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ABSTRACT 
  



Quest for bioactives that confer protection against chemotherapy induced cardio 

toxicity is a front- line area of cardio oncology research. Attempts have been made in 

recent years to find out the effects of medicinal mushroom bioactives for this purpose.  

Morel mushrooms have been used in traditional medicine in Asian countries to treat 

asthma, wound healing, cough, cold, indigestion, excessive phlegm and breathlessness. 

Morchella esculenta, commonly known as Guchhi in India is highly prized culinary 

morel mushroom. Investigation carried out in our laboratory have demonstrated that 

mycelium of M esculenta possessed significant antioxidant, anti-tumour and 

hepatoprotective activities. Experimental studies were carried out on the protective 

effect of bioactive extract of M. esculenta fruiting bodies against chemotherapy drug 

induced cardiotoxicity using Swiss albino mice model. The findings are reported in this 

thesis.  

Several bioactive compounds are reported to be present in the fruiting bodies of 

M. esculenta. This  might be attributed for its therapeutic properties. Methanolic extract 

of the fruiting bodies of M.esculenta was used in  the current study. Chemical finger 

print of methanolic extract (ME) was accomplished by HPTLC analysis. Bioactive 

constituents were identified by  LCMS analysis. The results showed a large number of 

bioactive compounds were present in the methanol extract of M. esculenta. Some of the 

major compounds present were 5-eicosapentaenoicacid(C20H30O2), 8-

hydroxyoctadecadienoic acid(C18H32O3), 4,4-dipo-zetacarotene(C30H44), CynarosideA 

( C21H32O10). These compounds  might be responsible for the observed cardio protective  

effect of the extract.  

  Despite the use of M. esculenta as a widely used edible mushroom worldwide 

including India, little is known about its safety. So, in order to find the safety, toxicity 

studies were conducted using Swiss Albino mice. Acute oral toxicity study was 

conducted following the OECD-423 guidelines. The results revealed that the mushroom 

does not cause any toxic effects in animals at dosages of 5000 and 2000 mg/kg b.wt. 

The animals were active and no changes in behavioural pattern was observed. Body 

weight, feed and water intake were also found normal. Thus, methanolic extract of M. 

esculenta (ME) was found safe for oral consumption. Further sub-chronic toxicity  

studies   were carried out using ME at  doses of  100, 250 and 500 mg/kg. b.wt .  No 

toxicity was observed and all animals remained healthy throughout the study period.   



 Doxorubicin and Cyclophosphamide are extensively used chemotherapy drugs. 

These drugs show severe cardiotoxicity especially in  higher doses. Several 

mechanisms have been proposed for the cardiotoxic effects of  doxorubicin and 

cyclophosphamide. Oxidative stress is one of the primary mechanisms by which both 

of these chemotherapeutic drugs induce harmful effects. Hence, the current study was 

designed  to find whether the antioxidant capability of ME would  be capable to mitigate 

these negative consequences.  

 The cardioprotective study of ME was carried out in three stages i.e., effect on 

doxorubicin- induced cardiotoxicity; effect on cyclophosphamide- induced 

cardiotoxicity and effect on combination of cyclophosphamide and doxorubicin- 

induced cardiotoxicity. Doxorubicin (DOX), Cyclophosphamide(CP) and their 

combination (CD) are  extensively used treatment options for cancer. Cardiotoxicity 

induced by these drugs is an impediment  in their clinical use. Hence levels of cardiac 

injury makers  were studied. The activities of Creatine kinase-MB, Lactate 

dehydrogenase and Troponin I levels consequent to the administration of CP, DOX and 

CP+DOX were studied using diagnostic kits. Depletion of endogenous antioxidant 

levels in myocardium was also determined by spectrophotometric assays. Nrf-2, iNOS, 

NF- -PCR 

analysis. To assess the mitochondrial dysfunction,  TCA cycle and electron transport 

chain complex enzymes activities were evaluated. Cardiac tissue damage caused by CP, 

DOX and CP+DOX was assessed by histopathological examination.  

Cardiac injury marker levels elevated by CP, DOX and CP+DOX treatments  

were significantly downregulated by ME. Endogenous antioxidants such as SOD, GPx, 

and GSH depleted by CP, DOX and CP+DOX administration was restored to almost 

normal level by ME. This indicated the effect of ME to ameliorate oxidative stress 

caused by chemotherapy drugs DOX, CP and DOX+CP administration leading to 

myocardial injury. Histopathological observation supported these findings. CP, DOX 

and CP+DOX-induced decline of antioxidant status and expression of nuclear factor 

erythroid 2-related factor 2 was restored by ME. CP, DOX and CP+DOX-induced 

expression of NF- -6, IL1- -

(500mg/kg). Depleted levels of mitochondrial enzyme activities consequent to 

chemotherapy were also restored by ME.  



Since bioactive extracts of morel mushrooms were found to possess profound 

antioxidant activity, the possible interference of these extracts with antineoplastic 

activity of chemotherapy drugs is often surmised. Hence another study was undertaken 

to evaluate the effect of doxorubicin and cyclophosphamide on solid tumour bearing 

mice treated with bioactive extract of M.esculenta. Solid tumour was induced by 

limbs of Swiss albino mice. Animals were administered with various concentrations of 

methanol extract of M. esculenta following tumour induction. Tumour growth (volume 

and mass) was measured for four weeks after tumour induction. Cardioprotective effect 

of methanolic extract was assessed by determining cardiac injury markers levels in 

serum, antioxidant status in myocardium and histopathology of heart tissue. The results 

showed significant cardioprotective effect of methanol extract of M. esculenta on 

tumour bearing mice The findings also suggested that methanol extract of M. esculenta 

did not delimit the therapeutic effect of doxorubicin and cyclophosphamide despite its 

profound antioxidant capabilities. 

In silico studies using Auto dock tools were performed to determine the 

interaction of major bioactives of ME with KEAP-1 protein which plays a regulatory 

role in NRF-2 induced antioxidant defence mechanism. The results showed that the 

major bioactives interacted with Cys-151 residue of KEAP-1 which is found to have a 

pivotal role in KEAP1-NRF2 interaction. 

This thesis is a compilation of the comprehensive investigation and 

experimental findings on the cardioprotective effect of bioactive extract of morel 

mushroom Morchella esculenta against chemotherapy induced cardiotoxicity 

doxorubicin and cyclophosphamide and their combination.  The studies are compiled 

in 10 chapters: Introduction (Chapter I), Review of literature (Chapter II), Materials 

and Methods (Chapter III), Extraction and identification of major bioactive compounds 

(Chapter IV),  Acute oral toxicity study of methanolic extract of M. esculenta fruiting 

body (Chapter V), Evaluation of protective effect of methanolic extract of M. esculenta 

fruiting body against doxorubicin induced cardiotoxicity(Chapter VI), Evaluation of 

protective effect of methanolic extract of M. esculenta fruiting body against 

cyclophosphamide induced cardiotoxicity(Chapter VII), Evaluation of protective effect 

of methanolic extract of M. esculenta fruiting body against combination treatment of 



cyclophosphamide and doxorubicin induced cardiotoxicity(Chapter VIII), Evaluation 

of anti-tumour activity of doxorubicin, cyclophosphamide and combination of 

cyclophosphamide + doxorubicin vis-à-vis cardioprotective effect of M.esculenta 

(Chapter IX). In silico studies for evaluating interaction of bioactives with KEAP-1 

(Chapter X). 

Keywords:  Medicinal mushrooms, M. esculenta, Oxidative stress, Antioxidants, Anti-

tumour, Chemotherapy, Cardio protection, Mitochondrial dysfunction, Doxorubicin, 

Cyclophosphamide, Gene expression, Combination chemotherapy.  
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CHAPTER 1 

 INTRODUCTION 
  

    1 



Introduction 

In the industrialized world, cancer and cardiovascular diseases are the leading causes 

of morbidity and mortality. Although 99% of cancer cases are in adults, it is the most 

common cause of disease-related mortality in children and adolescents. The number of 

long-term cancer survivors is predicted to rise by roughly 30% over the next ten years 

due to advancements in cancer therapy, which improve patient survival. The 

management of severe acute and chronic toxicities resulting from chemotherapy is one 

of the major issues that persist in the treatment of paediatric tumours, despite 

advancements in the use of poly-chemotherapy and radiation. The drawbacks of 

clinically disrupting increasingly intensive therapy include direct and indirect 

cardiovascular damage (Melendez et al., 2023; Mir et al., 2023). Cardiovascular 

dysfunction related to cancer therapy, or Chemotherapy Related Cardiovascular 

Diseases (CTRCD), encompasses a range of cardiac dysfunctions, from asymptomatic 

cardiac damage defined only by elevated cardiac biomarker levels to heart failure with 

accompanying clinical symptoms. Patient comorbidities, the length of treatment, and 

the type of chemotherapy agent employed all vary widely in the prevalence of cardiac 

dysfunction linked to cancer therapies. There are three distinct forms of anthracycline-

induced cardiotoxicity: acute/early-onset, chronic progressive, and late-onset. Less than 

1% of patients experience acute cardiotoxicity during or just after anthracycline 

infusion, which presents as a transient, abrupt decline in contractility. 1.6% to 2.1% of 

individuals experience the early-onset chronic progressive form, which typically 

manifests a few months following therapy. While 1.6% 5% of patients experience late-

onset chronic progressive anthracycline-cardiotoxicity at least a year after treatment 

ends, cardiac dysfunction can be seen in patients up to 20 years following the final cycle 

of medication (Meo et al., 2023). 

Many anti-cancer therapies, including anthracyclines, 5-fluorouracil, 

cyclophosphamide, immune checkpoint inhibitors, HER-2 antagonists, tyrosine kinase 

inhibitors, and radiation therapy, are linked to cardiotoxicity. 

1. Anthracyclines: Doxorubicin and idarubicin, two extensively used 

anthracyclines, are linked to dose-dependent cardiotoxicity in solid malignant 

tumours such as osteosarcoma and breast cancer, as well as hematologic 
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lymphoproliferative diseases such as acute lymphoblastic leukaemia and non-

Hodgkin lymphoma (Triarico et al., 2022).

2. Cyclophosphamide

At higher dosages, cyclophosphamide can cause cardiac toxicity such as arrhythmia 

and fulminant myocarditis. 

3. Trastuzumab 

The monoclonal antibody trastuzumab functions by binding to the erbB-2 protein 

kinase receptor, which is found in cardiomyocytes and is involved in the control of 

several processes, including angiogenesis, cell adhesion, hypertrophy, apoptosis, and 

adrenergic sensitivity. 

4. Mitoxantrone 

DNA topoisomerase-II inhibitor mitoxantrone has anti-inflammatory, 

immunomodulatory, and antineoplastic properties. Diastolic and diastolic dysfunction 

in cancer patients accounts for 2% of cardiotoxicity cases, which is dose-dependent 

(Tetterton-Kellner et al., 2024).  

Research on anthracyclines and HER2 inhibitors is the main focus of published studies 

on preventing chemotherapy-induced cardiotoxicity. Prior to initiating cancer 

chemotherapy, cardiotoxicity should be prevented. The patient's cardiovascular risk 

should be assessed, and the optimum course of treatment should be decided based on 

the findings by the cardiologist and the oncologist. First, it is advised that patients lower 

their cardiovascular risk by controlling their blood pressure, lowering their cholesterol, 

maintaining a healthy blood glucose level, eating a nutritious diet, and quitting 

smoking. This will help prevent chemotherapy-related cardiotoxicity. The US Food and 

Drug Administration (FDA) has approved dexrazoxane as the sole cardioprotective 

medication for anthracycline-induced cardiotoxicity. Dexrazoxane inhibits the binding 

of doxorubicin by altering the structure of topoisomerase IIb. This threshold may have 

resulted from findings that dexrazoxane can impair the antitumor efficacy of 

anthracyclines. Only a few clinical trials have supported the contentious use of 
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cardiovascular medications, such as beta-blockers, ACEIs, and angiotensin receptor 

blockers, to reduce cardiotoxicity (Sharalaya et al., 2018; Avila et al., 2019).

There is currently no proven treatment for anthracycline-induced cardiotoxicity; 

instead, efforts are primarily directed toward preventive measures, which are divided 

into two categories: primary measures, which aim to prevent the disease while treatment 

is being administered, and secondary measures, which aim to prevent the progression 

of symptoms (Firoozbakhsh et al., 2024). Effectiveness of natural products as a 

prevention of chemotherapy-induced cardiotoxicity. Traditional Chinese medicine 

(TCM) has a well-established track record of success in treating cancer and 

cardiovascular illnesses. With its potential to prevent and treat cardiotoxicity from anti-

tumor medications, TCM offers several benefits, such as reduced side effects, 

affordability, and ease of use (Shi et al., 2024). Various study reports are available on 

the protective effects of fruits, vegetables, phytochemicals extracted from plants, herbs, 

and spices, and semi-synthetic compounds, on chemotherapy-induced cardiotoxicity.

There are unexplored medicinal resources in mushrooms that can be used to treat a 

variety of illnesses (Venturella et al., 2021). Various compounds, such as pyrogallol, 

lectins, and flavonoids, from Agaricus bisporus have shown anti-inflammatory and 

anti-aging properties. Glucans from Auricularia auricula possess anti-tumor properties; 

flammulin, FVP (flammulina polysaccharide-protein), proflamin (glycoprotein), and a 

prolamin (active sugar protein) from Flammulina velutipes have shown anti-tumor, 

antioxidant, anti-viral, and immunomodulatory effects; Ganoderic acids, 

ganodermanontriol, ganoderiol, polysaccharides, germanium, triterpenoids, 

-glucan from Ganoderma lucidum demonstrated anti-

tumor, hepatoprotection, cardioprotection, and imuunomodulatory effects; Lentinan, 

glucan, mannoglucan, fucomannogalactan, lentin (protein), catechinflavonoids, 

eritadenine from Lentinula edodes possess immunomodulatory, antitumor, anti-

inflammatory, anti-fungal, antioxidant, anti-bacterial, antifungal, antioxidant, 

hypolipidemic activity; Hericenones and erinacines from Hericium erinaceus shown 

neuroprotective properties; Cordycepin from Cordyceps militaris possess anti-

depressent and hypoglycemic effect (Sahoo et al., 2022). 
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Morchella esculenta is an edible fungus within the Morchellaceae family. This 

mushroom is locally known as Guchhi. Morchella esculenta is well-known worldwide 

for its multitude of powerful medicinal ingredients that can effectively treat a wide 

range of human ailments (Sunil et al., 2022). Most commonly, it is found growing wild 

in the hilly areas in northern India (such as Uttarakhand, Himachal Pradesh, and Jammu 

& Kashmir). Morchella esculenta is a highly valued mushroom for its nutritional and 

medicinal benefits. Morchella esculenta possesses proteins, carbohydrates, 

polyunsaturated fatty acids, and various bioactive secondary metabolites (Badshah et 

al., 2021). Numerous phenolic compounds, polysaccharides, galactomannans, organic 

acids, tocopherols, and other phytochemical constituents are present in it (Eraslan et al., 

2021). These constituents have pharmacological qualities that are beneficial to human 

health, such as antioxidant, antimicrobial, anti-allergenic, anti-inflammatory, 

antitumor, neuroprotective, and immunostimulatory qualities. This mushroom possess 

several ethnomedical uses. Tribal communities in the high-altitude Kashmir region, 

such as Gujar and Baqirwaal, use M. esculenta as traditional medicine to treat various 

ailments (Anand et al., 2023). 

Various study reports are available on the antioxidant activity of M. esculenta in both 

in vitro and in vivo study models (Li et al., 2024; Chen et al., 2023). M. esculenta is 

also reported to have anti-diabetic, cytotoxic, anti-inflammatory, immunomodulatory, 

and hepatoprotective benefits in various experimental models (Nitha et al., 2020; Wu 

et al., 2023; Dissanayake et al., 2021; Li et al., 2021; Zhang et al., 2024). With the 

growing significance of natural product-derived cardioprotective agents, there is an 

urge to find substitutes that don't compromise the effectiveness of chemotherapy drugs. 

In our present study, an intensive investigation on the cardioprotective properties of M. 

esculenta fruiting body methanol extract was carried out and presented in this thesis.
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Cardio oncology: CVDs and Cancer 

Modern therapeutic strategies employed in cancer treatment were successful in 

improving the recovery rate of cancer patients and they helped in increasing the life 

span for 10 years or longer (Miller et al.,2016). However, cardiovascular complexities 

associated with the chemotherapeutic treatment was a serious ill effect in cancer 

survivors indicates the side effects of chemotherapy (Ioffe et al.,2024). As a result, 

mortality rate of cancer survivors occurs as a result of cardiovascular diseases and not 

from cancer recurrence (Wang et al., 2022). Radiation therapy is employed to treat the 

initial stage of cancer but as the cancer advances the treatment protocol will be more 

specific such as chemotherapy, monoclonal antibody therapy, molecular therapy, drugs 

targeting signaling pathways etc. which are more likely to induce severe organ 

toxicities. Therefore, cardio oncology emerged as a new field of medical sciences which 

focus on the relation between CVDs and cancer (Dutra et al., 2024).

 In developed countries more than 65% of the death rate is due to malignant 

diseases and CVDs which are multifactorial and both share similar risk factors such as 

diabetes, smoking and alcohol, age, dyslipidemia, obesity etc. (Yang et al.,2023). 

Various strategies can be employed to lower the risks associated with both the diseases. 

A person with cardiovascular risks are highly prone to the side effects by chemotherapy 

rather than a healthy individual (Velusamy et al., 2023). So, analyzing the preexisting 

cardiovascular health of an individual prior to treatment is recommended to reduce the 

CVD burden (Raisi-Estabragh et al., 2023). Preexisting cardiovascular diseases 

increases the risk associated with chemotherapy especially in case of anthracycline 

treatments. A prior diagnosis is essential before prescribing chemotherapeutic agents. 

ECG, cardiac injury marker levels, predisposing factors such as obesity, hypertension, 

diabetes should be considered (Abbas et al., 2023).  

Cardiotoxicity associated with various cancer therapies. 

1. Radiation therapy.  

X-rays and Gamma rays are the most used radiations in a clinical setting. RICVD 

(Radiation Induced Cardiovascular Diseases), is one of the major concerns among 

patients suffering from cancer who have received radiation therapy (RT) (Logotheti et 

al., 2024). RT induces microvascular changes and causes inflammation which results 

    7 



in atherosclerosis and endothelial dysfunction which eventually results in damage to 

pericardium and myocardium, defects in conduction system, valve damage etc 

(Siaravas et al., 2023). The severity of cardiac damage depends on the cumulative dose 

of the radiation and also the proximity of heart to the area exposed to radiation. Studies 

suggest that a radiation dosage above 30 Gy/m2 is more likely to induce RICVDs, 

whereas dosage lower than 30 Gy/m2 and usage of cardiac shielding decrease the 

pancreatitis incidence by 20%. Along with this lifestyle of the patient also plays a major 

role in the development of RICVDs such as smoking, diabetes, obesity, 

hyperlipidaemia, hypertension is some enhancing factors. Various pathophysiological 

factors attribute to RT induced CVDs, mainly RT induced chronic inflammation which 

occurs as a result of endothelium damage that leads to the release of inflammatory 

cytokines, monocytes etc (Vasiliadis et al., 2014). This process ultimately results in the 

formation of atherosclerotic plaques. In addition, oxidative stress also occurs which 

causes the activation of NF-kB. Persistent activation of NF-kB results in fibrotic 

changes which further activates inflammatory mediators (Shoukat et al., 2019). 

2. Chemotherapy.  

Chemotherapy is one of the most adopted methods for cancer treatment either as 

adjuvant or as a primary therapy (Angsutararux et al., 2015). But its usage is 

delimited by the various toxicities associated with it. The basic mechanism of 

chemotherapeutic drugs is to impair mitotic and metabolic functions of the cancer 

cells. However, in some cases they also hinder the functioning of normal cells and 

tissues which eventually imparts certain ill effects from mild nausea and vomiting 

to life threatening conditions such as heart failure. Cardiotoxicity is caused by a 

number of chemotherapeutic agents but anthracycline induced cardiotoxicity is the 

most severe (Bhagat e al.,2020). Chemotherapeutic agents including alkylating 

agents (cyclophosphamide, ifosfamide); antimetabolite agents (Capecitabine, 5-

fluorouracil and cytarabine); antimicrotubular agents (paclitaxel, vinca alkaloids); 

anthracyclines and anthraquinones (doxorubicin, mitoxantrone) induces potential 

cardiotoxicity (Briasoulis et al., 2022). These drugs are not recommended to 

patients with high risk of developing cardiac complications. The severity of 

cardiotoxicity is also associated with the route of administration, dosage, and 

duration of the regimen (Chaulin et al.,2020). Anti-neoplastic agents are classified 
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as type I and type II drugs based on the damage they confer on cardiac tissue. Type 

I agents are drugs which imparts irreversible cardiac damage whereas type II agents 

confer reversible cardiac damage. Cardiotoxicity can be acute, which is rare, 

transient and dose-independent or it can be chronic which is dose dependent. 

Chronic toxicity is further classified in to two types, one in which the cardiotoxicity 

is occurs at the beginning of the treatment whereas in the other the complications 

begin later more than a year after the treatment (Adao et al., 2013).  

3. Tumour immunotherapy. 

Immune Checkpoint Inhibitors (ICIs) represent an architype revolution in 

oncological therapy, anchoring the immune system to identify and target cancer 

cells. The scope of usage of ICIs also increased as an adjuvant therapy along with 

other therapy strategies (Achim et al., 2022). Amidst of all the benefits there also 

comes the increased risk of cardiotoxicity associated with ICIs including 

myocarditis or acute coronary events which demands for immediate intervention 

with the treatment of steroids in order to combat these cardiovascular complications 

(Li et al., 2022). Even though the risk of cardiotoxicity consequent to ICIs are rare 

and reported scarcely the mortality rate associated with it is high which accounts 

for about 30-50% fatality.  Alongside, patients underwent ICIs are more prone to 

cardiovascular morality and arrest and cardiogenic shock. The elevated levels of 

cardiac injury markers such as cardia troponin I/T, Brain Natriuretic Peptide, N-

terminal pro-BNP, left ventricular impairment and cardiac inflammation which can 

be diagnosed by cardiac MRI or endomyocardial biopsy (Gan et al.,2022). 

 The pathogenesis of ICIs induced cardiomyopathy occurs as a result of the 

hindrance of PD-1-PD-L1 axis which associated with immune reactions. PD-L1 is 

expressed in cardiomyocytes which can be upregulated by various cytokines which 

interacts with PD-1 on the T-lymphocytes to inhibit the autoimmune response. 

Inflammation consequent to ICIs and coronary vasculitis induced by T cell 

activation contribute to the myocardial infarction after ICI treatments. Termination 

of ICI treatment escorted by high-dose glucocorticoids treatment are the favoured 

remedy in patients with ICI-mediated autoimmune myocarditis (Lobenwein et al., 

2021; Brumberger et al.,2022). 

    9 



Doxorubicin induced cardio toxicity 

Figure.2.1. Pathways involved in doxorubicin induced cardiotoxicity 

(Attachaipanich et al., 2023).  

Anthracyclines are a class of broad-spectrum antibiotics isolated from Streptomyces 

peucetius var. caesius actinomyces which includes doxorubicin, daunorubicin, and 

epirubicin. They are employed in the treatment of various leukaemia and solid 

tumours such as breast, stomach, lungs and pancreas (Attachaipanich et al., 2023; 

Pournami et al.,2024). However, these therapeutic drugs are associated with dose 

dependent cardio toxicity which eventually leads to heart failure. A huge amount of 

evidence points that cardiomyopathy occurs at lower doses of anthracyclines if there 

are risk factors such as hypertension, arrhythmias, coronary disease as well as 

genetic predisposition associated with patients (Bhatia et al.,2020). Anthracycline 

associated cardiac injury initiates after a single dose of drug administration which 

is reflected in the injury marker levels. Even though, vast majority of the 

complications is being identified one year after completing the treatment (Cardinale 

et al.,2020).  

 There are several proposed mechanisms associated with doxorubicin induced 

cardiotoxicity. Oxidative stress is one of the major postulated mechanisms involved 
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in doxorubicin induced cardiotoxicity (Rawat et al., 2021). Doxorubicin disrupts 

the iron metabolism pathways which will accelerate iron accumulation and 

ferroptosis. This will lead to the formation of Dox-Fe complex which will cause the 

conversion of hydrogen peroxide to more powerful oxygen free radicals (Fang et 

al., 2023). Under normal physiological conditions the free radicals will be quenched 

by antioxidant defence mechanisms such as GSH (reduced glutathione), 

GPx(Glutathione Peroxidase), SOD (Super oxide Dismutase) , GST(Glutathione-

S-Transferase) and Catalase. These enzymatic and non-enzymatic antioxidants aids 

in the quenching of the free radicals and lowers lipid peroxidation which will 

otherwise be detrimental to cell. Because of its ability to transport toxins across 

plasma membrane, GSH makes a good target for doxorubicin and thereby 

increasing cellular oxidative damage (Kong et al.,2022). 

 During doxorubicin treatment NADPH is recruited and it will act as a substrate 

for the production of ROS by NOXs(NADPH oxidases) and this dysregulation  

cause a depletion in the GSH level. This depleted levels of GSH will downregulate 

the expression of other antioxidants such as GPx, SOD, catalase which will again 

elevate the oxidative stress. Thus, Dox induced oxidative stress by chelation of iron 

and iron overload imparts in its cardiotoxicity (Jiang et al., 2023). Dexrazoxane is 

the only FDA approved cardioprotective agent which act as an iron chelator and 

there by conferring protection against doxorubicin induced cardiotoxicity (Hasinoff 

et al., 2020).  

Doxorubicin induced necroptosis is another mechanism by which cardiotoxicity 

occurs (Kong et al., 2022). Necroptosis is another form of necrosis which involves 

the release of death signalling cytokines.  Doxorubicin activates necroptosis 

through a novel pathway which along with necrosis cause more cell death than 

apoptosis pathway (Christidi et al.,2021). Doxorubicin elevates the expression of 

RIPK3 that phosphorylates calmodulin kinase II (CaMKII) which ultimately 

regulates the opening of the mitochondrial permeability transition pore (mPTP) 

leading to necroptosis and apoptosis (Chen et al., 2023). The elucidation of exact 

mechanism of doxorubicin induced necroptosis will aid in the development of novel 

agents that have the potential to block this necroptosis pathway (Robert et al.,2023). 

Necrostatin-1 and Kn-93 a CAMKII inhibitor are the agents which have shown 
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protection against doxorubicin induced necroptosis in experimental animals (Wang 

et al.,2023). 

DNA-topoisomerase also plays a major role in DOX induced cardiotoxicity (Li 

et al.,2021). Recent studies reveal cytotoxicity of DOX in tumor cells is mainly due 

to the interaction between DOX and TOP2 levels in tumor cells (Zhang et al.,2012). 

absent in cardiomyocytes but it is over expressed in tumour cells. In tumour cells 

-DOX-DNA) which results in 

DNA breakage and tumour cell death. (Lyu et al., 2007.) Bures et al., reported that 

-DOX-DNA) which induce DNA double-strand breaks in 

DOX hindered  mitochondrial biogenesis and mitochondrial function ((Bures et al., 

2017).  

