62 (B), Keap1 (C), and Nrf2 (D), in mice induced with CP (A). The data are 
presented as the mean ± SD for each group (n = 10). ** p < 0.01 compared to the CONT group; # p < 0.05 and ## p < 0.01 compared to the CP group. 
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causes Bax to move to the mitochondria’s outer membrane, activating 
Caspase-3, a key player in the cell death pathway, leading to apoptosis 
[40]. Our study’s Western blot analysis showed a significant rise in Bax 
and Caspase-3 and a decrease in Bcl-2 in the CP group. Isorhamnetin 
treatment significantly reversed these changes, suggesting it could 
reduce heart toxicity by preventing cell death. 

Oxidatively induced stress can activate transcription of various pro- 
inflammatory cytokines, with the ensuing inflammatory response 
potentially leading to cardiac damage. Moreover, this inflammation can 
exacerbate oxidative stress, which is also a significant trigger for pro-
grammed cell death. Most signals for apoptosis originate from the 
mitochondria, with the endogenous mitochondrial pathway being acti-
vated by various stimuli, including oxidative stress. 

The regulation of oxidative stress features prominently the 
Keap1–Nrf2 pathway, a critical antioxidant defense mechanism [41]. 
Typically, Nrf2 is kept inactive in the cytoplasm through its association 
with Keap1 [42]. Under stress, this complex dissociates, liberating Nrf2 
from Keap1’s inhibitory influence, allowing it to activate and move to 
the nucleus. Nrf2 then becomes a central regulator of downstream 
antioxidant enzymes, activating superoxide dismutase (SOD) and cata-
lase (CAT) to protect myocardial cells from oxidative damage [43]. 

Recent findings indicate that p62 plays a role in the regulation of 
oxidative stress via the Keap1–Nrf2 pathway [44]. The interaction be-
tween p62 and Keap1 enhances Nrf2’s nuclear translocation and its 
downstream signaling pathway. In our research, CP treatment signifi-
cantly decreased levels of p62 and Nrf2 while increasing Keap1 
expression. Conversely, isorhamnetin treatment promoted the 
p62–Keap1 interaction, leading to an elevation in Nrf2 nuclear trans-
location, as evidenced by increased levels of p62 and Nrf2 and reduced 
Keap1 expression. This upregulation of Nrf2 led to heightened expres-
sion of antioxidant enzymes, thereby lowering ROS levels and allevi-
ating CP-induced cardiac toxicity. 

5. Limitations 

This study acknowledges certain limitations in the methodologies 
employed. While we measured key apoptotic markers such as Bax, Bcl-2, 
and caspase-3 to assess apoptosis, the inclusion of the Annexin V/PI 
assay using flow cytometry would have provided a more direct and 
quantitative evaluation of the apoptotic rate. Similarly, although mito-
chondrial involvement in cardiac toxicity was highlighted, we were only 
able to measure ATP content, leaving mitochondrial membrane poten-
tial and cytochrome c levels unexplored. These aspects represent po-
tential areas for future research, which could provide more 
comprehensive insights into the mechanistic underpinnings discussed. 
The study’s conclusions are drawn within the context of these noted 
limitations, and we suggest these areas as fruitful directions for subse-
quent investigations. 

6. Conclusion 

In conclusion, Isorhamnetin (IRMN) demonstrates a substantial 
protective effect against cisplatin (CP)-induced cardiotoxicity. This 
protection is likely achieved through the inhibition of oxidative stress, 
inflammation, and apoptosis. The underlying mechanism appears to 
involve the activation of the p62–Keap1–Nrf2 signaling pathway. These 
results imply that Isorhamnetin holds promise as a protective agent 
against CP cardiotoxicity, potentially offering a valuable avenue for 
future anticancer clinical practice. 
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