The mechanisms involved in DOX-induced cardiotoxicity seems to be 

multifactorial, that involves elevated lipid peroxidation, oxidative stress, 

DNA/RNA damage, inhibition of autophagy, endoplasmic reticulum mediated 

apoptosis, and imbalance of calcium homeostasis. Although various mechanisms 

are shown to be involved in cardiotoxicity, the exact mechanism remains unclear 

(Songbo et al., 2019). 
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Cyclophosphamide induced cardiotoxicity 

 

Figure.2.2. Pathway involved in cyclophosphamide induced cardiotoxicity 

(Adhikari et al.,2021) 

Cyclophosphamide is an alkylating agent which is used as a potent immunosuppressant 

drug and also employed in the treatment of rheumatoid arthritis, sarcoma, myeloma, 

breast, lung and ovarian cancer (Ahmed et al., 2023). It is a prodrug upon administration 

get converted in to 4-hydrocyclophosphamide  by cytochrome-P450 isozyme and 

coexists with aldophosphamide (tautomer) (Ayza et al., 2020). Aldophosphamide 

decomposes in to its active metabolites phosphoramide mustard and acrolein. The anti-

tumour efficacy of the drug is imparted by phosphoramide mustard which intercalates 

with 7-guanine residue of DNA whereas the cardiotoxic effect is attributed by acrolein. 

Acrolein is an unsaturated highly reactive aldehyde to which cardiomyocytes are highly 

sensitive.  The mechanism underlying Cyclophosphamide induced cardiotoxicity 

involves direct endocardial injury, followed by extravasation of toxic metabolites 

resulting in damage to cardiomyocytes, interstitial haemorrhage, and oedema. Acrolein 

interferes with the antioxidant defence mechanism and also elevates the release of 
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strongly active free radicals which further increase the damage level (Iqubal et al., 2021; 

Kamel et al., 2022). 

The major implication associated with the excessive ROS generation is the damage to 

inner mitochondrial membrane which reduce the efficiency of  cardiac mitochondria to 

counterbalance the ill effect of ROS. CP treatment results in the reduction of oxidative 

phosphorylation which causes a depletion in ATP synthesis which further damage the 

mitochondria (Iqubal et al., 2019). Along with this, increased expression of BAX in the 

mitochondrial membrane followed by CP treatment induces apoptosis. CP treatment 

alters calcium homeostasis which leads to the opening of mitochondrial permeability 

transition pore that results in the release of pro-apoptotic factors (Kohlhaas et al.,2017). 

Cyclophosphamide administration also results in decreased Nrf2 expression, 

endoplasmic reticulum stress and increase eNOS and iNOS expression (Adhikari et al., 

2021).  

Strategies for cardio protection 

Mechanism involved in chemotherapy associated cardiotoxicity is multifaceted and 

various preventive strategies are targeting many of these pathways. Oxidative stress is 

one of the most focussed mechanisms of cardiotoxic events by chemotherapy (Cadeddu 

Dessalvi et al., 2021; Pondugula et al., 2022). Dexrazoxane is the first FDA approved 

drug which is an iron cheating agent  that has been used as a protective agent against 

anthracycline induced cardiotoxicity. Dexrazoxane is a prodrug, upon administration 

get converted in to its active form by cardiomyocytes and inhibits the iron complex 

formation by anthracyclines, thereby reducing ROS generation. Moreover, it confers its 

protection by inhibiting the formation of Anthracycline- -DNA complex and this 

mechanism make this drug sand out from other iron chelators (Veeder et al., 2021). 

Another protective strategy against chemotherapy induced cardiotoxicity is 

neurohormonal blockade. Angiotensin- converting enzyme inhibitors (ACE-Is), 

Angiotensin II receptor blockers (ARBs), and beta-blockers alone or in combination 

has been employed as a preventive strategy for cardiotoxicity. Therefore, the blockade 

of -System (RAAS) has proved to reduce the 

myocardial damage and prevention of heart failure in high-risk cardiac patients. ACE-

Is such as captopril, enalapril and lisinopril are found to be effective against 
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chemotherapy induced cardiotoxicity which lowers ROS damage, intracellular calcium 

overload and interstitial fibrosis, and improves mitochondrial

respiration,  and  cardiomyocyte  metabolism (Kourek et al., 2022; Upshaw et al., 2020; 

Varricchi et al., 2018 ).  

Beta-blockers are mainly used in treating patients with increased risk of heart failure 

with reduced ejection fraction (EF). Carvedilol, nebivolol are the last generation beta 

blockers and are used against anthracycline induced left ventricular dysfunction. In 

addition to this clinically approved drugs, natural products are emerging as an 

alternative cardioprotective treatment strategy (Barbosa et al., 2018). Various studies 

reported the cardio protective potential of curcumin, which can reduce myocardial 

atrophy and cardiac fibrosis. Several studies reported the cardioprotective effect of 

curcumin against cyclophosphamide and doxorubicin induced cardiotoxicity (Sadzuka 

et al., 2012; Avci et al., 2017; Chakraborthy et al., 2017). Likewise, various reports are 

available based on the cardioprotective nature of resveratrol, naringenin, 

proanthocyanin, indle-3-carbinol, apigenin, lycopene, quercetin etc., majority of them 

are plant flavonoids and phenols which exerts strong antioxidant effect. So, the quest 

for natural compounds having cardioprotective effect without hindering the anti-tumour 

efficacy of the chemotherapeutic drugs are underway (Sharma et al., 2018; Patel et al., 

2018; Zeng et al.,2018; Wang et al., 2018; Sen et al., 2019; Colica et al., 2018; 

Abdelgawad et al., 2019; Salehi et al., 2019; Hajra et al., 2018; Domanska et al., 2018).  

Mushrooms as food and medicine. 

Mushrooms have been used as both food and medicine by humans in the past decades. 

Unlike medicinal mushrooms, edible mushrooms are primarily eaten as dried products 

or as fresh mushrooms with fruiting bodies. In contrast to their culinary versatility, 

medicinal mushrooms are primarily utilized in biopharmaceutical applications as 

powdered, loose, or liquid extract forms. They can also be eaten boiled, fried, roasted, 

soups, tinctures, teas, and many other cuisines (Elkhateeb et al., 2019). Folk medicine 

has utilized medicinal mushrooms for ages due to their biologically active chemicals 

that have positive health effects. These uses are widespread throughout the world. They 

are especially popular in Asian nations like Taiwan, Korea, China, and Japan. They are 

endowed with many biologically active substances, such as polysaccharides, proteins, 

peptides, terpenoids, polyphenols, vitamins, and mineral elements, and as a result, they 
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possess immunomodulatory, hypocholesterolaemia, hypoglycaemic, anti-

inflammatory, and anti-cancer properties (Song et al., 2020; Elkhateeb et al., 2022).

Mushrooms are repertoires of a wide range of pharmacologically active 

substances. Research in the field of fungal derived bioactive substances is extensive 

now a days. In light of ill effects of treatment regimens, multidrug resistance etc., a 

constant quest for novel therapeutic compounds has become imperative. Thorough 

investigation and evaluation are needed for understanding the benefits of bioactive 

compounds obtained from mushrooms. Various study reports are available based on the 

therapeutic properties of medicinal mushrooms including anti-allergic, anti-arthritic, 

anti-asthmatic, anti-cancer, anti-inflammatory, anti-oxidant, immunomodulatory, 

immunostimulant, neuroprotective, hepatoprotective , nephroprotective, 

cardioprotective, anti-hypertensive etc (Cateni et al., 2021). 

 Mushrooms can be regarded as a low-calorie, low-fat food which consists of 

insoluble fiber, protein, vitamins, minerals and other nutrients. Major bioactive 

compounds in mushroom consists of phenolics, polysaccharides, tocopherols, 

terpenoids and phytosterols which imparts to its pharmacological properties. Various 

factors such as species, strain, cultivation conditions etc. determine the chemical 

composition of mushrooms (Barros et al., 2007; Safin et al., 2022). Mushroom 

bioactives can be systematically investigated and appraised, which can be extremely 

valuable for treating both infectious and non-infectious disorders. 

Table.2.1. Therapeutic properties of mushrooms. 

Sl.No. Medicinal property 
Mushroom/Bioactive 

compound 
References

1 Anti-allergic Chaga mushroomInotodiol, 
Triterpenoid 

Nguyen et al., 
2020 

2 Anti-asthmatic Cordyceps sphecocephala Heo et al., 2010 

3 Anti-cancer Ganoderma 
lucidumPolysaccharide 

Krishnakumar et 
al., 2023; Jones et 
al., 2000. 

4 Anti-depressive Cordyceps militaris Lin et al., 2021 

6 Anti-dermatophytic Lenzites quercina, 
Ganoderma 
lucidum and Rigidoporus 
ulmarius 

Ogidi et al., 2016 
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Sl.No. Medicinal property
Mushroom/Bioactive 

compound 
References

7 Anti-diabetic Coprinus comatus Husen et al., 2021 

8 Anti-fertility Auricularia polytricha Agbor et al., 2020

9 Anti-fungal Lactarius deliciosus Volcao et al., 2022

10 Anti-helminthic Pleurotus ostreatus De Matos et al., 
2020 

11 Cytotoxic Ganoderma lucidum Khalilova et al., 
2022 

12 Anti-
hypercholesterolemic 

Pleurotus tuberregium Oyetayo et al., 
2020 

13 Anti-inflammatory Psilocybe natalensis Nkadimeng et al., 
2020 

14 Anti-malarial Agaricus blazei Val et al., 2015

15 Anti-microbial Auricularia auricula Oli et al., 2020 

16 Anti-oxidant Fomitopsis officinalis Altannavch et al., 
2022 

17 Anti-parasitic Trametes versicolor Sharma et al., 
2023 

18 Anti-spasmodic Trametes hirsuta Begum et al., 2023

19 Anti-viral Pleurotus ostreatus Lesa et al., 2022 

20 Anti-cardiovascular 
illnesses 

Ganoderma lucidum Veena et al., 2022

21 Hepatoprotection Lentinus edodes Song et al., 2021 

22 Immunomodulatory Coriolus versicolor  Zhang et al., 2021 

23 Immunostimulant Pleurotus florida Muthusamy et al., 
2020 

24 Insecticidal Pleurotus ostreatus Palavecino-De-
La-Fuente et al., 
2022 

25 Larvicidal Pleurotus djamor Manimaran et al., 
2021 

26 Nematicidal Lentinula edodes Pineda-Alegría et 
al., 2021 

27 Nephroprotection Ganoderma sp. Sinaeve et al., 
2022 

28 Neuroprotection  Lignosus rhinocerus Kittimongkolsuk 
et al., 2021

29 Osteoprotection Grifola frondosa Xiong et al.,2024

30 Vasodilator Pleurotus pulmonarius Wistar-Kyoto et 
al., 2022 
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Table.2.2. Active ingredients in mushroom 

Active ingredients  References 

Glycoproteins Kumar et al., 2015 

Unsaturated fatty acids Tel-cayan et al., 2017 

Polynucleotides Liu et al., 2016 

Polysaccharides Cheung et al., 2013; Ruthes et al., 2016 

Phenolic compounds Heleno et al., 2015 

Tocopherols Khatua et al., 2013 

Ergosterols Barreira et al., 2014 

Lectins Singh et al., 2014 

Vitamins Agrahar et al., 2005 

Minerals Wani et al., 2010 

Amino acids Wu et al., 2021 

 

Mushrooms : Clinical significance 

For hundreds of years, especially in Asian nations, medicinal mushrooms have been 

used as an illness remedy. It has also been utilized more recently to treat cancer and 

lung conditions. For almost 30 years, China and Japan have permitted the use of 

medicinal mushrooms to treat cancer in addition to recognized cancer therapies. These 

countries have an extensive  proven track record of safe usage as stand-alone 

medications or in conjunction with chemotherapy or radiation. In Asia, about 100 

different kinds of medicinal mushrooms are currently in use.  

1. Lentinula edodes (Shiitake mushroom) 

Shiitake mushrooms are employed as dietary supplements for immunomodulation, 

anticancer, antimicrobial, hypocholesterolemic, and hepatoprotective agent. The 

mushroom bioactives, are extracted either from the mushroom mycelium  or the fruiting 

body. Bioactive compounds of shiitake mushroom possess various pharmacological 

effects such as:   

1. Antibacterial 

2. Antifungal 

3. Cytostatic 
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4. Antioxidant 

5. Anticancer

6. Immunomodulatory activity.  

The major bioactive compounds in this mushroom includes:  

a. -(1-3)-glucan/ polysaccharide).  

b. Ergothioneine  

c. Eritadenine. (Prince et al., 2023) 

 

2. Chaga (Inonotus obliquus) 

I. obliquus has been utilized as a folk remedy in Siberia, Russia, and other western 

nations since the 16th century. With little to no toxicity, it has been used to treat 

conditions like diabetes, cardiovascular disorders, and gastrointestinal cancer. The 

fungus was utilized as a traditional medicine in Siberia to treat liver disorders, helminth 

infections, and tuberculosis. Chaga focused on tinctures for the prophylaxis and 

treatment of stomach illnesses and cancers in North and Middle Russia. Because of the 

health benefits of chaga, it is also commonly consumed in Russia and Korea as tea or 

concentrate. Chemical characterization of Inonotus obliquus showed the presence of a 

wide range of bioactive compounds. I. obliquus has been shown to contain 

polysaccharides, polyphenols, lanostane-type triterpenoids, and inotodiol as secondary 

metabolites (Duru et al., 2019). These substances are thought to be the active 

ingredients responsible for a wide range of health-promoting properties, demonstrating 

its great medical worth. Moreover, it is non-toxic, well-tolerated by patients, and almost 

never contra-indicated for use in medicine, all of which add to its usefulness as a 

therapeutic agent (Ern et al., 2024). 

3. Trametes versicolor (L.) Quél. 

Trametes versicolor, often referred to as turkey tail or tunzhi in China, has long been 

utilized as a "magic herb" throughout Asia, especially in China, where traditional 

remedies derived from this mushroom have been and continue to be used extensively 

to support longevity, health, and vigor. For clinical usage, the State Administration of 

Food and medications (SAFD) in China has currently approved at least 12 medications 

based on C. versicolor. The extract of this mushroom has two protein-bound 

polysaccharides that are responsible for its immunomodulatory effects: the 
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glycoprotein PSK (krestin), which is derived from the strain CM101 and is most 

commonly used in Japan, and the polysaccharide peptide (PSP), which is extracted from 

the deep layer cultivated mycelia of the COV-1 fungal strain and is primarily used in 

China (Venturella et al., 2021).  

4. Ganoderma lucidum (Curtis) P. Karst.  

One of the most often used medicinal mushrooms in the world today is Ganoderma 

lucidum, referred to as lingzhi or reishi. It has been called the "mushroom of 

immortality" for a long time. Numerous pharmacological properties of G. lucidum are 

known to exist, namely cytotoxic, anti-diabetic, immunomodulatory, antihypertensive, 

anticancer, antimutagenic, antiaging, antibacterial, and hepatoprotective effects. These 

properties  are mostly attributable to the two main metabolite categories found in G. 

lucidum: polysaccharides and triterpenes/triterpenoids. Triterpene compounds, which 

include lucidones, lucinedic acids, ganoderic acids, ganodermic acid, and ganodermic 

alcohols, are derived from lanosterol and have strong antitumor, antimetastatic, 

cytotoxic, and enzyme-inhibitory qualities (Bulam et al., 2019). 

5. Morchella esculenta (L) Pers.  

 

Figure.2.3. M. esculenta fruiting  body 

Morchella esculenta (L).Pers (Morchellaceae) is a highly prized culinary mushroom 
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habitats at an altitude of 2500m-3500m as a mycorrhizal or saprobic relation with 

coniferous trees and hardwood. The morphological features of the fruiting body of this 

mushroom is similar to that of a honey comb with an upper portion which is 3-9cm long 

and 2-5 cm width known as pileus. The lower portion of this mushroom which is termed 

as stalk/stipe is hollow and 1-4 cm in length and 0.5-3 cm in thickness. The fruiting 

body appears as whitish to pale grey which upon maturity becomes greyish brown 

(Sunil et al., 2022). 

Table.2.3. Morchella esculenta: Classification (Litchfteld et al., 2006) 

Kingdom Fungi 

Phylum Ascomycota 

Class Discomycetes 

Order Pezizales 

Family Morchellaceae 

Genus Morchella 

Species Morchella esculenta(L.)Pers 

Table 4:- Morchella sp .: Active components and their pharmacological properties. 

(Alam et al., 2024) 

Bioactive compound / 
Extract 

Pharmacological 
relevance/ Bioactivity 

Reference 

Exopolysaccharide Anti-diabetic Wu et al., 2023 

Mycelial extract Anti-microbial Badalyan et al., 2024 

Polysaccharide Hepatoprotection Teng et al., 2023 

Polysaccharide Anti-inflammatory Rehman et al., 2022 

Fruiting body Anti-oxidant Taskin et al., 2021

Polysaccharide Anti-atherosclerosis Wang et al., 2021 

Triterpenes Anti-tumour Wang et al., 2020 

Polysaccharide Gut microbiota 

modification 

Rehman et al., 2022;Haq 

et al., 2022 

Aqueous ethanolic extract Nephroprotection Nitha et al., 2008

Ethyl acetate extract Arthritic edema inhibition Ramya et al., 2022
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Alkali extracted 

galactomannan; 

Polysaccharides 

Immunomodulation Zhang et al., 2022; Li et 

al., 2017 

Crude polysaccharide; 

Polysaccharide from stipe 

of M. esculenta 

Neuroprotection Xiong et al., 2016; Cheng 

et al., 2024 

Anti-aging activity Extracellular 

polysaccharides 

Fu et al., 2013 

Anti-melanogenesis 

activity 

Polysaccharide FMP-1 Cai et al 2018 

Antiproliferative activity  Isolated compounds from 

fruiting body  

Lee et al 2018 

Anti-viral activity Hexane and ethanol 

fractions from fruiting 

body. 

Seetaha et al 2020 

Anti-lipoxygenase activity Crude extract Bisakowski et al 2000 

Proteolytic activity Aqueous extract  

 

Various protective effects of M. esculenta mycelium and fruiting bodies were reported 

in both in vitro and in vivo study models. Chen et al., reported the antioxidant and 

hepatoprotective property of M. esculenta dextran sulfate induced liver toxicity in mice 

(Chen et al., 2023). Meng et al., reported the hepatoprotective effect of M. esculenta  

against alcohol induced liver injury mice model (Meng et al., 2019). Nitha et al., 

reported the nephroprotective activity of M. esculenta mycelia extract against cisplatin 

and gentamicin induced toxicity (Nitha et al., 2008). Hepatoprotective effect of M. 

esculenta mycelium against ethanol and CCl4 induced chronic liver injury was reported 

by Nitha et al., (2013). Iqbal et al., reported the ameliorative effect of M. esculenta 

against cadmium induced reproductive toxicity (Iqbal et al., 2021).  
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Mushrooms as cardioprotective agents 

Figure.4. Role of medicinal mushrooms in prevention of cardiovascular diseases 

(Chugh et al., 2022). 

Cardiovascular disorders (CVDs), including heart attacks and strokes, wreak havoc on 

the circulatory system, and heart diseases are the leading cause of death worldwide. 

Medicinal mushrooms have hypocholesterolaemia and hypoglycaemic properties, 

making them ideal as a natural, healthy diet to prevent disease and maintain 

cardiovascular health. Many medicinal mushrooms, including Cordyceps sinensis and 

Ganoderma lucidum, contain adenosine, which has long been known for its 

cardioprotective effects (Badalyan et al., 2019; Balandaykin et al., 2015).  

According to recent studies, both endogenous and exogenous adenosines have a role in 

myocardial ischemia protection, which shields the heart from the negative effects of 

insufficient blood flow and oxygen. It binds to receptors associated to G-proteins, as 

well as several effector systems (Previtali et al., 2011). Hypertension, or high blood 

pressure, causes significant stress and impairs cardiac function. Mushrooms are 

beneficial dietary supplements for hypertension because they provide low sodium and 

high potassium levels (182-395 mg/100 g). Consuming antioxidants is an effective way 

to avoid the development of some CVD issues. Mushroom polysaccharides and 
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phenolic compounds have significant antioxidant properties. They considerably 

neutralize free radicals by raising the activity of oxidative enzymes such as catalase, 

glutathione peroxidase, and superoxide dismutase, while also stabilizing 

malondialdehyde and glutathione levels (Kumaran et al., 2011).  

Studies in our laboratory showed that protein-polysaccharide complex/ polysaccharides 

extracted from fruiting body and mycelia of Ganoderma lucidum possessed significant 

cardioprotective activity against doxorubicin induced cardiotoxicity (Veena et al., 

2022). Study reports are available on the cardio protective effect of M. esculenta 

fruiting body against doxorubicin and cyclophosphamide induced cardiotoxicity by 

altering inflammatory gene expression pathways (Das et al., 2024). Despite of its usage 

in traditional medicine only scattered reports are available on the cardioprotective 

nature of the methanol extract of fruiting bodies of M. esculenta. The current study is 

focused on the cardioprotective effect of M. esculenta  against chemotherapy induced 

cardiotoxicity and alteration in inflammatory gene expression pathway. 
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3.1. Materials 

3.1.1 Animals 

Male and female Swiss Albino mice weighing 25-30 gram obtained from Small Animal 

Breeding Station, Kerala Agriculture University, Mannuthy, Thrissur, Kerala, India 

was employed in this study. The experiments were carried out according to CPCSEA, 

Government of India guidelines and approval by Institutional Animal Ethic Committee 

(ACRC/IAEC/21(1)-P7) & (ACRC/IAEC/22(1)-P9). 

3.1.2 Chemicals & Instruments 

Rotenone, Antimycin-A, 2,6-dichlorophenol indophenols sodium salt (DCPIP), 

Trisodium citrate, Nicotinamide adenine dinucleotide phosphate (NAD), Thiamine 

pyrophosphate (TPP), Nicotinamide adenine dinucleotide reduced (NADH), Potassium 

cyanide (KCN), Oxaloa - ketoglutarate and cytochrome C were purchased from 

Sigma Chemical company, Saint Louis, MO, USA. Hydrogen peroxide, Chloroform, 

Formaldehyde, Sodium nitroprusside, sodium nitrite, EDTA, and Methanol were 

purchased from Merck, India Ltd, Mumbai, India. Ascorbic acid, Sodium azide, 

reduced glutathione (GSH), DTNB, riboflavin, Thiobarbituric acid, Vanillin, were 

obtained from SRL, Mumbai, India.  Sodium dithionate was obtained from TCI 

chemicals. Doxorubicin hydrochloride (Doxowin) and Cyclophosphamide (Endoxan- 

N 200 mg) were purchased from the pharmacy of Amala Institute of Medical Sciences, 

Amala Nagar, Thrissur. DL- -Lipoic acid was a gift from Garnett McKeen 

Laboratories Inc. NY, USA. CK-MB and LDH assay kit were purchased from agappe 

Diagnostics Limited. Cardiac Troponin-I was assayed using Vidas High Sensitivity 

Troponin I kit, Biomerieux. All other chemicals and reagents were of analytical reagent 

grade.  

Table.3.1. List of instruments used for the study 

S.NO. Instrument Company

1 Autoclave Kemi Lab equipment, Cochin, India 

2 Centrifuge Rotek Laboratory Instruments, Kochi, India 

3 Deep freezer (-20ºC) Remi Laboratory Instruments, Mumbai, India

4 Deep freezer (-80 ºC) Eppendorf, Germany 
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S.NO. Instrument Company

5 Electronic-weighing 

balance 

Shimadzu, Japan 

6 High speed cooling 

centrifuge 

Remi Laboratory Instruments, Mumbai, India

7 Horizontal Laminar 

flow hood 

Rotek Laboratory Instruments, Kochi, India 

8 Hot air oven Kemi Lab Equipment, Kochi, India 

9 Microscope Olympus BX41, Japan 

10 Micro-centrifuge Tarsons Products Private Ltd., Kolkata 

11 PCR ThermoFisher Scientific, India 

12 pH meter Elico Ltd., Hyderabad, India 

13 Real time-PCR Qiagen, Rotor Gene-Q 

14 UV/Visible 

spectrophotometer 

Systronics, PC based double beam 

spectrophotometer 2202 

15 Rotavapor Buchi, Switzerland 

16 Vacuum Concentrator Eppendorf, Germany 

17 Vortex Rotek Laboratory Instruments, Kochi, India 

 

3.2. Methods 

3.2.1. Cell line maintenance 

DLA cell line is maintained in vivo in Swiss albino mice by injecting the cell line to 

their peritoneal cavity. The cells were collected thereafter from their right groin and 1× 

106 viable cells were used for further inoculation. 

3.2.2. Experimental Material and Preparation of Methanolic Extract

Dried fruiting bodies of M. esculenta were procured from Organic Kashmir, a reputed 

mushroom dealer New Delhi. Dried mushrooms were washed thoroughly to remove 

dirt and any other chemicals, which was dried again at 40oC. The material was 

powdered, and one-hundred-gram samples were refluxed with petroleum ether (60

80 °C) for 6 h. The defatted material was then dried and extracted using methanol for 

8 h in Soxhlet apparatus. The filtered extract was evaporated to dryness at 40 °C using 
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a rotary vacuum evaporator and the residue (ME) stored at 4 °C for further use. The 

species of the mushroom specimen was done using ITS sequencing method.

3.2.2.1. DNA Barcoding using universal primers of ITS.

DNA from the mushroom specimen was  isolated using NucleoSpin ® Plant II Kit 

(Macherey-

was checked using agarose gel electrophoresis. PCR Analysis was done using the 

primers:  

ITS-1F Forward TCCGTAGGTGAACCTGCGG 

ITS-4R Reverse TCCTCCGCTTATTGATATGC 

The PCR amplification was carried out in a PCR thermal cycler (GeneAmp PCR 

System 9700, 

Applied Biosystems). Sequencing was done using BigDye Terminator v3.1. 

Sequencing reaction was done in a PCR thermal cycler (GeneAmp PCR System 9700, 

Applied Biosystems) using the BigDye Terminator v3.1 Cycle sequencing Kit (Applied 

Biosystems , USA) following manufactures protocol. The cleaned-up air dried product 

was sequenced in ABI 3500 DNA Analyzer (Applied Biosystems). The sequence 

quality was checked using Sequence Scanner Software v1 (Applied Biosystems). 

Sequence alignment and required editing of the obtained sequences were carried out 

using Geneious Pro v5.1 (Drummond et al., 2010). 

3.2.3. Tissue homogenization 

After the experimental period animals were sacrificed using CO2 chamber as per 

AVMA guidelines for the euthanasia of animals. CO2 was supplied in a precisely 

regulated and purified form without contaminants and adulterants. A displacement rate 

from 30-70 % of the chamber volume/min was recommended for rodents. CO2 flow 

was maintained for at least 1 minute after respiratory arrest. Blood was drawn cardiac 

puncture and the serum was further used for cardiac injury marker analysis. Hearts were 

excised after cervical dislocation and blood was removed by repeated washing in ice 

cold normal saline and blotted dry using filter paper. The heart tissue was minced and 

homogenate was prepared in 50mM phosphate buffer pH-7.4. to obtain a 10 % 

homogenate(w/v) using a polytron ho
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employed for the determination of GSH and lipid peroxidation while a part of the 

homogenate was centrifuge at 8000 rpm for 10 minutes to obtain the supernatant and 

used for determination of SOD and Catalase. The protein content was measured using 

Bradford reagent. The right halves of the heart were fixed in 10% formaldehyde and 

used for histopathological analysis.  

3.2.4. Determination of cardiac injury markers 

CK-MB, and LDH was analysed by spectrophotometer using diagnostic kit from 

Agappe Diagnostics Pvt Ltd, India.  Serum Cardiac Troponin- I a cardiac specific 

biomarker was estimated by immuno-fluorescence assay method using Vidas High 

Sensitivity Troponin I kit, Biomerieux.  

3.2.5. Determination of antioxidants. 

3.2.5.1. Catalase activity determination 

Catalase activity was determined by the method of Beers and Sizer (1952). 100 µl of 

tissue supernatant was mixed with 1.9 ml 0.05M Phosphate buffer pH-7.0. Reaction 

was started by adding 1ml of 11mM H2O2. The decrease in extinction of H2O2 was 

detected by spectrophotometer at 240nm. The enzyme activity was calculated by using 

the molar extinction coefficient of H2O2 (43.6 M-1 CM-1) and expressed in micromoles 

of H2O2 decomposed /minute/milligram protein.  

µmoles of H2O2 decomposed/ minute/ milligram protein=      

   OR      40× mg protein in sample  

 (U/ mg protein)  

         

3.2.5.2. Lipid peroxidation determination 

Lipid peroxidation was determined by the method of Ohkawa et al 1979. 200 µl of 

tissue homogenate was suspended in 200 µl of 10% TCA and kept in ice bath for 15 

clear supernatant thus obtained was treated with equal amount of 0.8% TBA and kept 

for 5 minutes, the absorbance was measured at 532 nm. The concentration of MDA 

    30 



-

tetramethoxypropane and expressed as nmol of MDA/ mg protein.

3.2.5.3. GSH (reduced glutathione) determination 

The method described by Moron et al., (1974) was employed to determine the GSH 

content. Briefly 100µl of tissue homogenate was mixed with 0.63 ml of 25% TCA and 

kept in ice for 15 minutes. After the incubation 0.3 ml of 5% TCA was further added 

and centrifuged for 10 minutes at 2000 rpm to obtain the protein free supernatant. 150µl 

of this protein free supernatant was mixed with 350µl of GSH buffer (0.2 M Phosphate 

buffer pH-8.0) and the reaction volume was made up to 1.5 ml by adding DTNB, 

followed by incubation for 5 minutes. OD values were obtained at 412nm and the 

concentration of GSH present in the sample was calculated from the GSH standard 

curve and expressed as nmol GSH/ mg protein.  

3.2.5.4. SOD (Superoxide dismutase) determination 

SOD activity was determined according to the method of McCord and Fridovich 

(1969). The reaction mixture contains 20µl of tissue supernatant, 200µl of 7mmol/l 

EDTA in 0.00115 ml KCN, 100µl 0.05mmol/l NBT and 2.63 ml of SOD buffer (67mM 

phosphate buffer, pH-7.8). Before taking the reading 50µl of 2mmol/l riboflavin was 

added and vortexed well. The initial reading was taken immediately at 532 nm followed 

by incubation for 15 minutes under incandescent light illumination. The OD was again 

taken after the incubation period. The volume of sample used to scavenge 50% of the 

generated superoxide anion was considered as 1 SOD unit activity and expressed in 

U/mg protein. 

3.2.6. Determination of mitochondrial enzyme activities 

3.2.6.1. Isolation of mitochondria 

Cardiac tissue was minced to fine pieces and homogenized in isolation buffer (5mM 

Tris-HCl, 225mM Mannitol, 75mM Sucrose, 0.2mM EDTA). This 10% homogenate 

supernatant thus obtained was centrifuged for 12500 rpm in a cooling centrifuge for 15 

minutes. The pellet thus obtained was stored and the supernatant was again centrifuged 
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to obtain the pellet. These mitochondrial pellets were pooled and stored in 10mM ice 

cold hypotonic Tris-buffer pH- 7.6 at -

3.2.6.2. TCA cycle enzyme activity determination 

3.2.6.2.1. Malate dehydrogenase 

Malate dehydrogenase enzyme activity was determined according to the method of 

Mehler et al., (1948). Briefly, a 3 ml reaction mixture containing 2.6 ml 0.1 M 

Phosphate buffer (pH-7.4), 100 µl of 0.006 M oxaloacetate and 30µl of mitochondria 

was prepared. The reaction was started by the addition of 200 µl 0.00375 M NADH 

and the absorbance was monitored at 340nm for 2 min at 30 sec intervals. The activity 

was expressed as micromoles of NADH oxidized/min/mg protein. Extinction 

coefficient of NADH : 6.3mM-1 cm-1 . 

-ketoglutarate dehydrogenase 

The method of Reed and Mukherjee (1969) was employed for determination of the 

enzyme activity. Briefly, the reaction mixture consisted of 300µl 10mM MgCl2, 300 µl 

1mM NAD, 150 µl 2mM TPP, 60 µl 0.2mM CoA, 150 µl 1mM -ketoglutarate, 300 µl 

100mM Tris-HCl. 30 µl of mitochondria fraction was added to set up the reaction. The 

reaction volume was made up to 1.5 ml by adding 210 µl of distilled water. The reaction 

was monitored at 340nm for 2 min at 30 sec intervals. The activity was expressed as 

micromoles of NAD+ reduced/ min/ mg protein. Extinction coefficient of NAD+ : 

6.3mM-1cm-1. 

3.2.6.2.3. Isocitrate dehydrogenase 

The isocitrate dehydrogenase activity was determined by using the method of Fatania 

et al., (1993). The method was as follows, 1.5 ml of 0.1 M phosphate buffer (pH- 7.4), 

111.6 µl of 3.72 mM MgCl2, 186 µl 0.62 mM NADP+, 66 µl 2.25mM isocitrate and 30 

µl of mitochondria fraction was mixed. The reaction volume was made up to 3 ml by 

adding 1.1 ml of distilled water and the reaction was monitored at 340nm for 2 min at 

an interval of 30 sec.  The enzyme activity was expressed as micromoles of NAD+ 

reduced/min/mg protein. Extinction coefficient of NAD+ :6.3mM-1cm-1.  
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3.2.6.2.4. Succinate dehydrogenase 

The method of Nulton-Persson and Szweda, (2001) was employed for the determination 

of succinate dehydrogenase activity. The reaction mixture was prepared as follows, 100 

µl 0.5 M Phosphate buffer, pH-7.5, 40 µl BSA (50mg/ml), 60 µl KCN (10mM), 100 µl 

Sodium succinate (400mM), 290 µl DCPIP (0.015%), 30 µl mitochondria fraction. The 

reaction volume was made up to 3 ml by adding distilled water. The reaction was 

monitored after the addition of DCPIP at 600nm for 2 min at 30 sec intervals. The 

enzyme activity was expressed as micromoles of DCPIP reduced/ min/mg protein. The 

extinction coefficient of DCPIP:19.1mM-1cm-1. 

3.2.7.3. Electron Transport Chain Complex determination 

3.2.7.3.1. Complex I activity  

Complex I was assayed by the method of Janssen et al (2007). Briefly 380 µl phosphate 

buffer (25mM, pH-7.2), 100 µl 20mM KCN, 100 µl 50mM MgCl2, 100 µl BSA(30 

mg/ml), 50 µl antimycin (20 µM in DMSO, pH adjusted by 1 N NaOH), 30 µl 

mitochondria fraction, 50 µl decyl ubiquinone (1300 µM in DMSO, pH 7.2), 100 µl 

DCPIP (800 µM) and after the addition of 100 µl 2mM NADH the absorbance was 

monitored at 15 s interval for 2 min at 600 nm. After the reading 10 µl of 1mM rotenone 

was added and mixed well followed by monitoring the absorbance as previously 

mentioned. The linear variation in absorbance was calculated prior to and after the 

addition of rotenone. The activity was expressed as micromoles of DCPIP 

reduced/min/mg protein. Extinction coefficient of DCPIP:19.1mM-1cm1. 

3.2.7.3.2. Complex III activity 

Decyl ubiquinol preparation 

10mg decyl ubiquinone was mixed with 80 µl of DMSO and was used as stock. 20 µl 

of stock was mixed in 2 ml DMSO and 400 µl ice cold phosphate buffer (pH-8). After 

adding few grains of sodium dithionate vortexed thoroughly for 10 min and kept in ice 

supernatant was obtained and used for further assay. 

The assay method was as follows, 100 µl EDTA (100 µM), 100 µl (20mg/ml) BSA, 

100 µl (30mM) NaN3,  100 µl Cytochrome C (600 µM), 450 µl 50mM phosphate buffer 

(pH-8) and 30 µl mitochondria, this reaction mixture as incubated at room temperature 
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for 1 minute . After the addition of  50 µl decyl ubiquinol the reaction was monitored 

at 550nm and monitored again after the addition of 50 µl Antimycin (20 µM). 

Absorption time curve, which was not less than 30s, was used to calculate the activity. 

The activity was expressed as micromoles of ferricytochrome-C reduced/ min/ mg 

protein (Krahenbuhl et al.,1991). 

3.2.7.3.3 Complex IV activity 

Complex IV activity was assayed using the method mentioned by Brischigliaro et al., 

(2022). The mitochondrial membrane was permeabilized by overnight incubation with 

0.5 % Tween 80/30mmol/L Phosphate buffer; pH-7.4. 10.6 mg Cytochrome C was 

dissolved in 20 ml distilled water then add 50 µl of 0.1mol/L Sodium dithionate to 

obtain reduced cytochrome- c. 50 µl of mitochondria fraction was mixed in 1 ml of 

reduced cytochrome-c and the reaction was monitored at 550nm for 2 min at 30 sec 

interval. The difference in absorbance was calculated from the linear part of the 

absorption-time curve and complex IV activity was expressed as micromoles of 

ferrocytochrome-C oxidized/min/mg protein using the extinction coefficient : 21mM-

1cm-1. 

3.2.8. Histopathological analysis 

The cardiac tissue obtained from each animal was preserved in a 10% formalin solution 

for fixation. Then, a thin section of heart tissue was dehydrated and cleared using 

different grades of ethanol and xylene respectively in an automatic processing machine. 

The sections were then embedded with paraffin wax and blocked in the coronal plane. 

Microtome section of 4 one set of 

sections was stained with haematoxylin - eosin (H&E) and the slides were examined 

for routine histopathological features. The second set was stained with phosphotungstic 

acid-haematoxylin (PTAH) for observing striations and myofibrillar loss. All the slides 

were examined under Olympus BX41 microscope and photographed using a digital 

camera at a magnification of 10X. 
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3.2.9. Analysis of gene expression 

About 30mg of cardiac tissue was used to isolate RNA using RNA isolation kit (Origin 

Total RNA Kit, CAT.NO. ODP419). RNA (100ng) was reverse transcribed to cDNA 

according to the 

analysis of nuclear factor erythroid 2-related factor 2 (Nrf2), Nuclear Factor kappa B 

(NF- -6 (IL-6), Interleukin-1 beta (IL- - 

alpha (TNF- cible nitric oxide synthase (iNOS) was done using 2X Real-

time PCR Master Mix (Origin CAT No. ODQ383-M01). Quantification was done using 

a Qiagen Real-time PCR reaction. Rotor-Gene Q Software 2.3.5.1 was used to analyse 

the results. Expression of the target gene was measured and quantitated by the reference 

gene (18S). The 2(-Delta Delta C(T)) method was used to quantify these genes (Livak 

et al., 2001). The relative cycle threshold (CT) values were used to study the variations 

in gene expression. The PCR conditions and primer sequences utilized in this study 

were given in Table 1&2 respectively. 

3 TABLE.3.2. PCR CONDITIONS 

4 CYCLE 5 CYCLE POINT 

6 HOLD 7 HOLD @ 95°C, 3MIN 0S 

8 CYCLING (40 

REPEATS) 
9 STEP 1: HOLD @ 95°C, 45S 

10 STEP 2: HOLD @ 60°C, 35S, ACQUIRING TO CYCLING 

A([GREEN][1][1]) 

11 MELT 12 RAMP FROM 65°C TO 95°C 

13 HOLD FOR 90S ON THE 1ST STEP 

14 HOLD FOR 10S ON NEXT STEPS, MELT A([GREEN][1][1]) 
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3.2.10. Statistical Analysis 

All experimental data were statistically analysed with Graph Pad prism software and 

expressed as mean ± SD. The analysis was done using one-way analysis of variance 

(ANOVA) followed by  
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4.1. Introduction 

M. esculenta  is a highly valued wild edible mushroom and is considered important for 

its medicinal properties (Li et al., 2023). It is widely distributed in the hilly areas of 

Korea, Japan, and Europe (Teng et al., 2023). In India it is found in the high-altitude 

areas of Himalayas especially in Jammu and Kashmir. In northern India Morchella 

species are known as Gucchi.  Various bioactive compounds such as polysaccharides, 

terpenes, phenolic compounds, proteins, protein hydrolysates are attributed for its 

medicinal potential (Talie et al., 2024). Recent studies reported the anti-inflammatory, 

antitumor, antioxidant, and antimicrobial activities of this mushroom (Zhang et 

al.,2023). Several studies were carried out on the bioactivities of polysaccharides 

isolated from M. esculenta fruiting bodies. Majority of works were devoted to the 

mycelia of M. esculenta. Studies were carried out on the isolation of major bioactive 

compounds present in the methanolic extract of M. esculenta fruiting bodies and  

analysed by HPTLC and LC-MS techniques. The results are presented in this chapter.  

4.2. Fruiting body collection  

Dried fruiting bodies of M. esculenta were procured from a reputed mushroom dealer, 

Organic Kashmir, New Delhi. The identification was accomplished by ITS sequencing. 

Method was mentioned in section 3.2.2.1.  

4.3. Preparation of extracts of Morchella esculenta fruiting body. 

Dried mushrooms were washed thoroughly to remove dirt and any contaminants, which 

is dried again at 40oC. Refer section.3.2.2. 

4.4. HPTLC analysis of methanolic extract of Morchella esculenta fruiting body. 

Analysis was carried out using HPTLC system (CAMAG, Switzerland).  The sample 

was dissolved in chloroform and 4 microlitre of this solution was applied to a silica gel 

60 F254 TLC plate - (E. Merck, Germany) (5 cm x 10 cm) using Linomat V sample 

applicator.  The plate was developed in a twin trough glass chamber using the mobile 

phase chloroform-methanol 8:2.  After the development, the plate  was sprayed with 

anisaldehyde-sulphuric acid reagent and heated at 110oC for 10 min. The plate was 

scanned at 580 nm using TLC Scanner 3 equipped with WinCats software. 

    40 



4.5. Liquid chromatography-mass spectrometry (LC-MS) analysis of Morchella 

esculenta fruiting body.

LC-MS analysis of ME  for the determination of bioactive compounds in the extract 

was carried out at Sophisticated Analytical Instrument Facility, IIT-Mumbai, using 

TOF/Q-TOF Mass Spectrometer. Extract was prepared in methanol. Mass spectrometry 

analysis was carried out in positive and negative ionization mode with mass/charge 

ratio from 120 to 1200 (m/z). Gas chromatography was maintained at 250 C with gas 

flow of 13 psi/min. Separation was done in column of  Eclipse Plus C18 150 x 2.1mm-

5 MICRON. The sample injection volume was 8 µL and elution was done using a 

solvent gradient of acetonitrile water (95:5) with flow rate of 0.3 mL/min for 35 min. 

4.6. Results 

4.6.1. HPTLC profile of methanolic extract of Morchella esculenta ME. 

The HPTLC profile depicting the chemical finger print of ME is presented in 

Figure.4.1.A. The chromatogram showed 14 peaks of Rf 0.01, 0.05, 0.10, 0.15, 0.20, 

0.28, 0.33, 0.38, 0.42, 0.48, 0.52, 0.65, 0.75, 0.80. Major peaks were Rf 0.05 and 0.65. 

The figures of derivatized plates are shown in Figure.4.1.B.  

4.6.2.  LC-MS analysis of methanolic extract of Morchella esculenta ME. 

A number of compounds were identified using HR-LCMS/Q-TOF analysis in both 

negative and positive ionization mode (Figure.4.2.A&B). The major compounds 

identified in negative ionization mode were Diepomuricanin A (RT: 19.387, C35H62O4, 

MW: 546.472); Imperialine (RT: 18.859,C27H43NO3, MW: 429.33); Petroselinic acid 

(RT: 18.573, C18H34O2, MW: 282.2601); Solacapaine (RT:17.687, C27H48N2O2, MW: 

432.376); Eicosapentaenoic acid-d5 (RT: 15.485, C20H25D5O2, MW: 307.2549); 9-

HOTE (RT: 14.981,C18H30O3, M.W: 294.2226) while Muricoreacin (RT:20.636, 

C35H64O9 , M.W: 628.4601), Dihydromethoxylycopene (RT:20.174, C41H60O, M.W: 

-Merulinic acid A  (RT:19.778, C24H38O4, MW: 390.2711); Uvaricin 

(RT: 18.967, C39H68O7 -Tocopheryl quinone (RT: 18.674, 

C28H48O3, M.W: 432.3531); Luffariellolide (RT: 15.721, C25H38O3, M.W: 386.2856); 

-Diapo-zeta-carotene (RT: 13.569, C30H44, M.W: 404.3485); Cynaroside A (RT: 

12.201, C21H32O10, M.W: 444.1983) were identified as major compound in positive 
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ionization mode. Structures of the compounds identified from LC-MS data are shown 

in Figure.4.2.C

4.7.Discussion 

Morchella esculenta is an excellently edible mushroom which is widely used in 

traditional medicine in Asian countries. The major bioactive compounds found in this 

mushroom include polysaccharides, phenolics, tocopherols and ergosterols. Morels 

have both nutritional and medicinal value. Attention is given to phytochemical 

compositions of different morel species in recent years. In this chapter the HPTLC and 

LC-MS profiling of chemical components of methanol extract of M.esculenta is 

presented. A number of compounds were identified by HR-LCMS/Q-TOF analysis in 

both positive and negative ionization mode. 

The LC-MS analysis of MEME revealed the bioactive compounds present in the 

methanolic extract are known to possess  anti-inflammatory, anti-oxidant and 

cardioprotective properties. Imperialine, one of the identified compounds is reported to 

show anti-inflammatory activity by suppressing the production of pro-inflammatory 

cytokines TNF-alpha and Interleukin-1 beta (Wu et al., 2015). These proinflammatory 

cytokines are regarded as potential markers for heart failure. Increased levels of these 

markers are an indication of cardiac inflammation which show crucial role in CP  

induced cardiotoxicity. Anti-inflammatory activity of Imperialine which inhibits the 

Nf-kb phosphorylation might be considered as a cardioprotective bioactive present in 

ME (Sirwi et al., 2022).  Eicosapentaenoic acid was found as one of the major peaks in 

LC-MS spectra. Previous reports have demonstrated  the cardioprotective property of 

this compound (Andelova et al., 2022). Likewise, luffariellolide and Uvaricin are 

reported to have anti-inflammatory, Nrf-2 activation, antioxidant activities. Presence of 

these bioactives compounds in the extract might be responsible for the cardioprotective 

effect of ME (Albizati et al., 1987; Popoola et al., 2021).   
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4.8.Figures and Tables 

 

 

Figure.4.1.A. HPTLC chemical finger print of ME. 

 

Figure.4.1.B.  HPTLC plates A: Derivatized plate in white light; B: Developed plate 

at UV 254 nm; C: Derivatized plate under UV 366nm; D: Developed plate at UV 366 

nm. 
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Figure.4.2.A. LC-MS spectra of ME in negative ionization mode. 

 

Figure.4.2.B. LC-MS spectra of ME in positive ionization mode. 
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Figure.4.2.C. Structures of compounds identified in ME by LC-MS analysis data.
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5.1. Introduction 

Assessment of toxicity is necessary to determine the safety of drugs. The objective of 

the experiments mentioned in this chapter was to determine the toxic effects of 

methanolic extract of M. esculenta prior to its therapeutic usage. M. esculenta is an 

edible mushroom which is valued for its unique flavour and efficient health promoting 

properties. Even though, it is an edible mushroom and widely used in Chinese cuisines, 

there is inadequate knowledge about its safety. So, it was essential to find out the 

toxicity of methanolic extract of M. esculenta to determine the safe dosage levels, prior 

to experimenting  it as a health promoting agent. In this study acute and sub-acute 

toxicity analysis was carried out to evaluate the safety and potential risk associated with 

its usage. Acute toxicity test involved the administration of a high dose of the drug as 

a single dose and evaluate to its toxic symptoms if any. The parameters studied were 

mortality, morbidity, behavioural, biochemical and histopathological parameters. The 

study results are mentioned in this chapter.  

5.2.Materials and Methods 

5.2.1. Preparation of extract 

Methanolic extract of M esculenta was prepared by the method mentioned in 

Section.3.2.2 

5.2.2. Animals 

Male and female Swiss albino mice weighing 25±2 g was employed in this study.

5.2.3. Toxicity assessment 

Toxicity of methanolic extract of M esculenta (ME) was determined by using acute and 

subacute toxicity models. The experimental methods were conducted based on OECD 

guidelines- 423. 

5.2.3.1. Acute oral toxicity. 

Acute toxicity studies were conducted as per OECD  423 guidelines for testing the 

safety dose for further studies.  

 Female Swiss Albino mice weighing 25±2 gram was employed for the study. 3 animals 

were  randomly selected to administer the extract. They were observed for 7 days to 
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ascertain their normal feed, water intake and other behavioural patterns before drug 

administration. After the observation period animals were orally administered with the 

extract (5000mg/kg b.wt and 2000mg/kg b.wt) on day one as a single dose. Animals 

were observed daily for 14 days to check  mortality, morbidity, salivation, diarrhoea, 

lethargy, coma etc . The study was completed in 21 days. Animals were sacrificed at 

the end of the experimental period and vital organs were collected for histopathological 

observation.  

5.3. Results 

5.3.1. Acute oral toxicity of ME. 

Acute toxicity study revealed that methanolic extract of M esculenta did not show any 

ill effect on experimental animals at the dosages of 2000 and 5000 mg/kg b.wt. The 

animals showed no mortality and morbidity during the entire experimental period. 

Paradoxically the treated animals were alert, sound and active as normal animals. No 

changes were observed during the cage site for lacrimation, salivation, changes in 

colour of skin/fur and respiration rate. The body weight was noted on 0th and 14 th day 

(post dosing) of the experimental animals individually. There were no significant 

changes observed in the body weight of the animals. Feed and water intake were also 

monitored and found normal throughout the experimental period.  

5.4.Discussion 

The acute toxicity study conducted using Swiss Albino mice at doses of 2000 and 5000 

mg/kg. b.wt. showed no abnormalities in the experimental animals. No mortality or 

abnormal behavioural pattern throughout the study duration were found. Thus, this 

study demonstrates that methanolic extract of M. esculenta is non-toxic and safe. 
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6.1 Introduction 

Doxorubicin is an anthracycline chemotherapy agent, which is highly efficient and used 

against a wide variety of cancers either alone or in combination with other drugs (Kciuk

et al., 2023). However, the efficiency is delimited by the acute and chronic ill effects 

imparted by this drug, especially the dose dependent cardiotoxicity in the form of 

congestive heart failure and cardiomyopathy (Liu et al., 2020).  The mechanism of 

Doxorubicin induced cardiotoxicity is not understood clearly which makes it more 

complicated. However, oxidative stress is considered as the major reason for 

cardiotoxicity (Rawat et al., 2021).  Cardiotoxic effects of Doxorubicin comprises of 

ROS generation, endothelial damage, endoplasmic reticulum stress, mitochondrial 

dysfunction, cardiac muscle damage, imbalance of calcium homeostasis etc (Shi et al., 

2023). In order to prevent these toxic effects, the cumulative dose is limited to 450-600 

mg/m2 however, it does not lower the chance for late onset of complications. A large 

amount of evidence points those subclinical changes in the left ventricular ejection 

fraction (LVEF) even in low dose treatment regimen (200-300 mg/m2) (Todorova et 

al., 2020; Zeng at al.,2019). These ill effects necessitate an adjuvant treatment regimen 

for lowering the toxic complications. 

 Dexrazoxane is the only FDA approved drug which acts by reducing ROS 

generation by chelating iron(Benjamin et al.,2021). Dexrazoxane is administered 

intravenously, 30 minutes prior to Doxorubicin treatment at a dosage ratio of 10:1 

(DEX: DOX). But its use is associated with complications such as myelotoxicity and 

secondary malignancy development etc. (Hasinoff et al.,2020). Especially in pediatric 

patients the long-term use of DEX is of serious concern. So, the quest for natural 

products with less or no harmful effects is one of the first line area of research. Various 

studies reported the cardioprotective properties of natural compounds such as dioscin, 

thymoquinone, resveratrol etc. against Doxorubicin induced cardiotoxicity (Karabulut 

et al., 2021; Zhang et al., 2019; Yu et al., 2018; Zhao et al., 2018). Amidst of these 

plant-based compounds medicinal mushrooms are of great interest as they contain 

number of antioxidant compounds that possess potent antioxidant activity. 

 Current study was carried out on the cardioprotective effect of an edible mushroom 

Morchella esculenta also known as Gucchi in India. The bioactive extract of this 

mushroom possess enormous pharmacologically relevant properties such as 
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immunomodulation, hepatoprotection, antidiabetic, antiviral and antitumor effect. The 

objective of the current study was to evaluate the cardioprotective effect of methanolic 

extract of Morchella esculenta (ME) fruiting bodies on Doxorubicin induced 

cardiotoxicity.  

6.2. MATERIALS AND METHODS 

6.2.1. Chemicals 

Doxorubicin was purchased from the pharmacy of Amala Institute of Medical Sciences, 

India (EnDoxan-N) and CK-MB, LDH kits from Agappe Diagnostics India  Limited.  

6.2.2. Experimental Material and Preparation of Methanolic Extract

Dried fruiting bodies of M. esculenta were procured from Organic Kashmir, mushroom 

dealer New Delhi. Dried mushrooms were washed thoroughly to remove dirt and any 

other chemicals and dried again at 40oC. The material was powdered, and one-hundred-

gram samples were refluxed with petroleum ether (60 80 °C) for 6 h. The defatted 

material was dried and then extracted using methanol for 8 h in Soxhlet apparatus. The 

filtered extract was evaporated to dryness at 40 °C using a rotary vacuum evaporator 

and the residue (ME) stored at 4 °C till further use. Identification of the mushroom was 

accomplished by ITS sequencing. 

6.2.3.In Vivo Studies 

Cardioprotective activity of ME against Dox induced cardio toxicity was determined 

using Male Swiss Albino mice weighing 25-30 gram obtained from Small Animal 

Breeding Station, Kerala Agriculture University, Mannuthy, Thrissur, Kerala, India. 

The experiments were carried out according to guidelines of CPCSEA, Government of 

India and approval of Institutional Animal Ethic Committee (ACRC/IAEC/22(1)-P7). 

           Animals were divided into six groups containing 6 animals in each group. The 

treatment protocol was as follows: Group I served as the control group  treated with 

drinking water for the whole experimental period; Group II animals were injected with 

three doses of Dox (6 mg/kg b.w.) i.p. a (cumulative dose of 18 mg/kg b.w.). The 

treatment groups III, IV, V and VI were orally administered with ME 100, 250, 500 and 

-lipoic acid 100 mg/kg b.w. respectively for the entire experiment period.  

All groups except Group I was administered Dox (i.p.) on 8th, 10th and 12th day of the 

    53 



experiment. Twenty-four hours after the last dose of treatment, animals were weighed 

and euthanized in a CO2 chamber. The blood was collected by cardiac puncture 

immediately after cervical dislocation and serum collected by centrifugation at 3500 

rpm for 10 minutes in a cooling centrifuge. The clear supernatant thus obtained was 

used for the determination of cardiac injury markers such as CK-MB, LDH, and Cardiac 

troponin-I. Hearts were removed and weighed. Right halves of hearts were rinsed with 

PBS and stored in -

markers, mitochondrial electron transport chain complexes and left halves were 

preserved in 10% formalin for histopathological evaluation (Das et al., 2022; Sandamali 

et al., 2020). 

6.2.3.1. Effect on body weight and heart weight of animals 

The body weight was measured for each experimental animal on the initial day of the 

experiment. These measurements were again taken on the 7 th day before Dox treatment 

and on the 13th day after last dose of Dox treatment.  Body weight and heart weight 

ratio was calculated and analysed at the end of the experiment. 

6.2.3.2. Determination of Cardiac Injury Marker levels. 

CK-MB, and LDH was spectrophotometrically analysed using diagnostic kit obtained 

from Agappe Diagnostics Pvt Ltd, India.  Serum Cardiac Troponin- I a cardiac specific 

biomarker was estimated by immuno-fluorescence assay method using Vidas High 

Sensitivity Troponin I kit, Biomerieux.  

6.2.3.3. Effect on antioxidant status in cardiac tissue 

A 10% cardiac tissue homogenate was prepared in 50mM phosphate buffer (pH 7.4) 

containing 1mM EDTA. A part of the homogenate was transferred to 0.5 ml vials and 

used for estimation of lipid peroxidation by TBARS method (Ohkawa et al., 1979) and 

GSH by Moron et al., (1979) activities. The supernatant was obtained by centrifuging 

at 5000 rpm for 15 minutes in a cooling centrifuge and further used for determining 

catalase (Beers et al., 1952), SOD (McCord et al.,1969) and GPx (Hafemann et al., 

1974). Details of methods are mentioned in section 3.2.5.  
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6.2.3.4. Isolation of mitochondria  

Mitochondria isolation was done based on differential centrifugation according to the 

method described by Ajith et al., with slight modifications. The details of the method 

are described in section 3.2.6.1. 

6.2.3.5 TCA cycle enzyme activity estimation  

Succinate dehydrogenase enzyme was assayed based on method described by Sudheesh 

et al.,(2009). TCA cycle enzymes were determined by the method described in the 

section 3.2.6.2. 

6.2.3.6. Estimation of Mitochondrial electron transport chain complex activity. 

6.2.3.6.1. NADH Dehydrogenase (Complex I) 

NADH dehydrogenase activity was assayed based on the method of Janssen et al.,2007, 

with slight modifications. Refer section 3.2.7.3.1 for the detailed method.

6.2.3.6.2. Estimation of Q-cytochrome C Oxido-reductase (Complex III)

Complex III was estimated based on the method mentioned by Krahenbuhl et al., 1991 

with slight modifications. Refer section 3.2.7.3.2 for the assay method. 

6.2.3.6.3. Cytochrome C Oxidase (Complex IV) 

Complex IV was estimated based on the method mentioned by Brischigliaro et al., 

2022, with slight modification. The assay was done as described in the section 3.2.7.3.3. 

6.2.3.7. Histopathological analysis of Cardiac Tissue 

Histopathological analysis of cardiac tissue was done by  the method described in 

section 3.2.8. 

6.2.3.8. Gene expression analysis 

Gene expression analyses of Nf- -6,IL- - -2 and KEAP-

1 were done according to the methods described in section 3.2.9.
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6.2.4. Statistical Analysis 

All experimental data were statistically analysed with Graph Pad prism software and 

expressed as mean ± SD. The analysis was done using one-way analysis of variance 

(ANOVA) followed by  

6.3 RESULTS 

6.3.1. Effect of ME on body weight and heart weight of animals. 

Animals treated with ME showed a marked increase in body weight after 7 days of 

treatment prior to Dox administration.  There was a reduction in the body weight of 

animals treated with Dox alone in a significant manner whereas the ME treatment 

reduced the weight loss  to a great extent . Heart weight was high in Dox treated animals 

which might be due to cardiac inflammation. The heart appeared to be swollen and pale. 

The heart to body weight ratio was found to be higher than that of other groups in Dox 

treated animals while the ratio was restored to normal level in other groups significantly 

(Table.6.1). 

6.3.2. Effect of ME on Cardiac injury marker levels. 

Administration of Dox up- regulated the levels of serum cardiac injury markers, 

creatine kinase (CK-MB) and lactate dehydrogenase (LDH). The animals treated with 

ME alleviated the levels of CK-MB and LDH significantly (Figure. 6.1.A, 6.1.B). 

Similarly cardiac troponin I level was also found to be increased by the administration 

with DOX and the treatment with ME down regulated its level (Figure.6.1.C). 

6.3.3. Effect of ME on antioxidant system in cardiac tissue. 

The Dox administration resulted in decline of antioxidant levels in the myocardium. 

Treatment by ME enhanced the activities of antioxidants significantly in the 

myocardium. This was evident from the levels of GPx, GSH, SOD and Catalase in the 

heart tissue (Figure.6.2.A-D) Dox treatment increased lipid peroxidation which was 

reflected from the levels of TBARS. However, treatment with ME effectively reduced 

TBARS indicating the decline of lipid peroxidation (Figure.6.2.E). 
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6.3.4. Effect of ME on TCA cycle enzymes and ETC complex in cardiac 

mitochondria

The effect of ME treatment on TCA cycle enzyme levels and ETC complex of cardiac 

mitochondria are presented in Table.6.2 & 6.3. respectively. From the results it was 

evident that Dox administration resulted in a drastic decline in the mitochondrial 

activity and ETC activity in a dose dependent manner. Especially in high dose of ME 

almost restored the dehydrogenase level back to normal. ME at doses of 250 and 500 

mg/kg b.wt. showed a statistically significant increase in mitochondrial dehydrogenases 

activity. ME treatment at a higher dose resulted in 10.3-, 10.5-, 4.2- and 2.9-fold 

-ketoglutarate dehydrogenase, Isocitrate 

dehydrogenase and Succinate dehydrogenase activities compared to the decline caused 

by Dox alone treatment. Likewise, higher dose treatment  of ME along with Dox 

resulted in 2.75-, 2.2- and 5.76- fold increase in Complex I, III and IV levels than Dox 

alone treated group. These results indicated protection imparted to mitochondrial 

functions by ME treatment. 

6.3.5. Histopathological changes in cardiac tissue. 

Histopathological examination showed that Dox administration caused severe cardiac 

tissue damage. The haematoxylin-eosin staining revealed the tissue damage caused by 

Dox administration.  Dox administration caused cardiac inflammation, myofibrillar 

loss, nuclear pyknosis and cytoplasmic vacuolization. PTAH staining revealed the loss 

of striations in cardiac tissue by Dox administration. The treatment with ME restored 

the normal architecture of cardiac tissue in a dose dependent manner (Figure.6.3., 

Figure.6.4.). 

6.3.6. Impacts of ME against Dox-induced alteration in cardiac mRNA gene 

expression. 

Dox treatment declined  the expression levels of NRF2  and elevated the expression of 

KEAP-1 which was reversed by the treatment with ME at different dosages. On the 

contrary, the gene expression levels of NF- -inflammatory cytokines such as 

IL-6, IL- -
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by ME treatment in cardiac tissue of the experimental animals. The results are presented 

in Figure.6.5.(a-g).

6.4. DISCUSSION

Doxorubicin is one of the most widely used anticancer drugs either alone or in 

combination for chemotherapy (Elfadadny et al., 2023). Dose depended cardiotoxicity 

is the major limiting factor of its clinical use. Various established mechanisms of Dox 

toxicity are oxidative stress, mitochondrial dysfunction, ER stress, ferroptosis, 

apoptosis etc (Kong et al., 2022). Dox administration results in release of cardiac injury 

marker enzymes and troponin I (Abdulkarem et al., 2021). Since the regenerative 

capacity of cardiomyocytes is low, they are more vulnerable to side effects imparted by 

chemotherapeutic drugs (Hermann et al.,2020). However definitive mechanism of 

cardiotoxicity induced by Dox remains unclear. Various prevention strategies are 

currently blooming in order to lower the toxic effects of chemotherapeutic drugs 

without hampering their anti-cancer efficacy (Dubey et al., 2021).

Cardiotoxicity of Dox is exerted via various mechanisms and major role has been 

demonstrated to the increased ROS generation and consequent oxidative stress. The 

present study emphasizes on the amelioration of oxidative stress as a protective strategy 

against Dox induced cardiotoxicity by methanolic extract of morel mushroom (ME). 

M.esculenta is known for its immense therapeutic potential. Previous studies in our lab 

revealed the anti-cancer, anti-inflammatory, anti-oxidant, hepatoprotective and 

nephroprotective activities of morels (Nitha et al., 2010;Nitha et al., 2013;Nitha et a., 

2007;Nitha et al., 2017).  

 Currently there is an unprecedented drive to use herbal medicinal preparations for 

treatment and the drive is powered by cost effective therapeutic promise and safety. 

Over the years of laboratory data have shown that medicinal herbs may have therapeutic 

value that can intervene  with several risk factors in cardiovascular treatment. The 

current study reveals in vivo cardioprotective effect of morel mushroom , M. esculenta 

. In vivo studies showed that administration of Dox caused  leakage of cardiac injury 

markers to the serum which was attenuated  by the treatment with ME. CK-MB, LDH 

and Cardiac Troponin- I which are cardiac specific markers  found to be released into 

the blood consequent to cardiac damage (Mert et al., 2023). The levels of cardiac injury 
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markers reveal the severity of damage caused by Dox to cardiomyocytes. Our 

experimental results indicate that ME efficiently protected the myocardium by down 

regulating the leakage of injury markers to the blood stream. The current experimental 

results indicate that bioactive extract of morel mushroom, M.esculenta is capable to 

alleviate  oxidative stress mediated cardiotoxicity induced by Dox. Since M.esculenta 

is an excellently edible mushroom, the finding suggests the potential therapeutic use of 

morel mushroom to ameliorate cardiotoxicity induced by Doxorubicin.  

6.5. Figures and Tables 

 

Figure.6.1.A CK-MB activity: values are the mean ± S.D; (n=6). ** P< 0.01 

 

 

Figure.6.1.B LDH activity: values are the mean ± S.D; (n=6). ** P< 0.01 significantly 
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Figure.6.1.C. Cardiac Troponin-I: values are the mean ± S.D; (n=6). ** P< 0.01& * 

 

 

 

Figure.6.2.A. GPx activity. All values expressed as Mean ± SD (n=6).*P<0.05; 
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Figure.6.2.B. GSH content. All values expressed as Mean ± SD (n=6).*P<0.05; 

 

 

 

Figure.6.2.C. SOD activity. All values expressed as Mean ± SD (n=6).*P<0.05; 
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Figure.6.2.D. Catalase activity. All values expressed as Mean ± SD (n=6).*P<0.05; 

 

 

Figure.6.2.E. Lipid peroxidation. All values expressed as Mean ± SD(n=6).*P<0.05; 
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Figure.6.3. A. Histopathological image showing normal architecture of cardiac tissue 

obtained from untreated-animals. 

 

Figure.6.3. B. Histopathological image of cardiac tissue obtained from Dox treated 

animals showing, internal haemorrhage, Cardiac hypertrophy, wavy myofibrils, nuclear 

infiltration, pyknotic nuclei and myoplasm degeneration. 
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Figure.6.3. C. Cardiac tissue from animals treated with Dox along with ME at a 

concentration of 100 mg/kg. b.w. 

 

Figure.6.3. D. Cardiac tissue from animals treated with Dox along with ME at a 

concentration of 250 mg/kg. b.w. 

 

Figure.6.3. E. Cardiac tissue from animals treated with Dox along with ME at a 

concentration of 500 mg/kg.b.w. 
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Figure.6.3. F. Cardiac tissue from animals treated with Dox along with DL- -Lipoic 

acid at a concentration of 100 mg/kg.b.w. 

 

Figure.6.4.A.  PTAH-stained images of cardiac tissue from untreated control animals. 
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Figure.6.4.B. Cardiac tissue images from Dox treated animals.  

 

Figure.6.4.C. PTAH-stained images of ME 100mg/kg + Dox treated animals

Figure.6.4.D. PTAH-stained images of cardiac tissue obtained from ME 250 mg/kg + 

Dox treated animals 
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Figure.6.4.E. PTAH-stained images of cardiac tissue obtained from ME 500 mg/kg + 

DOX treated animals. 

Figure.6.5.(a-g). Analysis of gene expression. All values expressed as Mean ± 

SD(n=6). **** P<0.0001;*** P<0.001; **P<0.01;ns P>0.05 compared to normal 
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Tables  

Table.6.1.Body weight, Heart weight and Relative heart weight of animals. All 

values are expressed as Mean±SD **** P<0.0001; ns P<0.05; *** P<0.003; ** 

P<0.0019; * P <0.0393 F.B.W : Final Body Weight, H.W: Heart Weight, %Relative 

heart weight= (H.W/B.W)*100. 

 

 

Table.6.2. Effect of ME on TCA cycle enzyme levels. 

Values are the mean ± SD, n = 6, **** P<0.0001,***P=0.0001, ** P=0.0098, 

*P<0.01and ns P >0.05 (Dunnett test) with respect to Dox alone treated groups : 

Isocitrate dehydrogenase (ICDH) µmoles of NAD+ reduced/min/mg protein; a-

ketoglutarate dehydrogenase (a-KGDH)  µmoles of NAD+ reduced/min/mg protein; 

succinate dehydrogenase (SDH)  µmoles of DCIP reduced/min/mg protein; malate 

dehydrogenase (MDH)  µmoles of NADH oxidized/min/mg protein

Group MDH SDH ICDH AKDH

Control 1293.45±452.6**** 69.5±19.3**** 95.9±8.4*** 48.3±17.1*** 

Dox 152.7±48.34 18.5±4.9 30.2±2.9 2.92±0.94 

ME100+Dox 1244.8±330.5**** 31.44±6.2ns 57±13ns 21±6.27ns 

ME250+Dox 2147.6±289.78**** 55.05±5.8**** 123±58*** 76.2±15.8**** 

ME500+Dox 1575.6±340.7**** 54.7±6.3**** 129.1±11.5**** 106.9±20.9**** 

-LA + Dox 153±30ns 34.3±4.3* 65.9±7.5ns 43±21*** 

 

GROUP F.B.W 
before 

Dox 

treatment 

after Dox 

treatment 

H.W 
% Relative 

heart  weight 

Normal 35±5.9 2.4±0.21 3.675±1.3 0.142±0.03 0.4±0.04 

Dox 26±5.0 3.2±0.82 -4.66±1.6 0.173±0.02** 0.6±0.04** 

-LA + Dox 28±6 2.1±0.58 -4.14±2.5 0.118±0.02** 0.42±0.02** 

ME 100 + Dox 28±3.24 4.8±1.4 3.3±0.3 0.125±0.016** 0.48±0.08* 

ME 250 + Dox 31.75±2.4 4.25±1.07 3±1.5 0.117±0.03** 0.41±0.04** 

Me 500 + Dox 27.1±10 4.65±0.96 3.50±0.65 0.129±0.028** 0.47±0.09* 
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Table.6.3. Effect of ME on Electron Transport Chain Complex. 

Values are the mean ± SD, n = 6, **** P<0.0001,***P=0.0001, ** P=0.0098, 

*P<0.01and ns P >0.05 (Dunnett test) with respect to Dox alone treated groups. Units: 

Complex I µmoles of DCIP reduced/min/mg protein; Complex III  µmoles of 

ferricytochrome C reduced/min/mg protein; Complex IV µmoles of ferro cytochrome 

C oxidized/min/mg protein. 

Group C1 C3 C4 

Control 29.7±6.6**** 10.09±3.05**** 1371±195.6**

Dox 2.4±0.7 3.66±1.003 585.6±160.9 

ME100+Dox 5.3±0.58ns 2.17±1.1ns 680.2±97.8ns 

ME250+Dox 12.6±3**** 7.2±1.4** 1248±409** 

ME500+Dox 14.6±1.6**** 8.2±2.4*** 3376±580**** 

-LA + Dox 7.6±2.7* 2.37±0.87ns 709±275ns 
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CHAPTER 7 

Evaluation Of Protective Effect  Methanol 

Extract of Morchella Esculenta Against 

Cyclophosphamide Induced Cardiotoxicity 
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7.1.INTRODUCTION 

The advancement in therapeutic intervention of neoplastic diseases has effectively 

reduced the morbidity and mortality, yet toxicities associated with chemotherapy 

remain a serious problem.  Phenomenal progresses in chemotherapy helped to increase 

the survival rate of cancer patients (Miller et al., 2019). Cyclophosphamide (CP) is one 

of the front-line chemotherapeutic drugs currently in use. Drug-induced cardiotoxicity 

associated with CP regimens has been a hindrance in its intensive clinical use.  

Cyclophosphamide is an oxazaphospharine nitrogen mustard alkylating drug used as 

anti-neoplastic and immunosuppressive agent. It is a prodrug and upon administration 

it gets converted to its active metabolites phosphoramide mustard and acrolein (Iqubal 

et al., 2021; Elrashidy et al., 2021). The anti-neoplastic efficacy of CP is imparted by 

phosphoramide mustard, which interferes with DNA and thus contribute to 

immunosuppressive and cytotoxic properties. The treatment regimens of CP demand 

for high dosages which is often associated with multiple organ toxicity (Wang et al., 

2021). Various reports suggest that the toxic metabolite, acrolein is responsible for 

cardiotoxicity induced during chemotherapy.  Acrolein interferes with the antioxidant 

defense system leading to massive generation of free radicals resulting in oxidative 

stress. 

High dose treatments with CP causes cardiac injury within 10 days leading to 

congestive heart failure, arrhythmia, myopericarditis, cardiac tamponade etc. (Iqubal et 

al., 2019).  Clinical studies revealed that long term use of CP caused decline of 

antioxidant defense resulting in oxidative stress. Declined antioxidant defense in turn 

causes massive release of ROS that cause damage to biomolecules leading to cellular 

damage (El-Agamy et al., 2017). ROS generation is a key factor involved in CP induced 

cardiomyopathy (Abd El Ghafar et al., 2021; Ali et al., 2023). Therefore, mechanisms 

that target prevention of oxidative stress would be a promising therapeutic approach to 

attenuate drug induced cardiomyopathy. Dexrazoxane is the only FDA approved 

cardioprotective agent used as an adjuvant in doxorubicin treatment. So far, no 

permitted adjuvant is available to attenuate CP induced cardiotoxicity. Various studies 

suggest that natural products having high antioxidant capacity might provide protective 

effect against CP induced cardiac damage (Singh et al., 2023).  

    72 



      Mushrooms have immense therapeutic potential and their bioactives have been 

stated to possess significant antioxidant activity. Morel mushroom, Morchella 

esculenta 

Chen et al., 2023; Haq et al., 2023; Li et al.,2023). Previous studies in our laboratory 

found anti-tumor, anti-inflammatory, anti-oxidant, hepatoprotective activities of 

Morchella bioactives (Nitha et al., 2008;Nitha et al., 2013; Nitha et al.,2020). Studies 

were carried out to evaluate the efficacy of methanol extract of M. esculenta (ME) to 

attenuate cyclophosphamide induced cardiotoxicity. The findings are presented in this 

chapter. 

7.2. MATERIALS AND METHODS 

7.2.1. Chemicals 

Cyclophosphamide was purchased from the pharmacy of Amala Institute of Medical 

Sciences, India (Endoxan-N) and CK-MB, LDH assay kits from Agappe Diagnostics 

India  Limited.  

7.2.2 Experimental material and preparation of methanolic extract of M. 

esculenta fruiting body. 

Dried fruiting bodies of M. esculenta were procured from Organic Kashmir, a reputed 

mushroom dealer from New Delhi. The dried mushrooms were washed thoroughly to 

remove dirt and any other chemicals, which is dried again at 40oC. The material was 

powdered, and one-hundred-gram samples were refluxed with petroleum ether (60

80 °C) for 6 h. The defatted material was then dried and extracted using methanol for 

8 h in Soxhlet apparatus. The filtered extract is evaporated to dryness at 40 °C using a 

rotary vacuum evaporator and the residue (ME) thus obtained was stored at 4 °C for 

further use.  

7.2.3.In Vivo Studies 

Cardioprotective activity of ME against CP induced cardio toxicity was determined 

using male Swiss Albino mice weighing 25-30 gram obtained from Small Animal 

Breeding Station, Kerala Agriculture University, Mannuthy, Thrissur, Kerala, India 

was employed in this study. The experiments were carried out following the guidelines 
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of CPCSEA, Government of India and approval by Institutional Animal Ethic 

Committee (ACRC/IAEC/21(1)-P7).

Animals were divided into six groups containing 6 animals in each group. The 

treatment protocol was as follows: Group I served as the control group  treated with 

drinking water for the whole experimental period; Group II animals were injected with 

three doses of CP (66.6 mg/kg b.w.) i.p. a cumulative dose of 200 mg/kg b.w. The 

treatment groups III, IV, V and VI were orally administered with ME 100, 250, 500 and 

-lipoic acid 100 mg/kg b.w. respectively for the entire experiment period.  

All groups except Group I was administered CP (i.p.) on 8th, 10th and 12th day of the 

experiment. Twenty-four hours after the last dose of treatment, animals were weighed 

and euthanized in a CO2 chamber. The blood was collected by cardiac puncture 

immediately after cervical dislocation and serum collected by centrifugation at 3500 

rpm for 10 minutes in a cooling centrifuge. The clear supernatant thus obtained was 

used for the determination of cardiac injury markers such as CK-MB, LDH, and Cardiac 

troponin-I. Hearts were removed and weighed. Right halves of hearts were rinsed with 

PBS and stored in -

markers, mitochondrial electron transport chain complexes and left halves were 

preserved in 10% formalin for histopathological evaluation (Sandamali et al., 2020).

7.2.3.1. Effect on body weight and heart weight of animals. 

The body weight of each experimental animal on the initial day of the experiment. 

These measurements were again taken on the 7 th day before CP treatment and on the 

13th day after last dose of CP treatment.  Body weight and heart weight ratio was 

calculated and analysed at the end of the experiment (Table.7.1).  

7.2.3.2. Effect on cardiac Injury Marker levels. 

CK-MB, and LDH was spectrophotometrically analysed using diagnostic kits of 

Agappe Diagnostics Pvt Ltd, India.  Serum Cardiac Troponin- I a cardiac specific 

biomarker was estimated by immuno-fluorescence assay method using Vidas High 

Sensitivity Troponin I kit, Biomerieux.  
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7.2.3.3. Effect on antioxidant status in cardiac tissue. 

A 10% cardiac tissue homogenate was prepared in 50mM phosphate buffer (pH 7.4) 

containing 1mM EDTA. A part of the homogenate was transferred to 0.5 ml vials and 

used for estimation of activities of lipid peroxidation by TBARS method (Ohkawa et 

al., 1979) and GSH by the method of  Moron et al., (1979). The supernatant was 

obtained by centrifuging at 5000 rpm for 15 minutes in a cooling centrifuge and further 

used for determining the activities of catalase (Beers et al., 1952), SOD (McCord et 

al.,1969) and GPx (Hafemann et al., 1974). Details of  methods are mentioned in section 

3.2.5.  

7.2.3.4. Isolation of mitochondria  

Mitochondria isolation was done based on differential centrifugation method described 

by Ajith et al., with slight modifications (Ajith et al., 2009). The method is described 

in section 3.2.6.1. 

7.2.3.5 TCA cycle enzyme activity estimation. 

Succinate dehydrogenase enzyme was assayed based on method described by Sudheesh 

et al.,(Sudheesh et al., 2009). TCA cycle enzymes determination methods are described 

in the section 3.2.6.2. 

7.2.3.6. Estimation of Mitochondrial electron transport chain complex activity. 

7.2.3.6.1. NADH dehydrogenase (Complex I) 

NADH dehydrogenase activity was assayed based on the method of Janssen et 

al.,(2007), with slight modifications. Refer section 3.2.7.3.1 for the detailed method.

7.2.3.6.2. Estimation of Q-cytochrome c oxidoreductase (Complex III) 

Complex III was estimated based on the method mentioned by Krahenbuhl et al., (1991) 

with slight modifications. Refer section 3.2.7.3.2 for the assay method. 

7.2.3.6.3. Cytochrome C oxidase (Complex IV) 

Complex IV was estimated based on the method mentioned by Brischigliaro et al., 

(2022), with slight modification. The assay was done as described in the section 

3.2.7.3.3. 
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7.2.3.7. Histopathological analysis of cardiac Tissue 

Histopathology observation of cardiac tissue was done by method described in section 

3.2.8.

7.2.3.8 Gene expression analysis 

Gene expression analysis of Nf- -6,IL- - -2 and KEAP-

1 was done according to the method described in section 3.2.9. 

7.2.4. Statistical Analysis 

All experimental data were statistically analysed with Graph Pad prism software and 

expressed as mean ± SD. The analysis was done using one-way analysis of variance 

(ANOVA) followed by  

7.3 RESULTS 

7.3.1. Effect of ME on body weight and heart weight of animals. 

Animals treated with ME showed a marked increase in body weight after 7 days of 

treatment prior to CP administration.  There was a reduction in the body weight of 

animals treated with CP alone significantly whereas the ME treatment reduced the 

weight loss  to a greater extend . Heart weight was high in CP treated animals which 

might be due to cardiac inflammation. The heart was appeared to be swollen and pale. 

The heart to body weight ratio was found to be higher than that of other groups in CP 

treated animals while the ratio was restored to normal level in other groups significantly 

(Table.7.1). 

7.3.2. Effect of ME on Cardiac injury marker levels. 

Administration of CP elevated levels of serum cardiac injury markers, CK-MB and 

LDH. The animals treated with ME caused significant decline of CK-MB and LDH 

levels (Figure.7.1. A&B). Administration of CP resulted in elevated cardiac Troponin 

I level and the treatment with ME caused appreciable reduction  which indicated the 

decline of severity of cardiac tissue damage(Figure.7.1.C). 
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7.3.3. Effect of ME on antioxidant system in cardiac tissue. 

The CP administration resulted in deterioration of antioxidant levels in the cardiac 

tissue. Treatment with ME boosted the activities of antioxidants significantly in the 

myocardium. This was evident from the levels of GPx, GSH, SOD and Catalase in the 

heart tissue (Figure.7.2.A, B, C&D). CP treatment increased lipid peroxidation which 

was evident from the increased levels of TBARS. However, lipid peroxidation was 

effectively lowered by ME treatment (Figure.7.2.E). 

7.3.4. Effect of ME on activities of TCA cycle enzymes and ETC complex in cardiac 

mitochondria. 

The effect of ME treatment on TCA cycle enzyme levels and ETC complex of cardiac 

mitochondria are presented in Table.7.2 & 7.3 respectively. From the results it was 

evident that CP administration resulted in a drastic decline in the mitochondrial enzyme 

and ETC activity in a dose dependent manner. Especially in high dose of ME almost 

restored the dehydrogenase level back to normal. ME at doses of 250 and 500 mg/kg 

b.wt. showed a statistically significant increase in mitochondrial dehydrogenases 

activity. ME treatment at a higher dose along with CP resulted in 4.1,6.5-,3.05- and 1.8-

-ketoglutarate dehydrogenase, Isocitrate 

dehydrogenase and Succinate dehydrogenase activity compared to CP alone treated 

groups. Likewise, higher dosage treatment  of ME along with CP showed 5.2,3.6- and 

1.89-fold increase in Complex I, III and IV levels than CP alone treated group. These 

results were indicative of mitochondrial protection imparted by ME treatment. 

7.3.5. Histopathological changes in cardiac tissue. 

Histopathology examination revealed that CP administration caused severe 

cardiomyopathy. The tissues stained with haematoxylin-eosin  revealed  damage caused 

by CP administration as evidenced by  cardiac inflammation, myofibrillar loss, nuclear 

pyknosis and cytoplasmic vacuolization(Figure.7.3.). PTAH staining revealed the 

presence of collagen ( red stain)  in cardiac tissues of animals administered with CP 

(Figure.7.4.). The treatment with ME restored the normal architecture of 

cardiomyocytes in a dose dependent manner.   
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7.3.6. Impacts of ME on CP-induced alteration in cardiac mRNA gene expression. 

CP treatment lowered the expression levels of NRF2  and elevated the expression of 

KEAP-1 which was reversed by the treatment with ME at different dosages. On the 

contrary, the gene expression levels of NF- -inflammatory cytokines such as 

IL-6, IL- -

by ME treatment in cardiac tissue of the experimental animals. The results are presented 

in Figure.7.5.(a-g). 

7.4. Discussion 

Cyclophosphamide is a widely used anticancer drug alone or in combination therapy of 

various chemotherapeutic regimens. However, the treatment regimen demands for the 

high dosage of CP.  Even though the exact mechanism of CP induced cardiac injury is 

not well understood, studies suggests that the toxic metabolites of CP lead to oxidative 

stress promote endothelial capillary damage resulting in the release of proteins, 

erythrocytes, and toxic metabolites. However, early detection of CP induced cardiac 

damage is possible through the detection of cardiac injury markers (Katayama et al., 

2009; Swamy et al., 2013; Ayza et al, 2020; Bhatt et al., 2017). 

 Current study indicates that there was an increase in body weight of experimental 

animals prior to CP administration.  The gain in body weight was halted in all the 

animals except the untreated and ME  500 mg/kg b.w treated groups of animals after 

CP treatment. The administration of ME at high dose was effective in reducing the 

weight loss caused by CP administration significantly.  Similarly, the heart / body 

weight ratio was higher in CP treated animals and this was restored to normal level by 

ME treatment. The increase in heart to body weight ratio might be due to the increase 

in heart weight as a result of cardiac hypertrophy, cardiac inflammation, widened 

interstititum, and leukocyte infiltration. These results are consistent with the 

histopathological observations.  

 The serum cardiac injury biomarkers CK-MB, LDH, and Cardiac troponin-I levels 

are elevated by CP treatment which indicates cardiac necrosis (Selvakumar et al., 2005). 

This might have forced the release of cardiac injury markers consequent to damage of 

endothelium of myocardium. This also might have resulted in ROS generation leading 

to loss of myocardial membrane integrity (Pimenta et al., 2024). Cardiac troponin I is 
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considered as a reliable marker of acute myocardial damage (Selvakumar et al., 2005). 

The serum collected from animals treated with different concentrations of ME showed 

a marked decrease in the cardiac troponin I levels which indicated the reduced severity 

of the cardiac damage caused by CP treatment. Similarly, CK-MB and LDH levels 

which were increased by CP treatment were also lowered by ME indicating its 

protective effect against CP induced cardiac injury.  

 CP downregulated  SOD, CAT, GPx and GSH and ME could restore these 

antioxidant levels in a dose dependent manner. Most of the antioxidant enzymes that 

are involved in balancing the oxidative stress are regulated by NRF2/KEAP1signalling 

(Sorice et al., 2023). Previous studies by Li et al.(2022) reported that CP- induced 

lowering of NRF2/KEAP1signalling and antioxidant defence system. ME up-regulated 

the expression of NRF2 which was lowered consequent to CP treatment. The declined 

CAT, SOD and GPx activities along with GSH level, augmented the myocardial injury. 

The depleted activity of SOD caused accumulation of superoxide anion radicals which 

induced damages to bio-molecules (Wang et al., 2018). The lowered activity of CAT 

and GPx resulted in elevation of H2O2 and hydroxyl radicals.  GSH, a non-enzymatic 

antioxidant with reducing property due to its reactive - SH group (Mukwevho et al., 

2014), was depleted in CP treated animals. This might be due to the direct conjugation 

of CP and its metabolites with GSH (Selvakumar et al., 2005). 

 CP treatment enhanced lipid peroxidation level as evident from the elevated levels 

of MDA. ME could effectively protect the antioxidant status and thus lowered the MDA 

level. The protective effect might be attributed to the bioactives present in ME (Acay., 

2021). A decline in the antioxidant defence mechanism will lead to ROS accumulation 

in mitochondria (Kim et al., 2021) which in turn overload calcium to the mitochondria 

resulting in loss of mitochondrial membrane potential and decreased ATP generation 

(Wang et al., 2023).Furthermore, mitochondrial dysfunction can also be attributed to 

CP-induced opening of pores in inner mitochondrial membrane (Iqubal et al., 2021). 

CP treatment alleviated the mitochondrial electron transport chain complexes and TCA 

cycle enzyme activities(Sudharsan et al., 2006; Iqubal et al.,2019).ME treatment 

successfully combated the mitochondrial damage.  

 Cardiac inflammation was found associated with CP- induced cardiotoxicity 

(Iqubal et al., 2019, AL Shaima et al., 2023). NF- -sensitive transcription 

    79 



factor that regulates the gene expression of proteins COX-2, iNOS and pro-

inflammatory cytokines such as IL-6, IL1- -

NF- -regulation of redox sensitive and fibrotic genes that 

causes inflammation and apoptosis (Baig et al., 2022). In this study, CP treatment 

elevated the gene expression level of NF-

The expression of other pro-inflammatory cytokines elevated from CP treatment was 

also lowered in ME treated animals. The levels of iNOS and COX-2 were also elevated 

in CP treated group. Nitrative stress associated with ROS generation was previously 

demonstrated in the impairment of mitochondrial homeostasis (Taha et al., 2023, Yan 

et al., 2023).  

 Cardiac hypertrophy and loss of cardiac tissue architecture was found in the CP 

alone treated animals.  Wavy myofibrils associated with increased hydrostatic pressure 

of interstitial oedema was observed in CP control group(Eichbaum, 1975). This change 

was absent in normal as well as ME treated groups. PTAH-stained images showed high 

amount of collagen in CP alone treated control group, indicating cardiac fibrosis. ME 

treatment at a concentration of 500 mg/kg b. w. was highly effective in restoring the 

architecture of cardiomyocytes.  

The findings presented in this chapter is in accordance with previous study reports 

which was supported by biochemical analysis and histopathological observations (Das 

et al., 2022). Being an excellently edible mushroom, the findings suggest the potential 

therapeutic use of Morchella esculenta and its bioactive extract to attenuate 

cardiotoxicity induced by cyclophosphamide chemotherapy. 
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Figures & Tables  

 

 

Figure.7.1. A CK-MB activity: Values are the mean ± S.D; (n=6).**** P<0.0001;** P< 

0.01 significantly and  nsP>0.05 non significantly  different from CP control group 

 

 

 

Figure.7.1. B LDH activity: Values are the mean ± S.D; (n=6).**** P<0.0001;** P< 0.01 

significantly and  nsP>0.05 non significantly  different from CP control group 
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Figure.7.1. C. Cardiac Troponin-I: Values are the mean ± S.D; (n=6).**** P<0.0001;** 

P< 0.01 significantly and  nsP>0.05 non significantly  different from CP control group 

 

 

 

 

Figure.7.2. A. GPx activity. All values expressed as Mean ± SD (n=6).**** P<0.0001;** 

P< 0.01 significantly and  nsP>0.05 non significantly  different from CP control group 
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Figure.7.2. B. GSH content. All values expressed as Mean ± SD (n=6).**** P<0.0001;** 

P< 0.01 significantly and  nsP>0.05 non significantly  different from CP control group 

 

 

 

Figure.7.2. C. SOD activity. All values expressed as Mean ± SD (n=6).**** P<0.0001;** 

P< 0.01 significantly and  nsP>0.05 non significantly  different from CP control group 
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Figure.7.2. D. Catalase activity. All values expressed as Mean ± SD (n=6).**** 

P<0.0001;** P< 0.01 significantly and  nsP>0.05 non significantly  different from CP 

 

 

 

Figure.7.2. E. Lipid peroxidation. All values expressed as Mean ± SD(n=6).**** 

P<0.0001;** P< 0.01 significantly and  nsP>0.05 non significantly  different from CP 
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Figure.7.3. A. Histopathological image showing normal architecture of cardiac tissue 

obtained from untreated-animals. 

 

 

Figure.7.3. B. Histopathological image of cardiac tissue obtained from CP treated 

animals showing, internal haemorrhage, Cardiac hypertrophy, wavy myofibrils, nuclear 

infiltration, pyknotic nuclei and myoplasm degeneration. 
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Figure.7.3. C. Cardiac tissue from animals treated with CP along with ME at a 

concentration of 100 mg/kg. b.w. 

 

 

 

Figure.7.3. D. Cardiac tissue from animals treated with CP along with ME at a 

concentration of 250 mg/kg. b.w. 
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Figure.7.3. E. Cardiac tissue from animals treated with CP along with ME at a 

concentration of 500 mg/kg.b.w. 

 

Figure.7.3. F. Cardiac tissue from animals treated with CP along with DL- -Lipoic 

acid at a concentration of 100 mg/kg.b.w. 
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Figure.7.4.A. PTAH-stained images of cardiac tissue from untreated control animals. 

 

 

Figure.7.4.B. Cardiac tissue images from CP treated animals.  
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Figure.7. 4.C PTAH-stained images of ME 100mg/kg + CP treated animals

 

 

Figure.7.4.D. PTAH-stained images of cardiac tissue obtained from ME 250 mg/kg + 

CP treated animals 
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Figure.7.4.E. PTAH-stained images of cardiac tissue obtained from ME 500 mg/kg + 

CP treated animals. 

Figure.7.5.(a-g). Analysis of gene expression. All values expressed as Mean ± 

SD(n=6). **** P<0.0001; **P<0.01; *** P<0.001;  ns P>0.05 compared to normal 
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Tables 

Table.7.1. Body weight, Heart weight and Relative heart weight of animals. All 

values are expressed as Mean±S.D **** P<0.0001; ns P<0.05; *** P<0.003; ** 

P<0.0019; * P <0.0393 

F.B.W : Final Body Weight, H.W: Heart Weight,  %Relative heart weight= 

(H.W/B.W)*100 

GROUP F.B.W before CP 
treatment 

after CP 
treatment 

H.W 
% Relative 

heart weight 

Normal 31±1.9 2.425±0.43 (+)2.82±0.56 0.126±0.008 0.45±0.03

CP 25.3±4.3 3.58±0.47 (-)3.11±1.4 0.142±0.005 0.57±0.11

ME 100 + CP 
23.42±4.6

2 
1.28±0.88 (-)2.26±1.15 0.109±0.004 0.39±0.13

ME 250 + CP 26.5±1.08 4.52±1.29 (-)1.9±0.82 0.109±0.001 0.41±0.016

ME 500 + CP 28.95±1.1 3.65±0.77 (+)3.6±1.19 0.115±0.002 0.41±0.021

-LA + CP 26.7±0.7 0.65±0.36 (-)2.6±1.41 0.08±0.01 0.3±0.045

Table.7.2. Effect of ME on TCA cycle enzyme levels 

 Values are the mean ± SD, n = 6, **** P<0.0001,***P=0.0001, ** P=0.0098, 

*P<0.01and ns P >0.05 (Dunnett test) with respect to CP alone treated groups : 

Isocitrate dehydrogenase (ICDH) µmoles of NAD+ reduced/min/mg protein; a-

ketoglutarate dehydrogenase (a-KGDH)  µmoles of NAD+ reduced/min/mg protein; 

succinate dehydrogenase (SDH)  µmoles of DCIP reduced/min/mg protein; malate 

dehydrogenase (MDH)  µmoles of NADH oxidized/min/mg protein

GROUP MDH AKDH ICDH SDH

CONTROL 1293.45±452.6* 48.3±17.1**** 95.9±8.4**** 69.5±19.3****

CP 408.7±218 11.15±4.3 34.7±9.2 30.1±3.7 

ME 100 + CP 597±80ns 17.6±9ns 113.5±4.9**** 30.5±4.8ns 

ME 250 + CP 965±411ns 34.7±8.9** 65.6±9.7**** 43.3±5.69ns 

ME 500 + CP 1686±929*** 73±19**** 106.12±12**** 56.5±7.9*** 

-LA + CP 334.98±88ns 29±12ns 129±6.1**** 34.3±4.3** 
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Table.7.3. Effect of ME on Electron Transport Chain Complex. 

Values are the mean ± SD, n = 6, **** P<0.0001,***P=0.0001, ** P=0.0098, 

*P<0.01and ns P >0.05 (Dunnett test) with respect to CP alone treated groups. Units: 

Complex I µmoles of DCIP reduced/min/mg protein; Complex III  µmoles of 

ferricytochrome C reduced/min/mg protein; Complex IV µmoles of ferro cytochrome 

C oxidized/min/mg protein 

GROUP Complex I Complex III Complex IV 

CONTROL 29.7±6.6**** 10.09±3.05**** 1371±195.6ns 

CP 6.27±2.8 1.7±0.5 1024±246 

ME 100 + CP 14.9±3.7ns 4.9±0.66** 642±35ns 

ME 250 + CP 20.7±7.3** 2.8±0.2ns 1618±258* 

ME 500 + CP 33.1±9.8**** 6.14±1.12*** 1939±524*** 

-LA + CP 7.9±0.59ns 5.05±1.7** 1153±433ns 
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CHAPTER 8 

Evaluation of Protective Effect  Methanol 

Extract of Morchella Esculenta Against 

Combination Treatment of Doxorubicin 

and Cyclophosphamide Induced 

Cardiotoxicity 
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8.1. Introduction 

Cancer is an important public health concern and it is anticipated to be the leading cause 

of death in the 21 st century (Leiter et al.,2023). Therefore, quest for novel and specific 

chemotherapeutic agents and the identification of specific targets are emerging fields 

in oncology research.  Even though  several drugs are effective when administered 

alone, combination chemotherapy with combination of one or more drugs are found to 

have enhanced response rates and longer remissions (Anand et al., 2023). This may be 

attributed to the additive or synergistic action of the drugs and which probably lowers 

the tendency of cancerous cells to become drug resistant. This combination therapy is 

mainly employed in the treatment of breast cancer (Jin et al.,2023). Cyclophosphamide, 

Docetaxel, Doxorubicin Hydrochloride, 5-Fluorouracil, Gemcitabine Hydrochloride, 

Methotrexate, etc., are the FDA approved chemotherapeutic agents currently used 

against breast cancer (Chaurasia et al.,2023). Doxorubicin- Cyclophosphamide 

combination along with Paclitaxel is widely used for the treatment of breast cancer 

(Zenjanab et al.,2024).  

 Doxorubicin and Cyclophosphamide elevate the release of reactive oxygen species 

which exhaust the antioxidant defence mechanism ultimately leading to cell death 

(Zhou et al., 2023). Due to the low levels of antioxidants and high mitochondrial levels 

cardiac tissue is more prone to the oxidative stress mediated toxicity (Jomova et al., 

2023). So, compounds that can alleviate oxidative stress induced cardiomyopathy is of 

interest now a days. Extensive studies are under progress for the mitigation of ill effects 

imparted by these chemotherapeutic agents. Several reports are available on the use of 

natural compounds which can be used as adjuvant therapy as cardio protectant without 

compromising the chemotherapeutic benefits (Marino et al.,2023).  

Current study focuses on the cardioprotective activity of methanolic extract of 

Morchella esculenta, an edible wild mushroom. M esculenta is widely used in 

traditional Chinese medicine for decades (Li et al.,2023). Previous studies reported the 

antioxidant, immunomodulatory, hepatoprotective, cardioprotective, anti-

inflammatory and anti-tumour activities of the bioactive extracts of Morchella 

esculenta (Nitha et al., 2010;Nitha et al., 2013;Nitha et a., 2007;Nitha et al., 2017). 

Major objective of the current study is to exmine the cardioprotective effect of 

methanolic extract of Morchella esculenta (ME) against combination treatment of 
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doxorubicin(Dox) and cyclophosphamide (CP) using Swiss Albino mice model and the 

results are presented in this chapter.

8.2. MATERIALS AND METHODS

8.2.1. Chemicals 

Doxorubicin  and Cyclophosphamide were purchased from the pharmacy of Amala 

Institute of Medical Sciences, India and CK-MB, LDH assay kits were obtained from 

Agappe Diagnostics India  Limited. All other chemicals and reagents used were of 

analytical grade.  

8.2.2. Experimental material and preparation of methanolic extract of M. 

esculenta fruiting body. 

Dried fruiting bodies of M. esculenta were procured from Organic Kashmir, a reputed 

mushroom dealer New Delhi. Refer section 3.2.2. 

8.2.3. In Vivo Studies 

Cardioprotective activity of ME against combination treatment of Dox and CP induced 

cardio toxicity were determined in Male Swiss Albino mice weighing 25-30 gram 

obtained from Small Animal Breeding Station, Kerala Agriculture University, 

Mannuthy, Thrissur, Kerala, India was employed in this study. The experiments were 

carried out following CPCSEA, Government of India guidelines and approval by 

Institutional Animal Ethic Committee (ACRC/IAEC/21(1)-P7).

 Animals were divided into six groups containing 6 animals in each group. The 

treatment protocol was as follows: Group I served as the control group  treated with 

drinking water for the whole experimental period; Group II animals were injected with 

three doses of CP(50mg/kg b.wt) + DOX (3.33 mg/kg b.w.) i.p. on the 8th, 10th and 12th 

day of the experiment. The treatment groups III, IV, V and VI were orally administered 

-lipoic acid 100 mg/kg b.w. respectively for the 

entire experiment period.  The experimental period was of 12 days, animals except 

Group I was administered Dox + CP (i.p.) on 8th, 10th and 12th day of the experiment. 

Twenty-four hours after the last doe of treatment, animals were weighed and euthanized 

in a CO2 chamber. The blood was collected by cardiac puncture immediately after 

cervical dislocation and serum collected by centrifugation at 3500 rpm for 10 minutes 

    96 



in a cooling centrifuge. The clear supernatant thus obtained was used for the 

determination of cardiac injury markers such as CK-MB, LDH, and Cardiac troponin-

I. Hearts were removed and weighed. Right halves of hearts were rinsed with PBS and 

stored at -80

mitochondrial electron transport chain complexes and left halves were preserved in 

10% formalin for histopathological evaluation (Das et al., 2022; Sandamali et al., 2020). 

8.2.3.1. Effect on body weight and heart weight of animals. 

The body weight was measured for each experimental animal on the initial day of the 

experiment. These measurements were again taken on the 7 th day before Dox and CP 

treatment and on the 13th day after Dox and CP treatment.  Body weight and heart 

weight ratio was calculated and analysed at the end of the experiment (Table.1).  

8.2.3.2. Effect on Cardiac Injury Marker levels. 

CK-MB, and LDH was spectrophotometrically analysed using diagnostic kit from 

Agappe Diagnostics Pvt Ltd, India.  Serum Cardiac Troponin- I, a cardiac specific 

biomarker was estimated by immuno-fluorescence assay method using Vidas High 

Sensitivity Troponin I kit, Biomerieux.  

8.2.3.3. Effect on antioxidant status in cardiac tissue. 

A 10% cardiac tissue homogenate was prepared in 50mM phosphate buffer (pH 7.4) 

containing 1mM EDTA. A part of the homogenate was transferred to 0.5 ml vials and 

used for estimation of lipid peroxidation by TBARS method (Ohkawa et al., 1979) and 

GSH by Moron et al., (1979) activities. The supernatant was obtained by centrifuging 

at 5000 rpm for 15 minutes in a cooling centrifuge and further used for determining 

activities of catalase (Beers et al., 1952), SOD (McCord et al.,1969) and GPx 

(Hafemann et al., 1974). Detailed methods are presented in section 3.2.5.  

8.2.3.4. Isolation of mitochondria  

Mitochondrial isolation was done based on differential centrifugation according to the 

method described by Ajith et al., with slight modifications (Ajith et al., 2009). The 

method is described in section 3.2.6.1. 

  

    97 



8.2.3.5. TCA cycle enzyme activity estimation 

Succinate dehydrogenase enzyme was assayed according to the method described by 

Sudheesh et al.,(Sudheesh et al., 2009). TCA cycle enzymes were determined by 

methods described in the section 3.2.6.2. 

8.2.3.6. Estimation of mitochondrial Electron Transport Chain Complex activity 

8.2.3.6.1. NADH Dehydrogenase (Complex I) 

NADH dehydrogenase activity was assayed by the method of Janssen et al.,(2007), with 

slight modifications. Refer section 3.2.7.3.1 for the detailed method. 

8.2.3.6.2. Estimation of Q-cytochrome C Oxido-reductase (Complex III)

Complex III was estimated based on the method described by Krahenbuhl et al., (1991) 

with slight modifications. Refer section 3.2.7.3.2 for the assay method. 

8.2.3.6.3. Cytochrome C Oxidase (Complex IV) 

Complex IV was estimated based on the method described by Brischigliaro et al., 

(2022), with slight modification. The assay was done as described in the section 

3.2.7.3.3. 

8.2.3.7. Histopathology Examination of Cardiac Tissue 

Histopathological analysis of cardiac tissue was done by method described in section 

3.2.8. 

8.2.3.8 Gene expression analysis 

Gene expression analysis of Nf-  p65, IL-6,IL- - -2 and KEAP-

1 was done according to the method described in section 3.2.9. 

8.2.4. Statistical Analysis 

All experimental data were statistically analysed with Graph Pad prism software and 

expressed as mean ± SD. The analysis was done using one-way analysis of variance 

(ANOVA) followed by  
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8.3 RESULTS 

8.3.1. Effect of ME on body weight and heart weight of animals. 

The body weight of animals treated with ME showed a marked increase after 7 days of 

treatment prior to CP+DOX administration.  There was a reduction in the body weight 

of animals treated with CP +DOX alone in a significant manner whereas the ME 

treatment reduced the weight loss  to a greater extend . Heart weight was higher than 

normal in CP+DOX treated animals which might be due to cardiac inflammation. The 

heart was appeared to be swollen and pale. The heart to body weight ratio was found to 

be higher than that of other groups in CP +DOX treated animals while the ratio was 

restored to normal level in other groups significantly (Table.8.1). 

8.3.2. Effect of ME on cardiac injury marker levels. 

Elevated levels of serum cardiac injury markers, CK-MB and LDH was observed in 

animals administered with CP+DOX. The animals treated with ME caused significant 

decline of CK-MB and LDH levels (Fig.8.1. A&B). Administration of CP+DOX 

resulted in elevated cardiac Troponin I level and the treatment with ME caused 

appreciable reduction  which indicated the decline of severity of cardiac tissue 

damage(Fig.8.1.C). 

8.3.3. Effect of ME on antioxidant system in cardiac tissue. 

The CP+DOX treatment resulted in deterioration of antioxidant levels in the cardiac 

tissue. Treatment with ME enhanced the activities of antioxidants significantly in the 

myocardial tissue. This was evident from the levels of GPx, GSH, SOD and Catalase 

in the heart tissue (Fig.8.2.A, B, C&D). CP+DOX treatment increased lipid 

peroxidation which was evident from the increased levels of TBARS. However, lipid 

peroxidation was effectively lowered by ME treatment (Fig.8.2.E). 

8.3.4. Effect of ME on activities of TCA cycle enzymes and ETC complex in cardiac 

mitochondria. 

The effect of ME treatment on TCA cycle enzyme levels and ETC complex of cardiac 

mitochondria are presented in Table.8.2 & 8.3 respectively. From the results it is 

evident that CP+DOX administration resulted in a drastic decline in the mitochondrial 
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ETC activity in a dose dependent manner. Especially in high dose of ME it almost 

restored the dehydrogenase level back to normal. ME at doses of 250 and 500 mg/kg 

b.wt. showed a statistically significant increase in mitochondrial dehydrogenases 

activity. ME treatment at a higher dose along with CP+DOX resulted in 4.1,6.5-,3.05- 

and 1.8- -ketoglutarate dehydrogenase, 

Isocitrate dehydrogenase and Succinate dehydrogenase activity compared to CP+DOX 

alone treated groups. Likewise, higher dosage treatment  of ME along with CP 5.2,3.6- 

and 1.89-fold increase in Complex I, III and IV levels than CP+DOX alone treated 

group. These results are indicative of mitochondrial protection imparted by ME 

treatment. 

8.3.5. Histopathological changes in cardiac tissue 

Histopathology examination revealed that CP+DOX administration caused severe 

cardiomyopathy. The tissues stained with haematoxylin-eosin  revealed  damage caused 

by CP+DOX administration as evidenced by  cardiac inflammation, myofibrillar loss, 

nuclear pyknosis and cytoplasmic vacuolization(Fig.8.3.A). PTAH staining revealed 

the presence of collagen ( red stain)  in cardiac tissues of animals administered with 

CP+DOX (Fig.8.4.B). The treatment with ME restored the normal architecture of 

cardiomyocytes in a dose dependent manner.  

8.3.6 Impacts of ME against CP+DOX-induced alteration in cardiac mRNA gene 

expression. 

CP+DOX treatment lowered the expression levels of NRF2  and elevated the expression 

of KEAP-1 which was reversed by the treatment with ME at different dosages. On the 

contrary, the gene expression levels of NF- -inflammatory cytokines such as 

IL-6, IL- -

CP+DOX, which was alleviated by ME treatment in cardiac tissue of the experimental 

animals. The results are presented in Fig.8.5.(a-g). 

8.4. Discussion 

 Doxorubicin and cyclophosphamide are frontline chemotherapeutic agents and are 

often used in the treatment of triple negative breast cancer as AC (Adriamycin and 

Cyclophosphamide) regimen. This combination regimen raises a major concern of 

cardiotoxic evets associated with it. The cardiotoxicity of both the drugs are mainly 
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attributed to the excessive free radical generation. Since cardiac cells have least 

antioxidant protection rather than other organs, they are highly prone to the ill effects 

imparted by these agents. The current experimental results reveal the cardioprotective 

effect of methanol extract of M. esculenta against combination chemotherapy of Dox 

and CP.  

 The current study shows that the  body weight of experimental animals' increased 

before the CP+DOX regimen. The administration of ME at high dose was effective in 

reducing the weight loss caused by CP+DOX  significantly.  Similarly, the heart / body 

weight ratio was higher in CP+DOX treated animals and this was restored to normal 

level by ME treatment. The increased heart weight resulting from cardiac hypertrophy, 

cardiac inflammation, expanded interstititum, and leukocyte infiltration could be the 

cause of the increased heart to body weight ratio. These results are consistent with the 

histopathological observations.  

 In this study we observed an elevation in the cardiac injury markers such as cardiac 

troponin-I, CK-MB and LDH which are released to the blood stream consequent to 

myocardial damage. Nevertheless, ME was able to reduce these signs of cardiac injury, 

which may be interpreted as a sign that the chemotherapy drugs induced heart muscle 

damage was shielded by ME. Likewise, the indigenous antioxidant defence system was 

unsuccessful in balancing the free radical generation caused by the combination 

chemotherapy regimen (CP+DOX) thus the observed depletion in the antioxidant 

levels. This was combated by ME treatment as evident from the successful restoration 

of antioxidants such as GPx, GSH, Catalase and SOD. Lipid peroxidation levels were 

also lowered by ME treatment. This was supported by the gene expression analysis of 

NRF2/KEAP-1 signalling. CP+DOX treatment caused an elevation in KEAP-1 gene 

expression and lowering of NRF-2 gene expression. ME treatment thus restored the 

antioxidant levels in cardiac tissue which was otherwise downregulated by CP+DOX 

treatment as evident from gene expression pattern .  

 Gene expression of pro-inflammatory genes such as NF-KB, IL-6, IL1- -

treatment. This elevated expression of pro-inflammatory markers in cardiac tissue 

might be the reason of observed cardiac inflammation. However, ME successfully 

combated all the ill effects induced by the combination chemotherapeutic regimen. 
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iNOS gene expression was increased in CP+DOX treatment which might be one of the 

reasons of depleted levels of mitochondrial TCA cycle enzymes and ETC complex in 

cardiac tissue mitochondria. ME significantly restored the cardiac mitochondrial 

enzyme activity.  

 The experimental findings presented in this chapter reveal the profound  

cardioprotective effect of ME against combination chemotherapy using CP+DOX 

treatment in animal model. The findings also reveal the potential therapeutic use of 

bioactive extract of M. esculenta in chemotherapy using drug combinations of 

cyclophosphamide and doxorubicin. 

Figures & Tables  

 

Figure.8.1. A CK-MB activity: values are the mean ± S.D; (n=6). ** P< 0.01 

significantly and  nsP>0.05 non significantly  different from CP+DOX control group 
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Figure.8.1. B LDH activity: values are the mean ± S.D; (n=6). ** P< 0.01 significantly 

and nsP>0.05 non significantly 

CD: CP+DOX. 

 

 

Figure.8.1. C. Cardiac Troponin-I: values are the mean ± S.D; (n=6). ** P< 0.01& * 

CD:CP+DOX. 
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Figure.8.2. A. GPx activity. All values expressed as Mean ± SD (n=6). *P<0.05; 

CD:CP+DOX. 

 

 

Figure.8.2. B. GSH content. All values expressed as Mean ± SD (n=6). *P<0.05; 

CD: CP+DOX.  
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Figure.8.2. C. SOD activity. All values expressed as Mean ± SD (n=6). *P<0.05; 

CD:CP+DOX. 

 

Figure.8.2. D. Catalase activity. All values expressed as Mean ± SD (n=6). *P<0.05; 

CD: CP+DOX. 
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Figure.8.2. E. Lipid peroxidation. All values expressed as Mean ± SD(n=6). **P<0.01; 

test). CD: CP+DOX. 
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Fig.8.3. A. Histopathological image showing normal architecture of cardiac tissue 

obtained from untreated-animals.  

 

 

 

Fig.8.3. B. Histopathological image of cardiac tissue obtained from CP+DOX treated 

animals showing, internal haemorrhage, Cardiac hypertrophy, wavy myofibrils, nuclear 

infiltration, pyknotic nuclei and myoplasm degeneration. 
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Fig.8.3. C. Cardiac tissue from animals treated with CP+DOX along with ME at a 

concentration of 100 mg/kg. b.w. 

 

 

Fig.8.3. D. Cardiac tissue from animals treated with CP+DOX along with ME at a 

concentration of 250 mg/kg. b.w. 
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Fig.8.3. E. Cardiac tissue from animals treated with CP+DOX along with ME at a 

concentration of 500 mg/kg.b.w. 

 

 

Fig.8.3. F. Cardiac tissue from animals treated with CP+DOX along with DL- -Lipoic 

acid at a concentration of 100 mg/kg.b.w. 
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Fig.8.4.A.  PTAH-stained images of cardiac tissue from untreated control animals. 

 

 

Fig.8.4.B. Cardiac tissue images from CP+DOX treated animals.  
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Fig.8.4.C. PTAH-stained images of ME 100mg/kg + CP+DOX treated animals 

 

 

 

 

Fig.8.4.D. PTAH-stained images of cardiac tissue obtained from ME 250 mg/kg + 

CP+DOX treated animals 
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Fig.8.4.E. PTAH-stained images of cardiac tissue obtained from ME 500 mg/kg + 

CP+DOX treated animals. 

 

 

 

Fig.8.4.F. PTAH- -Lipoic acid 100 

mg/kg + CP+DOX treated animals. 
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Fig.8.5.(a-g). Analysis of gene expression. All values expressed as Mean ± SD(n=6). 

**** P<0.0001; **P<0.01; *** P<0.001;  ns P>0.05 compared to normal untreated 
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Tables 

Table.8.1. Body weight, Heart weight and Relative heart weight of animals. All 

values are expressed as Mean±S.D **** P<0.0001; ns P<0.05; *** P<0.003; ** 

P<0.0019; * P <0.0393 

F.B.W : Final Body Weight, H.W: Heart Weight,  %Relative heart weight= 

(H.W/B.W)*100, CD: CP+DOX. 

GROU
P 

F.B.W 
CP+DOX treatment 

CP+DOX 
treatment 

H.W 
% 

H.W/B.
W 

Normal 
32.2±1

.23 
2.125±1.3 (+)3.57±0.5 

0.123±0.0
03* 

0.388±0.0
03**** 

CD 
24.91±

4.15 
2.416±1.43 (-)3.66±1.7 

0.145±0.0
25 

0.59±0.11 

ME 100 
+ CD 

24.18±
2.59 

1.2±0.44 (-)3.02±0.97 
0.099±0.0

12**** 
0.35±0.10

**** 

ME 250 
+ CD 

26.17±
1.17 

3.85±0.92 (-)2.17±0.12 
0.112±0.0

04*** 
0.43±0.03

8*** 

ME 500 
+ CD 

29.45±
0.52 

1.95±0.17 (+)3±0.6 
0.116±0.0

01*** 
0.39±0.00

8**** 

-LA + 
CD 

25.97±
0.974 

2.5±0.5 (-)3.75±1.18 
0.09±0.00

3**** 
0.35±0.03

**** 

 

Table.8.2. TCA cycle enzyme levels in cardiac mitochondria. 

 Values are the mean ± SD, n = 6, **** P<0.0001,***P=0.0001, ** P=0.0098, 

*P<0.01and ns P >0.05 (Dunnett test) with respect to CP+DOX treated groups : 

Isocitrate dehydrogenase (ICDH) µmoles of NAD+ reduced/min/mg protein; a-

ketoglutarate dehydrogenase (a-KGDH)  µmoles of NAD+ reduced/min/mg protein; 

succinate dehydrogenase (SDH)  µmoles of DCIP reduced/min/mg protein; malate 

dehydrogenase (MDH)  µmoles of NADH oxidized/min/mg protein. CD:CP+DOX. 
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GROUP MDH AKDH ICDH SDH

Normal 1293.45±452.6**** 48.3±17.1*** 95.9±8.4**** 69.5±19.3****

CD 189.8±64.9 14.6±4.2 19.5±2.5 19±5.9

ME 100 + CD 580.2±160.4* 14.9±4ns 21±6.7ns 47.8±2.5*** 

ME 250 + CD 515.7±153ns 80.84±18.3**** 106±28**** 79.9±8.82****

ME 500 + CD 1273.9±175**** 95.4±15.6**** 149.4±13.8**** 53.4±10.1****

-LA + CD 260±42ns 18±1.17ns 108.4±20.5**** 47.9±2.9*** 

 

Table.8.3. Effect of ME on Electron Transport Chain Complex. 

Values are the mean ± SD, n = 6, **** P<0.0001,***P=0.0001, ** P=0.0098, 

*P<0.01and ns P >0.05 (Dunnett test) with respect to CP+DOX treated groups. Units: 

Complex I µmoles of DCIP reduced/min/mg protein; Complex III  µmoles of 

ferricytochrome C reduced/min/mg protein; Complex IV µmoles of ferro cytochrome 

C oxidized/min/mg protein. CD: CP+DOX. 

GROUP Complex I Complex III Complex IV 

Normal 29.7±6.6**** 10.09±3.05**** 1371±195.6****

CD 9.67±2.88 1.66±0.6 64.9±20.9 

ME 100 + CD 4.3±1.9ns 3.5±0.25ns 273±94ns 

ME 250 + CD 12.2±1.6ns 3.5±0.3ns 373±76** 

ME 500 + CD 35.07±6.8**** 10.28±2.6**** 1236.3±289.5****

-LA + CD 7.3±3.3ns 1.12±0.12ns 346.9±48* 
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CHAPTER 9 

EVALUATION OF ANTITUMOR EFFECT OF 

DOXORUBICIN, CYCLOPHOSPHAMIDE 

AND THEIR COMBINATION vis-à-vis 

CARDIO PROTECTIVE EFFECT OF 

METHANOL EXTRACT OF Morchella 

esculenta  
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9.1 Introduction 

Chemotherapy induced cardiotoxicity is one of the bottlenecks  in clinical settings as it 

causes severe complications in patients under treatment (Florescu et al., 2019).

Cardiotoxicity is a major concern in chemotherapy because of the increased risk of 

mortality and morbidity associated with it (Adhikari et al., 2021). Doxorubicin and 

cyclophosphamide are front line chemotherapeutic drugs which are used either as a 

single candidate or in combination therapy. Both these drugs are known to cause 

various cardiac complications including left ventricular dysfunction, heart failure, 

arrythmia, myocarditis at their treatment dosages (Pondugula et al., 2022).  Cardiotoxic 

effects may range from acute/subacute cardiotoxicity  including abnormal ECG, 

arrythmias, LVD to chronic progressive cardiotoxicity which involves myocarditis, 

congestive heart failure etc (Iqubal  et al., 2019). Anthracycline induced cardiotoxicity 

has been reported during early 1970s and various studies reported the toxic nature of 

doxorubicin. The greatest determining factor of anthracycline induced cardiotoxicity is 

the dosage of application, 550mg/m2 cumulative dose showed highest prevalence of 

heart failure (Mallouppas . et al.,2021). Likewise, cyclophosphamide induced 

cardiotoxicity is also dose dependent, administration at a dose of 150mg/kg body 

weight or above can lead to irreversible cardiotoxicity. Various mechanisms were 

proposed on the pathophysiology of these drugs and the emphasized mechanism is the 

induction of oxidative stress and endothelial capillary damage which take a toll on 

myocardium.  

 Cardioprotective agents are given a paramount importance in order to improve the 

quality of life in cancer patients. Cardio protection strategies are categorized in to 

primary and secondary. Identifying the risk factors and their proper management falls 

under the primary protection strategy. Numerous risk factors are associated with the 

cardiotoxicity which comprises of smoking, age, lack of exercise, obesity, high dosage 

regimen of chemotherapeutic drugs, cardiovascular complications, diabetes mellitus 

etc. A thorough assessment of the cardiac health by reviewing the cardiac injury 

markers and imaging evaluation is recommended (Omland  et al., 2022). 

Cardioprotective medical therapy for the past two decades include the use of beta-

blockers, angiotensin converting enzyme inhibitors, statins, dexrazoxane and physical 
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exercise. (Upshaw .2020). Quest for natural products as cardioprotective agents is an 

area of interest in cardio-oncology. 

Various studies are reported on the cardioprotective property of medicinal 

mushrooms such as Ganoderma sp., Cordyceps sp., etc (Chugh  et al., 2022). Adequate 

information on the  cardioprotective effect of morel mushroom Morchella sp., against 

drug induced cardiotoxicity s not available. Previous studies in our lab using H9C2- 

cardio myoblast cell lines  found the cardioprotective effect of methanolic extract of 

Morchella esculenta against doxorubicin induced cardiotoxicity(Das et al.,2022). 

Current study aimed to find out cardioprotective property of methanolic extract of 

Morchella esculenta against doxorubicin, cyclophosphamide, and combination of 

doxorubicin and cyclophosphamide in DLA induced solid tumour bearing  Swiss 

Albino mice model. 

9.2.Materials and methods 

9.2.1. Chemicals 

Doxorubicin and cyclophosphamide were purchased from Amala Institute of Medical 

Sciences, Kerala, India. CK-MB and LDH diagnostics kits were purchased from agape 

diagnostics. All other chemicals used were of the highest analytical grade possible. 

9.2.2. Animal Experiment 

Seventy-eight male Swiss albino mice weighing approximately 25g purchased from 

Small Animal Breeding Station, Kerala Agricultural University, Thrissur, Kerala, India, 

were used for the study. They were housed in well-ventilated cages with controlled 

conditions of light and humidity (photoperiod: 12 h artificial light and 12 h darkness, 

temperature: 25°C-27°C, humidity: 65 67 %) for two weeks for acclimatization. The 

experiments were carried out following the guidelines of CPCSEA, Government of 

India and approval by Institutional Animal Ethic Committee (ACRC/IAEC/22(1)-P9).

9.2.3.Tumour Induction  

DLA cells were obtained from the culture maintained in vivo in peritoneal cavity of 

Swiss albino mice in our research centre. Cells were aspirated, washed with phosphate-

buffered saline (pH-7.4) to remove cell debris and dead cells. Cell viability was 

estimated by trypan blue assay. Solid tumour was induced by injecting 1 million DLA 
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cells (1 × 106 cells) subcutaneously into the right hind limbs of all animals except in the 

normal group of animals. Animals were then grouped as follows into 13 groups 

containing 6 animals in each group: 

Group 1: Normal animals without tumour induction or treatment 

Group 2: DLA cells injected control animals 

Group 3: DLA-induced tumour treated with DOX (cumulative dose of 18 mg/kg body 

weight) 

Group 4: DLA-induced tumour treated with CP (cumulative dose of 200 mg/kg body 

weight) 

Group 5: DLA- induced tumour treated with DOX + CP (cumulative dose of 10mg/kg 

and 150 mg/kg body weight respectively) 

Group 6: DLA-induced tumour treated with ME (100mg/kg body weight)

Group 7: DLA-induced tumour treated with ME (500mg/kg body weight)

Group 8: DLA-induced tumour treated with ME (100 mg/kg) + DOX (cumulative dose 

18 mg/kg body weight) 

Group 9: DLA-induced tumour treated with ME (100 mg/kg) + CP (cumulative dose 

200 mg/kg body weight) 

Group 10: DLA-induced tumour treated with ME (100 mg/kg) + DOX + CP 

(cumulative dose 10mg/kg and 150 mg/kg body weight respectively) 

Group 11: DLA-induced tumour treated with ME (500 mg/kg) + DOX (cumulative dose 

18 mg/kg body weight) 

Group 12: DLA-induced tumour treated with ME (500 mg/kg) + CP (cumulative dose 

200 mg/kg body weight) 

Group 13: DLA-induced tumour treated with ME (500 mg/kg) + DOX+ CP (cumulative 

dose 10mg/kg and 150 mg/kg body weight respectively). 

           The day of transplantation of DLA cells was considered as day 0. Animals in all 

groups except group 1 and 2 were administered with ME from day 8 to18 of the 

experiment after tumour development. Group 3, 4 and 5 were injected with DOX 

(6mg/kg b.wt/animal/day), CP (66.6 mg/kg b.wt/animal/day) and combination 
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treatment of DOX (3.3mg/kg b.wt/animal/day) and CP (50mg/kg b.wt/animal/day) on 

day 8, 10 and 12 as mentioned. Group 6 and 7 were administered with ME at dosages 

100 and 500 mg/kg. b.wt. respectively orally for 10 days after the tumour development. 

Group 8, 9 and 10 received combination treatment of ME 100mg/kg b.wt along with 

chemotherapy as mentioned above. Group 11,12 and 13 were treated with ME 

500mg/kg b.wt along with chemotherapy as described previously. Horizontal and 

vertical diameters of the tumour were measured using vernier callipers on 7, 14, 21 and 

28thday of the experimental duration. Tumour volume was calculated using the 

following formula:  

Tumour volume =  

were sacrificed on 29 th day of the experimental period. Blood was collected by cardiac 

puncture and serum was obtained by centrifugation and used for assay of cardiac injury 

marker. Heart tissue was homogenized in 40mM Tris-HCl buffer and used for 

biochemical analysis. A section from the left half of the heart was transferred to 10% 

formalin and used for histopathology observation(Das et al., 2022).

9.2.4.Assay for Cardiac Injury Markers 

Cardiac injury markers are released consequent to myocardial injury and this can be 

used as an index for assessing cardiac damage. Cardiac injury markers, CK-MB and 

LDH were estimated using Agape Diagnostics kits following the methods described by 

the manufacture. 

9.2.5.Determination of Antioxidant Status in Cardiac Tissue 

Antioxidant status in the cardiac tissue was evaluated by determination of activities of 

catalase, GSH, SOD and lipid peroxidation following methods described 

previously(Das et al., 2024). 

9.2.6. Histopathology Observation of Cardiac Tissue 

The cardiac tissue obtained from each animal was preserved in a 10% formalin solution. 

Thin sections of heart tissue were cut, dehydrated and cleared using different grades of 

ethanol and xylene respectively in an automatic processing facility. The sections were 
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then embedded in paraffin wax blocks. Microtome sections of 4-5µm thickness of the 

tissue were obtained and sections were stained with haematoxylin - eosin (H&E) and 

the slides were examined for routine histopathological features(Das et al., 2022). All 

the slides were examined under Olympus BX41 microscope and photographed using a 

digital camera at a magnification of 10X.  

9.2.7.Statistical Analysis 

All experimental data were statistically analysed with Graph Pad prism software and 

expressed as mean ± SD. The analysis was done using one-way analysis of variance 

(ANOVA) followed by  

9.3.RESULTS 

9.3.1.Effect of ME on relative body and heart weight upon administration of 

chemotherapeutic drugs 

The body weights of the animals were found drastically reduced after the administration 

of cyclophosphamide and doxorubicin, whereas the weight loss of animals was not 

significant when treated with ME along with CP or DOX (Figure.9.1). In DLA solid 

tumour bearing mice without drug treatment, there was a steady increase in the body 

weight. The relative heart weight was high in CP, DOX and CP + DOX treated group 

of animals compared to normal mice whereas no significant difference in the heart to 

body weight ratio was observed between ME treated groups and normal animals 

(Table.9.1). 

9.3.2.Effect of Cardiac injury marker levels in tumour bearing animals 

administered with ME and chemotherapeutic drugs 

Levels of cardiac injury markers (CK-MB and LDH) in the serum were assessed in 

different experimental groups to evaluate the cardioprotective effect of ME on tumour 

bearing animals administered with chemotherapeutic drugs. Compared to normal mice 

LDH levels were elevated in chemotherapeutic drugs treated groups of animals. 

However, in animals administered with ME along with chemotherapeutic drugs the 

levels of cardiac injury markers were relatively low. This indicated the protective effect 

conferred by ME on tumour bearing animals against chemotherapy drug induced 

cardiotoxicity (Figure.9.2.A&B). 
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9.3.3.Effect on oxidative stress induced by chemotherapeutic drugs on tumour 

bearing animals treated with ME

The activities of antioxidant such as catalase, GSH and SOD were found to be reduced 

following administration of CP and DOX while lipid peroxidation was enhanced. These 

deleterious effects on antioxidant status in the myocardium caused by CP and DOX was 

down regulated by the treatment with ME in a dose dependent manner (Figure.9.3.A-

D). 

9.3.4.Effect on tumour growth on mice administered with chemotherapeutic drugs 

and ME 

The tumour volume was found to be increasing up to day 14 in all the groups of animals 

and after 14 days a significant reduction in tumour volume was noted in drug 

administered groups of animals. ME alone treated groups also showed a marked 

reduction in the tumour volume. ME administration did not delimit antitumor effect of 

doxorubicin or cyclophosphamide treatment either alone or in combination. ME at high 

doses was successful in reducing the tumour volume significantly. DOX, CP and 

CP+DOX also reduced the tumour volume significantly however it was accompanied 

by weight loss of animals. The treatment with ME alone or in combination with CP, 

DOX and CP+DOX was effective in lowering the tumour burden without loss of body 

weight (Figure.9.4.). 

9.3.5. Histopathology observation of cardiac tissue of tumour bearing mice 

treated with chemotherapeutic drugs and ME 

Histopathology observation of cardiac tissue of animals revealed that severe damage 

was inflicted to the cardiac myocytes by CP, DOX and their combination treatments. 

The treatment with ME at different concentrations ameliorated the damages induced by 

chemotherapeutic drugs on cardiac tissue without affecting their antitumor effect 

(Figure.9.5.A-L). 

9.4. Discussion 

Chemotherapy induced myocardial damage is one of the hurdles in cancer treatment 

and it is the limiting factor determining the efficacy of the treatment (Pushparaji et al., 

2021). Cyclophosphamide and doxorubicin are the major front-line drugs used either 

as single agents or in combination chemotherapy regimen (Rej et al., 2023). Both these 
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drugs are reported to induce multiple organ toxicity . Therefore, the versatility of these 

chemotherapeutic agents is diminished by the organ toxicity associated with the 

treatment regimen. Both these drugs are known to exert their ill effects by generating 

reactive oxygen species and thereby creating an oxidative stress environment which 

will eventually cause cellular damage.  

Dexrazoxane is the only FDA approved cardioprotective agent that confers protection 

against doxorubicin induced cardiotoxicity, but recent studies have shown that it causes 

secondary malignancy development in cancer patients (Hoeger et al., 2020). In this 

context the relevance of plant-based products and natural compounds which can 

mitigate the toxic effect is envisaged. A number of reports are available on plant based 

natural products having high antioxidant capability which are capable to  reduce the 

oxidative stress load and provide protection against chemotherapy induced cardio 

toxicity (Cadeddu Dessalvi  et al., 2021, Ikram  et al., 2021, Sahiner  et al., 2022). 

 Current study is focussed on the cardioprotective nature of methanolic extract of 

Morchella esculenta against chemotherapy induced cardiotoxicity in DLA tumour 

bearing mice. Previous studies in our laboratory have demonstrated the anti-tumour, 

and hepatoprotective property of Morel mushrooms (Nitha et al., 2020 & Ramya  et al., 

2022). Cardioprotective nature of medicinal mushroom Ganoderma lucidum against 

doxorubicin induced cardiotoxicity in Swiss Albino mice model was also reported from 

our lab. (Veena et al.,2022). In the current study, the cardioprotective effect of M. 

esculenta against treatment of cyclophosphamide and doxorubicin, either alone or in 

combination on solid tumour bearing mice was observed by us.  

 In vivo antioxidant activities were enhanced by treatment with M. esculenta extract  

which is evident from the lowering of lipid peroxidation and enhanced activities of 

SOD, Catalase and GPx. The elevated levels of cardiac injury markers consequent to 

chemotherapy is also found to be lowered by the extract which also supports our 

hypothesis. Histopathological images were in concordance with the above conclusion 

that the normal architecture of the cardiac tissue in chemotherapy treated animals were 

disturbed which was restored to considerable extent by the treatment with M. esculenta 

extract.  
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Current experimental results show that the cardioprotective property of ME does not 

hinder the chemotherapeutic potential of doxorubicin or cyclophosphamide either alone 

or in combination as evident from the inhibition of tumour growth by these drugs even 

after the administration of ME. The anti-tumour potential of the chemotherapeutic 

agents was not compromised with the co-treatment with ME. This indicated that 

bioactive extract of M. esculenta did not delimit the antineoplastic effect 

chemotherapeutic drugs. The findings envisage the potential use of M.esculenta 

bioactive extract in clinical settings for prevention of chemotherapy induced 

cardiotoxicity. 
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Figures  

 

Figure.9.1. Change in body weight of animals administered with ME and 
chemotherapeutic drugs. Values are expressed as Mean±S.D, n=6. **** P<0.0001; 
***P=0.0001;**P<0.001;*P<0.01;ns P>0.05 
DLA: Dalton lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; 
CP+DOX: Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  
 

Figure.9.2.A. CK-MB levels in serum of animals administered with ME and 
chemotherapeutic drugs. 
Values are expressed as Mean±S.D, n=6. **** P<0.0001; 
***P=0.0001;**P<0.001;*P<0.01;ns P>0.05. 
DLA: Dalton lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; 
CP+DOX: Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  
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Figure.9.2.B. LDH levels in serum of animals administered with ME and 
chemotherapeutic drugs. 
 
Values are expressed as Mean±S.D, n=6. **** P<0.0001; 
***P=0.0001;**P<0.001;*P<0.01;ns P>0.05. 
DLA: Dalton lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; 
CP+DOX: Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  

 
 
 

Figure.9.3.A. GSH levels in cardiac tissue homogenate of animals administered 
with ME and chemotherapeutic drugs. 
 
Values are expressed as Mean±S.D, n=6. **** P<0.0001; 
***P=0.0001;**P<0.001;*P<0.01;ns P>0.05. 
DLA: Dalton lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; 
CP+DOX: Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  
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Figure.9.3.B. SOD activity in cardiac tissue homogenate of animals administered 
with ME and chemo drugs. 
 
 Values are expressed as Mean±S.D, n=6. **** P<0.0001; 
***P=0.0001;**P<0.001;*P<0.01;ns P>0.05. 
DLA: Dalton lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; 
CP+DOX: Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  

 

 

 

Figure.9.3.C. Catalase activity in cardiac tissue homogenate of animals 
administered with ME and chemotherapeutic drugs. 
 
 Values are expressed as Mean±S.D, n=6. **** P<0.0001; 
***P=0.0001;**P<0.001;*P<0.01;ns P>0.05. 
DLA: Dalton lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; 
CP+DOX: Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  
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Figure.9.3.D. MDA levels in cardiac tissue homogenate of animals administered 
with ME and chemotherapeutic drugs. 
 
Values are expressed as Mean±S.D, n=6. **** P<0.0001; 
***P=0.0001;**P<0.001;*P<0.01;ns P>0.05. 
DLA: Dalton lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; 
CP+DOX: Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  

 

 

Figure.9.4. Effect of ME on tumour growth ( volume) in different periods after the 
administration of DOX, CP and CP+DOX . 
 
 The values are expressed as ± SD of three separate experiments. *p<0.05 Significant 
compared to DLA control group on the respective days. 
DLA: Dalton lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; 
CP+DOX: Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  
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Figure.9.5. Histopathology images of cardiac tissue of animals administered with 

ME and chemo drugs.  

 A: DLA treated animal; B, C and D: Cardiac tissue of Dox, CP and CP+DOX treated 

animal respectively, marked by nuclear pyknosis and cytoplasmic degeneration(red 

arrow), nuclear infiltration(blue arrow) Internal haemorrhage(White arrow). E,F,G: 

Cardiac tissue of ME 100 mg/kg b.wt along with DOX, CP and CP+DOX treated 

animals showing reduction in the pyknotic nuclei and internal haemorrhage. H, I, J: 

Cardiac tissue of ME 500mg/kg b.wt along with DOX, CP, CP+DOX treated animal 
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showing cardiac architecture similar to that of normal cardiac tissue; K and L 

represents the cardiac tissue of ME 100 and ME500 treated animals. DLA: Dalton 

lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; CP+DOX: 

Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  

Table 

 Table.9.1. Final body weight, heart weight and relative heart weight. Values are 

expressed as Mean±S.D, n=6. **** P<0.0001; ***P=0.0001;**P<0.001;*P<0.01;ns 

P>0.05. DLA: Dalton lymphoma ascites; CP: Cyclophosphamide; DOX: Doxorubicin; 

CP+DOX: Cyclophosphamide + Doxorubicin; ME: Methanol extract of M. esculenta.  

Group Body weight(B.W) Heart Weight(H.W) H.W/B.W

NORMAL 31±1.9 0.113±0.015 0.004±.0002 

DLA 38.3±5.5 0.16±0.04**** 0.004±0.0008ns 

CP 27±5.03 0.139±0.011ns 0.0052±0.0007** 

DOX 24.75±0.5 0.134±0.007ns 0.0054±0.0002** 

CD 33±2.8 0.165±0.018**** 0.0057±0.0009**** 

ME100+CP 23.3±2.8 0.105±0.008ns 0.004±0.0002ns 

ME100+DOX 27.3±4.5 0.12±0.023ns 0.004±0.001ns 

ME100+CD 24.25±4.9 0.115±0.018ns 0.004±0.0007ns 

ME500+CP 35±1 0.111±0.009ns 0.0031±0.0001ns 

ME500+DOX 34.3±0.57 0.13±0.009ns 0.003±0.0003* 

ME500+CD 28±4.5 0.143±0.016* 0.005±0.0004* 

ME 500 27.25±2.6 0.116±0.003ns 0.0043±0.0004ns 

ME100 31.3±1.2 0.119±0.003ns 0.0037±0.0002ns 
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10.1. Introduction 

Enhanced awareness of the toxicity of synthetic drugs has created a  hesitation among 

the people to use synthetic  chemical medications because of their negative effects. As 

a result, traditional herbal remedies are becoming increasingly popular due to their 

naturalness, environmental friendliness, and lack of adverse effects. Drug discovery is 

a critical component in the development of novel drug molecules with a variety of 

moiety attachments, which results in the management of numerous diseases. One of the 

most often utilized methods for drug discovery is molecular docking. With docking, 

one may discover new therapeutically relevant molecules by targeting the molecule and 

predicting the target ligand interactions as well as different conformation of ligand at 

various positions. The prediction signifies the effectiveness of the molecule or the 

developed molecule having different affinity with target (Sahu et al., 2024).

Wild mushrooms have gathered exceptionally high level of interest in the fields of 

medicine,   and food  in recent years due to their exceptional nutritional and therapeutic 

properties. Mushrooms have been recognized as a nutritious source and have the 

potential to enhance health by promoting significant effects on immunity. According to 

several researchers, mushrooms contain compounds that possess anti-inflammatory, 

antioxidant,   antimicrobial and anticancer properties ( Janardhanan et al, 2020,Ejaz et 

al., 2024). 

This chapter describes the molecular docking analysis of most abundant compounds 

present in the methanol extract of M. esculenta based on  LC-MS analysis.  

10.2. Materials and Methods. 

10.2.1. Experimental Material and Preparation of Methanolic Extract

Dried fruiting bodies of M. esculenta were procured from Organic Kashmir, a reputed 

mushroom dealer New Delhi. The methanolic  extract ( ME) was prepared by the 

previously described method. Refer section 3.2.2. 

10.2.2. Liquid chromatography-mass spectrometry (LC-MS) analysis of ME   

 LC-MS analysis of  ME was carried out by the previously described method . Refer 

section 4.5. 
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10.2.3. Ligand selection. 

LC-MS data was analysed for choosing the most abundant compound present in ME. 

Thereafter literature survey was done for further selection of compounds based on their 

bioactivity such as anti-oxidant, anti-inflammatory and cardio protection.

10.2.4. Drug-Likeness and Toxicity Prediction 

The drug-likeness was predicted using Lipinski's rule of five, which establishes the 

consistency of medications that are taken orally. The Swiss ADME web tool predictor 

was used to screen the chosen chemicals (Solacapine, Gamma-tocopheryl quinone, 

Imperialine, Petroselinic acid, and Diepomuricanin A) in this investigation. The 

number of hydrogen donors, acceptors, and rotatable bonds is provided by the Swiss 

ADME predictor. 

10.2.5. Molecular docking analysis 

From the biochemical and gene expression analysis it was clear that ME was efficient 

in increasing antioxidant enzyme levels. Therefore, molecular docking was done to 

analyse the interaction energies of Solacapine, Gamma-tocopheryl quinone, 

Imperialine, Diepomuricanin A and Petroselinic acid with Keap-1 (PDB ID: 5GIT). 

The 3D structure of Keap-1 was downloaded from RCSB PDB (Research Collaboratory 

Structural Bioinformatics Protein Data Bank). Ligand structures were downloaded in 

.sdf format from PubChem and converted into .pdbqt file using Open babel: The Open-

Source Chemistry Toolbox . Docking was performed using the software Autodock 

Tools Ver.1.5.6 and the optimization of receptor was completed by deleting water 

molecule, add kollmann charges, add polar hydrogen and arranging the grid box. The 

grid parameters are as follows  

Number of grid points (x, y, z):           61, 69, 63 

Grid size (x, y, z):                                22.500000, 25.500000, 23.250000A 

Grid spacing:                                     0.375000A.  Discovery Studio 2024 client software 

was used to visualize the interactions and creation of images (Ismail et al., 

2020;Abukhalil et al., 2021) 
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10.2.6. MD simulation analysis 

MD simulations were done to predict how well these compounds bind to its target 

protein.MD simulations were performed with GROMACS using the CHARMM36 

force field. Energy minimization was carried out using the steepest descent algorithm 

 Post-

Simulation analyses included root-mean-square deviation (RMSD), root-mean-square 

fluctuation (RMSF), radius of gyration (Rg), hydrogen bonding patterns, PCA 

Analysis. Binding free energies were evaluated using MMPBSA and MMGBSA 

methods for five key ligands: Gammatocopheryl_quinone, Solacapine, Imperialine, 

Petroselinic_acid, and  Diepomuricanin_A. To monitor conformational and structural 

changes of the backbone atoms of the Keap-1 and protein-ligand (Gammatocopheryl_ 

quinone, Solacapine, Imperialine, Petroselinic_acid, and  Diepomuricanin_A) 

complexes were carried out by RMSD analysis. The Root Mean Square Fluctuation 

(RMSF) is used for analyzing local changes along with the protein chain residues and 

analyzing changes in the ligand atom position at a specific temperature and pressure. 

FEL refers to the potential energy of a protein-ligand complex as a function of the 

positions and orientations of the protein and ligand atoms. FEL can be used to predict 

binding sites on the protein. 

10.3. Results 

10.3.1. Drug-Likeness and Toxicity Predictions 

SWISS ADME software was used for predicting drug likeness. Lipinski's rule of five, 

which determines the consistency of orally active drugs, was employed to predict the 

toxicity and drug-

five states that a drug molecule generally does not violate more than one of the 

following five rules: molecular mass < 500 Da, high lipophilicity (expressed as LogP< 

than 5), < 5 hydrogen bond donors, < 10 hydrogen bond acceptors, and molar 

refractivity between 40 and 130. 5 compounds were finally chosen for molecular 

docking studies.  
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As displayed in Table 10.1. Gamma tocopheryl quinone, Imperialine, Petroselinic acid, 

Diepomuricanin A and Solacapine did not violate any rules, suggesting that they could 

be suitable for oral administration. 

10.3.2. Molecular docking analysis. 

Drug discovery frequently uses molecular docking studies to comprehend gene 

pathways and drug receptor interactions. The cardioprotective effect of ME might be 

attributed  to its antioxidant capacity which was proved by in vitro and in vivo studies. 

Gene expression analysis results implies that ME administration is causing an elevation 

in Nrf2 levels and the biochemical assays resulted in an enhanced expression of 

antioxidant enzymes such as SOD, GSH, GPx and Catalase. Therefore, in silico studies 

to  determine the Keap1-Nrf-2 regulation was done. Keap-1 is a cysteine rich- protein 

which is a negative regulator of Nrf-2. The substrate adaptor function of KEAP1 is 

compromised by chemical alteration of its sensor cysteine(s), which results in NRF2 

build up and increased transcription of NRF2-dependent genes. The upstream 

regulatory regions of these genes contain antioxidant response elements (AREs), where 

NRF2 binds as a heterodimer with a small Maf transcription factor. 

 In this study Gamma tocopheryl quinone, Imperialine, Petroselinic acid, 

Diepomuricanin A and Solacapine showed lowest binding energies -7.53, -7.95, -6.06, 

-5.71 and -7.01 kcal/mol respectively towards the targeted KEAP-1 protein resulted in 

highest binding affinities. Based on the result from Discovery Studio Visualizer 4.1 

client these ligands show a bond formation with the cys-151 residue which is the most 

active cysteine residue of KEAP-1. The results are shown in Figure.10.1. 

10.3.3. MD simulation analysis.  

10.3.3.1. Binding Free Energy Analysis 

Binding free energies were evaluated using MMPBSA and MMGBSA methods for five 

key ligands: Gammatocopheryl_quinone, Solacapine, Imperialine, Petroselinic_acid, 

and Diepomuricanin_A. Among these, Gammatocopheryl_quinone exhibited the 

strongest binding stability, driven primarily by van der Waals forces and electrostatic 

interactions. Poisson-Boltzmann (PB) calculations revealed significant polar solvation 

energy effects, indicating differences in solvent accessibility compared to Generalized 

Born (GB) results. Solacapine demonstrated moderate binding stability, with 
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hydrophobic residues contributing predominantly, while PB calculations indicated 

higher solvation penalties. Imperialine displayed balanced contributions from polar and 

nonpolar interactions, supported by hydrogen bonding networks. Petroselinic_acid 

exhibited stability driven largely by van der Waals interactions, with moderate 

electrostatic contributions. Finally, Diepomuricanin_A showed moderate binding 

stability with distinct contributions from aromatic residues, suggesting mixed 

electrostatic and van der Waals forces. The results are given in Table 10.1 & 10.2. 

10.3.3.2. Dynamic Behaviour 

RMSD profiles indicated structural equilibration within 5 10 ns, with sustained 

stability throughout the simulation. Solacapine exhibited slightly elevated deviations, 

reflecting flexible binding (Figure.10.2. A). RMSF analysis identified loop regions 

with higher flexibility, highlighting potential roles in dynamic ligand recognition 

(Figure.10.2.B). PCA analysis showed compact clustering for stable ligands like 

Gammatocopheryl_quinone, while Solacapine exhibited broader dispersion,   

consistent with higher RMSD values (Figure.10.3). DCCM analysis results are shown 

in Figure. 10.4. Free energy landscape (FEL) analysis revealed deeper wells for 

Gamma tocopheryl_quinone, reflecting rigid binding and reduced conformational 

entropy, while Solacapine and Diepomuricanin_A occupied shallower wells, 

suggesting flexible dynamics and multiple binding modes. Results are represented in 

Figure. 10.5. 

10.4. Discussion 

Molecular docking of the ligands  Solocapine, Gamma-tocopheryl quinone, 

Petroselinic acid and Imperialine with KEAP-1 BTB domain were studied and 

summarized in this chapter. KEAP1 is a cysteine rich protein which is the negative 

regulator of NRF2. At homeostatic conditions KEAP1 mediates the ubiquitination and 

proteasomal degradation of NRF2 (Dinkova-Kostova et al., 2017). 

Keap1 belongs to the BTB-Kelch protein family. Although it still goes by the gene 

name KEAP1, it is also referred to as KLHL19 in accordance with the protein family's 

naming scheme. KLHL and KBTB proteins are the two subtypes of BTB-Kelch 

proteins. Typically, KLHL proteins have a C-terminal Kelch domain composed of 5e6 

Kelch motif repeats, a BACK domain, and an N-terminal Broad complex, Tramtrack, 
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and Bric a brac (BTB) domain. The N-terminal BTB domain and the C-terminal Kelch 

domain, which is composed of two to four Kelch repetitions, make up KBTB proteins. 

Sometimes they have a BACK domain as well (Dinkova-Kostova 2017).

 The complex's dimeric structure is essential to its operation. One molecule of the 

substrate, Nrf2, is engaged by two molecules of Keap1. The ETGE and DLG motifs are 

the two motifs in the Nrf2 protein that each of the Kelch domains interacts . By binding 

to Keap1, the central helix is positioned in the center of the complex, ready for the 

attachment of ubiquitins from the activated E2 enzymes on each side. These two motifs 

are located at either side of a core lysine-rich a-helix. It is believed that a suggested 

"hinge-and-latch" mechanism connects Nrf2 to Keap1. A number of extremely reactive 

Cys residues that function as cellular redox status sensors are found in KEAP1, 

including Cys151 at the BTB domain, Cys226, Cys273, and Cys288 at the IVR domain, 

and Cys613 at the Kelch domain. 

 Numerous substances classified as NRF2 inducers are undergoing preclinical and 

clinical investigation due to NRF2 pathway's significant influence on numerous 

physiological processes and its potential as a therapeutic target in various disorders. 

According to previously established processes, the majority of these are electrophilic 

compounds that can combine with KEAP1-Cys residues to trigger NRF2 nuclear 

accumulation. One well-known example is DMF, which is authorized to treat relapsing-

remitting multiple sclerosis. Monomethyl fumarate (MMF), a metabolite generated 

from DMF, easily interacts with Cys151 at the KEAP1 BTB domain to activate the 

NRF2 pathway.  

Sulforaphane and cyanoenone triterpenoids, which are also undergoing clinical testing, 

are significant instances of electrophilic NRF2 inducers. Remarkably, cyclic cyanoenes 

have demonstrated a reversible covalent bond with KEAP1,  suggesting a marginally 

distinct mode of action with possible benefits such the lack of long-term target 

modification (Crisman et al.,2023).  

 These results underscore the importance of ligand-receptor interactions in drug 

design. Gammatocopheryl_quinone emerged as a highly stable candidate for 

applications requiring strong receptor interactions. Solacapaine displayed greater 

flexibility, which may suit adaptive binding scenarios. Imperialine, Petroselinic_acid, 

and Diepomuricanin_A demonstrated balanced and moderate interactions, respectively, 
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highlighting their potential for diverse pharmacological applications. The 

complementary PB and GB analyses emphasized the solvent-dependent nature of 

binding affinities, providing valuable insights for future optimization efforts. The 

ligands Solocapine, Imperialine, Petroselinic Acid, and Gamma-tocopheryl Quinone 

have found  good binding affinities with CYS-151 in this investigation. Further research 

inputs on ME and its chemical constituents would open up their unique   

cardioprotective  characteristics beneficial for clinical application and innovation in 

cardio oncology.    
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Figure.10.1. Molecular docking and interaction pattern analysis of the compounds 

with KEAP1.  

Figure.10.2. A. RMSD analysis of KEAP-1 
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Figure.10.2.B. RMSF analysis of KEAP-1 

 

 

Figure.10.3. PCA analysis. 

 

 

 

Gammatocopheryl_quinone Diepomuricanin_A 
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Petroselinic acid Imperialine 

 

Solacapine 

 

Figure.10.4. DCCM analysis of KEAP-1 

 

 

KEAP1 Diepomuricanin_A with KEAP1 
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Gammatocopheryl_quinone with 

KEAP1 

Imperialine with KEAP1 

Solacapine with KEAP1 Petroselinic acid with KEAP1 

 

Figure.10.5. FEL analysis of KEAP-1. 
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Compound 
Molecular 

weight 

Hydrogen 
bond 
donor 

Hydrogen 
bond 

acceptor 
Log P 

Molecular 
refractivity

Solacapine 432.68g/mol 4 4 4.02 132.56

Gamma-
tocopheryl 

quinone 
432.68g/mol 1 3 4.43 135.26

Imperialine 429.64g/mol 2 4 3.76 128.33

Petroselinic 
acid 

282.46g/mol 1 2 4.16 89.94

Diepomuricanin 
A 

546.86g/mol 0 4 5.90 167 
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Despite tremendous advances in cancer diagnosis and treatment, chemotherapy-

induced cardiotoxicity remains a key problem in oncology. Various chemotherapeutic 

agents are available in the market. Doxorubicin ad cyclophosphamide are major drugs 

used alone or in combination in various treatment regimens. Doxorubicin and 

cyclophosphamide are chemotherapy medicines commonly used to treat breast cancer. 

Doxorubicin, commonly known as Adriamycin, is a medication that breaks DNA at any 

stage during the cell cycle, preventing cancer cells from growing and dividing. 

Cyclophosphamide, widely known as Cytoxan, destroys DNA in cancer cells during 

their resting phase, preventing them from replicating. The combination of doxorubicin 

and cyclophosphamide is referred to as AC. It is most usually used to treat early-stage 

breast cancer, although it can also be used to treat recurrent breast cancer. AC is usually 

administered after surgery; however, it can also be given before surgery.

The combination treatment of doxorubicin and cyclophosphamide, which is used to 

treat numerous diseases including leukaemia, lymphoma, and breast cancer, has been 

demonstrated to cause cardiac and haematological damage. Dexrazoxane is the only 

FDA approved cardioprotective agent used clinically but its usage is delimited due to 

secondary malignancy development. Therefore, quest for natural products with 

minimum or no side effects are under research and various reports are available. 

Current investigation focussed on the cardioprotective effect of a wild edible mushroom 

Morchella esculenta on chemotherapy induced cardiotoxicity. Cardioprotective effect 

of M. esculenta was studied in doxorubicin, cyclophosphamide and their combination 

therapy induced cardiotoxicity in male Swiss albino mice. M. esculenta also known as 

widely used in Chinese traditional medicine. Previous studies in our laboratory reported 

the hepatoprotection, anti-inflammation and anti-cancer property of Morchella sp. 

In this study we used the dried fruiting body of M. esculenta as the starting study 

material. Species identification was done by ITS sequencing and verified that the 

sample material was M.esculenta. Further investigations were carried out to find out 

the cardioprotective effect of methanolic extract of M. esculenta fruiting body (ME). 

HPTLC and LCMS analysis were carried out to identify the major bioactives present in 

ME. Various compounds such as Imperialine, Luffariellolide, Cynaroside A, 
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Muricoreacin, Petroselinic acid etc., were found to be present in ME. Antioxidant 

assays DPPH, FRAP, and ABTS proved the in vitro antioxidant potential of ME. 

Protective effect of ME against doxorubicin, cyclophosphamide and their combination 

were studies. Cardiac injury markers such as CK-MB, LDH, and Cardiac troponin-I 

levels elevated subsequent to chemotherapy administration were significantly lowered 

by the oral administration of ME. Since, oxidative stress is regarded as one of the major 

mechanisms involved in chemotherapy induced cardiotoxicity antioxidant levels were 

estimated in the cardiac tissue of experimental animals. The results showed that 

depleted antioxidant levels such as reduced glutathione (GSH), glutathione peroxidase 

(GPx), superoxide dismutase (SOD), catalase (CAT) and elevated lipid peroxidation by 

product malondialdehyde (MDA) in doxorubicin and cyclophosphamide treated 

animals. However, ME successfully restored the antioxidant levels and lowered lipid 

peroxidation. Cardiac tissue histopathology showed alterations in the normal cardiac 

architecture such as cardiac hypertrophy, nuclear infiltration and myoplasm 

degeneration. The administration of ME ameliorated these effects raised consequent to 

chemotherapy treatment and restored the normal cardiac architecture. 

Studies were carried out to find out the effect of ME on cardiac mitochondria. 

Doxorubicin and cyclophosphamide resulted a decline in the levels of TCA cycle 

enzymes and electron transport chain complexes (I,III and IV). ME successfully 

combated this mitochondrial dysfunction caused by chemotherapy. To analyse the gene 

expression patterns of NF- -2, KEAP-1, IL-6, IL1- -

are involved in oxidative stress and inflammation we further carried out Real time PCR 

technique. The results revealed that ME upregulated NRF-2 expression which was 

lowered by doxorubicin and cyclophosphamide treatment. The gene expression levels 

of NF- -1, IL-6, IL1- -

cyclophosphamide treated animals which was reversed by ME administration. From 

these studies we observed that doxorubicin and cyclophosphamide usage either alone 

or in combination causes cardiotoxicity and ME efficiently downregulated the ill effects 

caused by chemotherapy. 

Another concern in this cardio protection regimen was that whether the administration 

of ME along with chemotherapy lower the anticancer efficacy of the chemotherapeutic 

    150 



agents. In order to resolve this, we further investigated the cardio protective effect of 

ME vis-à-vis anti-tumour efficacy of doxorubicin and cyclophosphamide using DLA 

induced solid tumour model. The results showed that ME provided cardio protection in 

tumor bearing mice without hindering the anti-tumour efficacy of doxorubicin and 

cyclophosphamide. 

The results of current study indicate that ME is successful in ameliorating doxorubicin 

and cyclophosphamide and their combination treatment induced cardiotoxicity. The 

most probable cardioprotective  mechanism of ME might be their potential to reduce 

oxidative stress induced damage and cardiac mitochondrial protection. Further studies 

are needed to find out the pathways involved in the cardio protection mechanism. 
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In this work, we showed that the edible fungus Morchella esculenta, which is used 

medicinally, has excellent cardioprotective properties against the cardiotoxicity caused 

by cancer chemotherapy. The cardioprotective effect of methanol extract of the fruiting 

body of M. esculenta, which includes over 100 bioactive compounds. This investigation 

did not successfully isolate the pure compounds exhibiting biological action. 

Furthermore, in silico studies have demonstrated that certain bioactive compounds in 

the methanol extract of M. esculenta have the potential to be developed as a 

pharmacologically active drug, and MD simulation studies conducted in this study have 

demonstrated that these compounds have the ability to bind with the Keap-1 receptor. 

Therefore, more research should be done to determine these substances' biological 

potential. Further studies on the various pathways involved in the cardioprotective 

property of the compounds and their receptor mediated mechanisms hold a promise to 

the development of a potential cardioprotective agent and will be a boon to the field of 

cardio oncology. 

 

  

    153 



 

 

 

 

 

 

BIBILIOGRAPHY 

  

    154 



1. Abbas A, Raza A, Ullah M, Hendi AA, Akbar F, Khan SU, Zaman U, Saeed S, ur 

Rehman K, Sultan S, Hosny KM. A comprehensive review: epidemiological 

strategies, catheterization and biomarkers used as a bioweapon in diagnosis and 

management of cardio vascular diseases. Current Problems in Cardiology. 2023 

Jul 1;48(7):101661. 

2. 

injury by modulating PI3K/Akt/mTOR and Nrf2 signaling in rats. Phytotherapy 

Research. 2021 Aug;35(8):4499-510. 

3. Abdelgawad IY, Grant MK, Zordoky BN. Leveraging the cardio-protective and 

anticancer properties of resveratrol in cardio-oncology. Nutrients. 2019 Mar 

14;11(3):627. 

4. Abdulkareem Aljumaily SA, Demir M, Elbe H, Yigitturk G, Bicer Y, Altinoz E. 

Antioxidant, anti-inflammatory, and anti-apoptotic effects of crocin against 

doxorubicin-induced myocardial toxicity in rats. Environmental Science and 

Pollution Research. 2021 Dec;28:65802-13. 

5. 

oxidative stress and inflammation and upregulating Nrf2 signaling in rats. Journal 

of Biochemical and Molecular Toxicology. 2021 Nov;35(11):e22906. 

6. Acay H. Utilization of Morchella esculenta-mediated green synthesis golden 

nanoparticles in biomedicine applications. Preparative Biochemistry & 

Biotechnology. 2021 Feb 1;51(2):127-36. 

7. Achim A, Liblik K, Gevaert S. Immune checkpoint inhibitors the revolutionary 

cancer immunotherapy comes with a cardiotoxic price. Trends in Cardiovascular 

Medicine. 2022 Sep 21. 

8. Adão R, De Keulenaer G, Leite-Moreira A, Brás-Silva C. Cardiotoxicity 

associated with cancer therapy: Pathophysiology and prevention. Revista 

Portuguesa de Cardiologia (English Edition). 2013 May 1;32(5):395-409.

9. Adhikari A, Asdaq SM, Al Hawaj MA, Chakraborty M, Thapa G, Bhuyan NR, 

Imran M, Alshammari MK, Alshehri MM, Harshan AA, Alanazi A. Anticancer 

    155 



drug-induced cardiotoxicity: insights and pharmacogenetics. Pharmaceuticals. 

2021 Sep 25;14(10):970.

10. Agbor CA, Anyanwu GE, Audu SJ. Auricularia polytricha restores altered 

reproductive parameters in streptozotocin-induced diabetic Wistar rat. The Journal 

of Basic and Applied Zoology. 2020 Dec;81:1-9. 

11. Agrahar-Murugkar D, Subbulakshmi GJ. Nutritional value of edible wild 

mushrooms collected from the Khasi hills of Meghalaya. Food Chemistry. 2005 

Mar 1;89(4):599-603. 

12. Ahmed RA, Alam MF, Alshahrani S, Jali AM, Qahl AM, Khalid M, Muzafar HM, 

Alhamami HN, Anwer T. Capsaicin ameliorates the cyclophosphamide-induced 

cardiotoxicity by inhibiting free  generation, inflammatory cytokines, and 

apoptotic pathway in rats. Life. 2023 Mar 14;13(3):786. 

13. Ajith TA, Sudheesh NP, Roshny D, Abishek G, Janardhanan KK. Effect of 

Ganoderma lucidum on the activities of mitochondrial dehydrogenases and 

complex I and II of electron transport chain in the brain of aged rats. Experimental 

gerontology. 2009 Mar 1;44(3):219-23. 

14. Al Shaima G, Samaha MM, Abd Elrazik NA. Cytoprotective effects of 

cinnamaldehyde and adipoRon -renal 

toxicity in rats: Insights into oxidative stress, inflammation, and apoptosis. 

International Immunopharmacology. 2023 Nov 1;124:111044. 

15. Alam U. Ethnobotanical, Medicinal and Economic Importance of Morchella 

esculenta.2024. 

16. Albizati KF, Holman T, Faulkner DJ, Glaser KB, Jacobs RS. Luffariellolide, an 

anti-inflammatory sesterterpene from the marine sponge Luffariella sp. 

Experientia. 1987 Aug;43:949-50. 

17. Ali MI, Imbaby S, Arafat HE, Maher SA, Kolieb E, Ali SM. Cardioprotective and 

renoprotective effects of venlafaxine on cisplatin-induced cardiotoxicity and 

nephrotoxicity in rats. Life sciences. 2023 May 1;320:121561. 

18. Altannavch N, Zhou X, Khan MA, Ahmed A, Naranmandakh S, Fu JJ, Chen HC. 

Anti-oxidant and anticancerous effect of Fomitopsis officinalis (Vill. ex Fr. Bond. 

et Sing) mushroom on hepatocellular carcinoma cells in vitro through NF-kB 

pathway. Anti-Cancer Agents in Medicinal Chemistry (Formerly Current 

Medicinal Chemistry-Anti-Cancer Agents). 2022 May 1;22(8):1561-70.

    156 



19. Anand K, Pankaj P, Parbhakar PK. Phytochemistry and pharmacological activities 

of Morchella esculenta: A review. InAIP Conference Proceedings 2023 Sep 8 (Vol. 

2800, No. 1). AIP Publishing. 

20. Anand U, Dey A, Chandel AK, Sanyal R, Mishra A, Pandey DK, De Falco V, 

Upadhyay A, Kandimalla R, Chaudhary A, Dhanjal JK. Cancer chemotherapy and 

beyond: Current status, drug candidates, associated risks and progress in targeted 

therapeutics. Genes & Diseases. 2023 Jul 1;10(4):1367-401. 

21. Andelova K, Bacova BS, Sykora M, Hlivak P, Barancik M, Tribulova N. 

Mechanisms underlying antiarrhythmic properties of cardioprotective agents 

impacting inflammation and oxidative stress. International Journal of Molecular 

Sciences. 2022 Jan 26;23(3):1416. 

22. Andrés CM, Pérez de la Lastra JM, Juan CA, Plou FJ, Pérez-Lebeña E. Antioxidant 

Metabolism Pathways in Vitamins, Polyphenols, and Selenium: Parallels and 

Divergences. International Journal of Molecular Sciences. 2024 Feb 

23;25(5):2600. 

23. 

cardiotoxicity: overview of the roles of oxidative stress. Oxidative medicine and 

cellular longevity. 2015;2015(1):795602. 

24. Aquino R, Morelli S, Lauro MR, Abdo S, Saija A, Tomaino A. Phenolic 

constituents and antioxidant  activity of an extract of anthurium v ersicolor leaves. 

Journal of Natural Products. 2001 Aug 24;64(8):1019-23. 

25. Attachaipanich T, Chattipakorn SC, Chattipakorn N. Potential roles of melatonin 

in doxorubicin-induced cardiotoxicity: from cellular mechanisms to clinical 

application. Pharmaceutics. 2023 Feb 27;15(3):785. 

26. 

AN, Boyacioglu M. Protective effects of silymarin and curcumin on 

cyclophosphamide-induced cardiotoxicity. Experimental and Toxicologic 

Pathology. 2017 Jun 14;69(5):317-27. 

27. Avila MS, Siqueira SR, Ferreira SM, Bocchi EA. Prevention and treatment of 

chemotherapy-induced cardiotoxicity. Methodist DeBakey Cardiovascular 

Journal. 2019 Oct;15(4):267. 

28. Ayza MA, Balasubramanian R, Berhe AH. Cardioprotective effect of Croton 

    157 



Medicine. 2020;2020(1):8467406.

29. Ayza MA, Zewdie KA, Tesfaye BA, Wondafrash DZ, Berhe AH. The Role of 

Oxidative Medicine and Cellular Longevity. 2020;2020(1):4965171. 

30. Badalyan SM, Barkhudaryan A, Rapior S. Recent progress in research on the 

pharmacological potential of mushrooms and prospects for their clinical 

application. Medicinal mushrooms: recent progress in research and development. 

2019:1-70. 

31. Badalyan SM, Gharibyan NG, Iotti M, Zambonelli A. Antimicrobial Activity of 

Three Italian Strains of Morchella esculenta (Ascomycota). International Journal 

of Medicinal Mushrooms. 2024;26. 

32. Badshah SL, Riaz A, Muhammad A, Tel Çayan G, Çayan F, Emin Duru M, Ahmad 

N, Emwas AH, Jaremko M. Isolation, characterization, and medicinal potential of 

polysaccharides of Morchella esculenta. Molecules. 2021 Mar 8;26(5):1459.

33. Baig N, Sultan R, Qureshi SA. Antioxidant and anti-inflammatory activities of 

Centratherum anthelminticum (L.) Kuntze seed oil in diabetic nephropathy via 

modulation of Nrf-2/HO-1 and NF-

and Therapies. 2022 Nov 18;22(1):301. 

34. Balandaykin ME, Zmitrovich IV. Review on chaga medicinal mushroom, Inonotus 

obliquus (higher basidiomycetes): Realm of medicinal applications and 

approaches on estimating its resource potential. International Journal of Medicinal 

Mushrooms. 2015;17(2). 

35. Barbosa RR, Bourguignon TB, Torres LD, Arruda LS, Jacques TD, Serpa RG, 

Calil OD, Barbosa LF. Anthracycline-associated cardiotoxicity in adults: 

systematic review on the cardioprotective role of beta-blockers. Revista da 

Associação Médica Brasileira. 2018;64:745-54. 

36. Barreira JC, Oliveira MB, Ferreira IC. Development of a novel methodology for 

the analysis of ergosterol in mushrooms. Food Analytical Methods. 2014 

Jan;7:217-23. 

37. Barros L, Baptista P, Estevinho LM, Ferreira IC. Effect of fruiting body maturity 

stage on chemical composition and antimicrobial activity of Lactarius sp. 

    158 



mushrooms. Journal of agricultural and food chemistry. 2007 Oct 17;55(21):8766-

71.

38. Beers RF, Sizer IW. A spectrophotometric method for measuring the breakdown 

of hydrogen peroxide by catalase. J Biol chem. 1952 Mar 1;195(1):133-40. 

39. Begum HA, Ahmad W, Rafiq N, Ali H, Hussain S, Ali B, Ullah I, Baloch IA, Khan 

A. Exploring the pharmacological potential of Trametes hirsuta (White Rot Fungi): 

Analgesic, anti-Inflammatory, antispasmodic and antimicrobial activities. Pure 

and Applied Biology. Vol. 12, Issue 2, pp1183-1193. 

40. Benjamin RS, Minotti G. Doxorubicin-dexrazoxane from day 1 for soft-tissue 

sarcomas: the road to cardioprotection. Clinical Cancer Research. 2021 Jul 

15;27(14):3809-11. 

41. Benzie IF, Strain JJ. [2] Ferric reducing/antioxidant power assay: direct measure 

of total antioxidant activity of biological fluids and modified version for 

simultaneous measurement of total antioxidant power and ascorbic acid 

concentration. InMethods in enzymology 1999 Jan 1 (Vol. 299, pp. 15-27). 

Academic press. 

42. Bhagat A, Kleinerman ES. Anthracycline-induced cardiotoxicity: causes, 

mechanisms, and prevention. Current Advances in Osteosarcoma: Clinical 

Perspectives: Past, Present and Future. 2020:181-92. 

43. Bhatia S. Genetics of anthracycline cardiomyopathy in cancer survivors: JACC: 

CardioOncology state-of-the-art review. Cardio Oncology. 2020 Nov 1;2(4):539-

52. 

44. Bhatt L, Sebastian B, Joshi V. Mangiferin protects rat myocardial tissue against 

cyclophosphamide induced cardiotoxicity. Journal of Ayurveda and integrative 

medicine. 2017 Apr 1;8(2):62-7. 

45. Bisakowski B, Atwal AS, Kermasha S. Characterization of lipoxygenase activity 

from a partially purified enzymic extract from Morchella esculenta. Process 

Biochemistry. 2000 Sep 1;36(1-2):1-7. 

46. Briasoulis A, Chasouraki A, Sianis A, Panagiotou N, Kourek C, Ntalianis A, 

Paraskevaidis I. Cardiotoxicity of non-anthracycline cancer chemotherapy agents. 

Journal of Cardiovascular Development and Disease. 2022 Feb 23;9(3):66. 

    159 



47. Brischigliaro M, Frigo E, Fernandez-Vizarra E, Bernardi P, Viscomi C. 

Measurement of mitochondrial respiratory chain enzymatic activities in 

Drosophila melanogaster samples. STAR protocols. 2022 Jun 17;3(2):101322. 

48. Brumberger ZL, Branch ME, Klein MW, Seals A, Shapiro MD, Vasu S. 

Cardiotoxicity risk factors with immune checkpoint inhibitors. Cardio-Oncology. 

2022 Mar 11;8(1):3. 

49. 

medicinal mushroom. Turkish Journal of Agriculture-Food Science and 

Technology. 2019 Dec 10;7:84-93. 

50. Bures J, Jirkovska A, Sestak V, Jansova H, Karabanovich G, Roh J, Sterba M, 

Simunek T, Kovarikova P. Investigation of novel dexrazoxane analogue JR-311 

shows significant cardioprotective effects through topoisomerase IIbeta but not its 

iron chelating metabolite. Toxicology. 2017 Dec 1;392:1-0. 

51. Cadeddu Dessalvi C, Deidda M, Noto A, Madeddu C, Cugusi L, Santoro C, López-

Fernández T, Galderisi M, Mercuro G. Antioxidant approach as a cardioprotective 

strategy in chemotherapy-induced cardiotoxicity. Antioxidants & Redox 

Signaling. 2021 Mar 1;34(7):572-88. 

52. Cai ZN, Li W, Mehmood S, Pan WJ, Wu QX, Chen Y, Lu YM. Effect of 

polysaccharide FMP-1 from Morchella esculenta on melanogenesis in B16F10 

cells and zebrafish. Food & function. 2018;9(9):5007-15. 

53. Cardinale D, Iacopo F, Cipolla CM. Cardiotoxicity of anthracyclines. Frontiers in 

cardiovascular medicine. 2020 Mar 18;7:26. 

54. Cateni F, Gargano ML, Procida G, Venturella G, Cirlincione F, Ferraro V. 

Mycochemicals in wild and cultivated mushrooms: nutrition and health. 

Phytochemistry Reviews. 2021 Mar 21:1-45. 

55. Chacko SM, DhanyaKrishnan R, Nevin KG. Differential Effects of p-Coumaric 

Acid in relieving Doxorubicin induced Cardiotoxicity in Solid Tumour Bearing 

and Non-tumor Bearing Mice. Journal of Biologically Active Products from 

Nature. 2021 Mar 4;11(2):138-61. 

56. Chakraborty M, Bhattacharjee A, Kamath JV. Cardioprotective effect of curcumin 

and piperine combination against cyclophosphamide-induced cardiotoxicity. 

Indian journal of pharmacology. 2017 Jan 1;49(1):65-70. 

    160 



57. Chaulin AM, Abashina OE, Duplyakov DV. Pathophysiological mechanisms of 

cardiotoxicity in chemotherapeutic agents. Russian Open Medical Journal. 

2020;9(3):305-. 

58. Chaurasia M, Singh R, Sur S, Flora SJ. A review of FDA approved drugs and their 

formulations for the treatment of breast cancer. Frontiers in Pharmacology. 2023 

Jul 28;14:1184472. 

59. Chen S, Guan S, Yan Z, Ouyang F, Li S, Liu L, Zhong J. Role of 

RIPK3-CaMKII-mPTP signaling pathway-mediated necroptosis in cardiovascular 

diseases. International Journal of Molecular Medicine. 2023 Oct 1;52(4):1-4.

60. Chen S, Wang M, Veeraperumal S, Teng B, Li R, Qian Z, Chen J, Zhong S, 

Cheong KL. Antioxidative and protective effect of Morchella esculenta against 

dextran sulfate sodium-induced alterations in liver. Foods. 2023 Mar 6;12(5):1115. 

61. Cheng X, Wang J, Li T, Wang B, Bao K, Song M, Wang S, Wen T, Chen L, Zhu 

Z. Preparation, structural characterization and protective effect on PC12 cells of 

polysaccharides from the stipe of Morchella esculenta. Process Biochemistry. 

2024 Jun 1. 

62. Cheung PC. Mini-review on edible mushrooms as source of dietary fiber: 

Preparation and health benefits. Food Science and Human Wellness. 2013 Sep 

1;2(3-4):162-6. 

63. Christidi E, Brunham LR. Regulated cell death pathways in doxorubicin-induced 

cardiotoxicity. Cell Death & Disease. 2021 Apr 1;12(4):339. 

64. Chugh RM, Mittal P, Mp N, Arora T, Bhattacharya T, Chopra H, Cavalu S, 

Gautam RK. Fungal mushrooms: a natural compound with therapeutic 

applications. Frontiers in pharmacology. 2022 Jul 13;13:925387.

65. 

systematic review on natural antioxidant properties of resveratrol. Natural product 

communications. 2018 Sep;13(9):1934578X1801300923. 

66. 

protein interaction inhibitors: Design, 

pharmacological properties and therapeutic potential. Medicinal research reviews. 

2023 Jan;43(1):237-87. 

67. Dare A, Channa ML, Nadar A. L-ergothioneine and its combination with 

metformin attenuates renal dysfunction in type-2 diabetic rat model by activating 

    161 



Nrf2 antioxidant pathway. Biomedicine & Pharmacotherapy. 2021 Sep 

1;141:111921.

68. Das S, Ajith TA, Janardhanan KK, Thampi BH. Bioactive extract of Morchella 

esculenta ameliorates cyclophosphamide-induced mitochondrial dysfunction and 

cardiotoxicity by modulating KEAP1/NRF2 and pro-inflammatory genes 

expression. Food and Chemical Toxicology. 2024 Jul 2:114847.

69. Das S, Janardhanan KK, Thampi BH. Bioactive extract of morel mushroom, 

Morchella esculenta (Ascomycota) attenuates doxorubicin-induced oxidative 

stress leading to myocardial injury. International Journal of Medicinal 

Mushrooms. 2022;24(8). 

70. De Campos OC, Layole MP, Iheagwam FN, Rotimi SO, Chinedu SN. 

Phytochemical Composition, Antioxidant Activity and Toxicity of Aqueous 

Extract of Picralima nitida in Drosophila melanogaster: doi. 

org/10.26538/tjnpr/v4i12. 19. Tropical Journal of Natural Product Research 

(TJNPR). 2020;4(12). 

71. de Matos AF, Greesler LT, Giacometi M, Barasuol BM, de Vasconcelos FR, 

Stainki DR, Monteiro SG. Nematocidal effect of oyster culinary-medicinal 

mushroom Pleurotus ostreatus (Agaricomycetes) against Haemonchus contortus. 

International Journal of Medicinal Mushrooms. 2020;22(11). 

72. Dhesi S, Chu MP, Blevins G, Paterson I, Larratt L, Oudit GY, Kim DH. 

Cyclophosphamide-induced cardiomyopathy: a case report, review, and 

recommendations for management. Journal of investigative medicine high impact 

case reports. 2013 Jan 1;1(1):2324709613480346. 

73. Dinkova-Kostova AT, Fahey JW, Kostov RV, Kensler TW. KEAP1 and done? 

Targeting the NRF2 pathway with sulforaphane. Trends in food science & 

technology. 2017 Nov 1;69:257-69. 

74. Dinkova-Kostova AT, Kostov RV, Canning P. Keap1, the cysteine-based 

mammalian intracellular sensor for electrophiles and oxidants. Archives of 

biochemistry and biophysics. 2017 Mar 1;617:84-93. 

75. Dissanayake AA, Mills GL, Bonito G, Rennick B, Nair MG. Chemical 

composition and anti-inflammatory and antioxidant activities of extracts from 

cultivated morel mushrooms, species of genus Morchella (Ascomycota). 

International Journal of Medicinal Mushrooms. 2021;23(9). 

    162 



76. Domanska U, Wisniewska A, Dabrowski Z, Wieckowski M. Ionic liquids as 

efficient extractants for quercetin from red onion (Allium cepa L.). Journal of 

Applied Solution Chemistry and Modeling. 2018 Nov 11;7:21-38. 

77. Dubey A, Shriram RG, El-Zahaby SA. A review on exploring better safety 

prospects in managing cancer using liposomal combinations of food bioactive 

compounds and anticancer drugs: combisomes. Current Drug Delivery. 2021 Oct 

1;18(8):1105-20. 

78. Duru KC, Kovaleva EG, Danilova IG, van der Bijl P. The pharmacological 

potential and possible molecular mechanisms of action of Inonotus obliquus from 

preclinical studies. Phytotherapy Research. 2019 Aug;33(8):1966-80. 

79. Dutra JP, Macedo AV, Peixoto TF, Garcez JD, Bacchiega BC, Marchi PD, Varela 

AM, Martins BJ, Silva CM, Lopes RD. Cardiology and oncology: a meeting of 

giants. Revista da Associação Médica Brasileira. 2024 Jun 7;70(suppl 

1):e2024S114. 

80. Effiong ME, Umeokwochi CP, Afolabi IS, Chinedu SN. Comparative antioxidant 

activity and phytochemical content of five extracts of Pleurotus ostreatus (oyster 

mushroom). Scientific Reports. 2024 Feb 15;14(1):3794. 

81. 

adrenergic cardiopathies. Cardiology. 1975 Oct 29;60(6):358-65.

82. Ejaz U, Afzal M, Naveed M, Amin ZS, Atta A, Aziz T, Kainat G, Mehmood N, 

Alharbi M, Alasmari AF. Pharmacological evaluation and phytochemical profiling 

of butanol extract of L. edodes with in-silico virtual screening. Scientific Reports. 

2024 Mar 8;14(1):5751. 

83. El-Agamy DS, Elkablawy MA, Abo-Haded HM. Modulation of 

cyclophosphamide-induced cardiotoxicity by methyl palmitate. Cancer 

chemotherapy and pharmacology. 2017 Feb;79:399-409. 

84. Elfadadny A, Ragab RF, Hamada R, Al Jaouni SK, Fu J, Mousa SA, Ali H. Natural 

bioactive compounds-doxorubicin combinations targeting topoisomerase II-alpha: 

Anticancer efficacy and safety. Toxicology and Applied Pharmacology. 2023 Feb 

15;461:116405. 

85. Elkhateeb WA, Daba GM, Thomas PW, Wen TC. Medicinal mushrooms as a new 

source of natural therapeutic bioactive compounds. Egyptian Pharmaceutical 

Journal. 2019 Apr 1;18(2):88-101. 

    163 



86. Elrashidy RA, Hasan RA. Cilostazol preconditioning alleviates 

cyclophosphamide-induced cardiotoxicity in male rats: Mechanistic insights into 

SIRT1 signaling pathway. Life sciences. 2021 Feb 1;266:118822. 

87. Enoma DO, Larbie CE, Dzogbefia VP, Obafemi YD. Evaluation of the antioxidant 

activities of some wild edible indigenous Ghanaian mushrooms. InIOP Conference 

Series: Earth and Environmental Science 2018 Nov 1 (Vol. 210, No. 1, p. 012010). 

IOP Publishing. 

88. Eraslan EC, Altuntas D, Baba H, Bal C, Akgül H, Akata I, Sevindik M. Some 

biological activities and element contents of ethanol extract of wild edible 

mushroom Morchella esculenta. Sigma Journal of Engineering and Natural 

Sciences. 2021;39(1):24-8. 

89. Ern PT, Quan TY, Yee FS, Yin AC. Therapeutic properties of Inonotus obliquus 

(Chaga mushroom): a review. Mycology. 2024 Apr 2;15(2):144-61.

90. Fang X, Ardehali H, Min J, Wang F. The molecular and metabolic landscape of 

iron and ferroptosis in cardiovascular disease. Nature Reviews Cardiology. 2023 

Jan;20(1):7-23. 

91. Fatania H, Al-Nassar KE, Sidhan V. Purification and partial characterisation of 

Mar 29;320(1):57-60. 

92. Firoozbakhsh P, Ghaffarinejad Z, Arbabi M, Dokhani N, Alizadehasl A. 

Cardioprotective Potential of Botanical Agents against Anthracycline-induced 

Cardiotoxicity. Phytomedicine Plus. 2024 Apr 23:100575. 

93. Florescu DR, Nistor DE. Therapy-induced cardiotoxicity in breast cancer patients: 

a well-known yet unresolved problem. Discoveries. 2019 Jan;7(1). 

94. Fu L, Wang Y, Wang J, Yang Y, Hao L. Evaluation of the antioxidant activity of 

extracellular polysaccharides from Morchella esculenta. Food & function. 

2013;4(6):871-9. 

95. Gan L, Liu D, Ma Y, Chen X, Dai A, Zhao S, Jin X, Gu G. Cardiotoxicity 

associated with immune checkpoint inhibitors: Current status and future 

challenges. Frontiers in Pharmacology. 2022 Aug 30;13:962596.

96. Guifang T, Xiangwen G, Qinhe Y, Yuanyuan L, Guanlong W, Yinji L, Yupei Z, 

Haizhen Y, Chunmei L, Jinwen Z. Effects of extracts from soothing-liver and 

invigorating-spleen formulas on the injury induced by oxidative stress in the 

    164 



hepatocytes of rats with non-alcoholic fatty liver disease induced by high-fat diet. 

Journal of Traditional Chinese Medicine. 2018 Aug 1;38(4):535-47.

97. Hafeman DG, Sunde RA, Hoekstra WG. Effect of dietary selenium on erythrocyte 

and liver glutathione peroxidase in the rat. The Journal of nutrition. 1974 May 

1;104(5):580-7. 

98. Hajra S, Patra AR, Basu A, Saha P, Bhattacharya S. Indole-3-Carbinol (I3C) 

enhances the sensitivity of murine breast adenocarcinoma cells to doxorubicin 

(DOX) through inhibition of NF-

mitochondrial apoptotic pathway. Chemico-biological Interactions. 2018 Jun 

25;290:19-36. 

99. Haq FU, Imran M, Saleem S, Aftab U, Ghazal A. Investigation of Morchella 

esculenta and Morchella conica for their antibacterial potential against methicillin-

susceptible Staphylococcus aureus, methicillin-resistant Staphylococcus aureus 

and Streptococcus pyogenes. Archives of Microbiology. 2022 Jul;204(7):391. 

100. Haq FU, Imran M, Saleem S, Rafi A, Jamal M. Investigation of Three Morchella 

Species for Anticancer Activity Against Colon Cancer Cell Lines by UPLC-MS-

Based Chemical Analysis. Applied Biochemistry and Biotechnology. 2023 

Jan;195(1):486-504. 

101. 

action of the doxorubicin cardioprotective agent dexrazoxane. Cardiovascular 

toxicology. 2020 Jun;20:312-20. 

102. Heleno SA, Martins A, Queiroz MJ, Ferreira IC. Bioactivity of phenolic acids: 

Metabolites versus parent compounds: A review. Food chemistry. 2015 Apr 

15;173:501-13. 

103. Heo JC, Nam SH, Nam DY, Kim JG, Lee KG, Yeo JH, Yoon CS, Park CH, Lee 

SH. Anti-asthmatic activities in mycelial extract and culture filtrate of Cordyceps 

sphecocephala J201. International Journal of Molecular Medicine. 2010 Sep 

1;26(3):351-6. 

104. Herrmann J. Adverse cardiac effects of cancer therapies: cardiotoxicity and 

arrhythmia. Nature Reviews Cardiology. 2020 Aug;17(8):474-502. 

105. Hoeger CW, Turissini C, Asnani A. Doxorubicin cardiotoxicity: pathophysiology 

updates. Current Treatment Options in Cardiovascular Medicine. 2020 Nov;22:1-

7. 

    165 



106. Hola B, Murshed R, Jbour M. Chemical composition and antioxidant activity of 

some Syrian wild mushroom (Agaricus spp) strains. Scientific Reports. 2023 Sep 

23;13(1):15896. 

107. Husen F, Hernayanti H, Ekowati N, Sukmawati D, Ratnaningtyas NI. Antidiabetic 

effects and antioxidant properties of the saggy ink cap medicinal mushroom, 

Coprinus comatus (Agaricomycetes), in streptozotocin-induced hyperglycemic 

rats. International Journal of Medicinal Mushrooms. 2021;23(10).

108. Ikram M, Javed B, Raja NI, Mashwani ZU. Biomedical potential of plant-based 

selenium nanoparticles: a comprehensive review on therapeutic and mechanistic 

aspects. International Journal of Nanomedicine. 2021 Jan 12:249-68.

109. Ioffe D, Bhatia-Patel SC, Gandhi S, Hamad EA, Dotan E. Cardiovascular 

Concerns, Cancer Treatment, and Biological and Chronological Aging in Cancer: 

JACC Family Series. Cardio Oncology. 2024 Apr 1;6(2):143-58. 

110. Iqbal T, Jahan S, Ain QU, Ullah H, Li C, Chen L, Zhou X. Ameliorative effects of 

morel mushroom (Morchella esculenta) against Cadmium-induced reproductive 

toxicity in adult male rats. Brazilian Journal of Biology. 2021 Aug 9;82:e250865. 

111. Iqubal A, Iqubal MK, Sharma S, Ansari MA, Najmi AK, Ali SM, Ali J, Haque SE. 

Molecular mechanism involved in cyclophosphamide-induced cardiotoxicity: Old 

drug with a new vision. Life sciences. 2019 Feb 1;218:112-31. 

112. Iqubal A, Sharma S, Ansari MA, Najmi AK, Syed MA, Ali J, Alam MM, Ahmad 

S, Haque SE. Nerolidol attenuates cyclophosphamide-induced cardiac 

inflammation, apoptosis and fibrosis in Swiss Albino mice. European Journal of 

Pharmacology. 2019 Nov 15;863:172666. 

113. Iqubal A, Wasim M, Ashraf M, Najmi AK, Syed MA, Ali J, Haque SE. Natural 

bioactive as a potential therapeutic approach for the management of 

cyclophosphamide-induced cardiotoxicity. Current Topics in Medicinal 

Chemistry. 2021 Nov 1;21(29):2647-70. 

114. Ismail NZ, Md Toha Z, Muhamad M, Nik Mohamed Kamal NN, Mohamad Zain 

NN, Arsad H. Antioxidant effects, antiproliferative effects, and molecular docking 

of Clinacanthus nutans leaf extracts. Molecules. 2020 Apr 29;25(9):2067. 

115. Janardhanan KK, Ravikumar KS, Karuppayil SM. Medicinal mushroom 

bioactives: Potential sources for anti-cancer drug development. International 

Journal of Applied Pharmaceutics. 2020 Nov 1:40-5. 

    166 



116. Janssen AJ, Trijbels FJ, Sengers RC, Smeitink JA, Van den Heuvel LP, Wintjes 

LT, Stoltenborg-Hogenkamp BJ, Rodenburg RJ. Spectrophotometric assay for 

complex I of the respiratory chain in tissue samples and cultured fibroblasts. 

Clinical chemistry. 2007 Apr 1;53(4):729-34. 

117. Jiang H, Zuo J, Li B, Chen R, Luo K, Xiang X, Lu S, Huang C, Liu L, Tang J, Gao 

F. Drug-induced oxidative stress in cancer treatments: Angel or devil? Redox 

Biology. 2023 Jul 1;63:102754. 

118. Jin H, Wang L, Bernards R. Rational combinations of targeted cancer therapies: 

background, advances and challenges. Nature Reviews Drug Discovery. 2023 

Mar;22(3):213-34. 

119. Jomova K, Raptova R, Alomar SY, Alwasel SH, Nepovimova E, Kuca K, Valko 

M. Reactive oxygen species, toxicity, oxidative stress, and antioxidants: Chronic 

diseases and aging. Archives of toxicology. 2023 Oct;97(10):2499-574. 

120. Kamel SS, Abdelbaky NA, Sayed-Ahmed MM, Karkeet RM, Osman AM, Fouad 

MA. Cyclophosphamide-induced cardiotoxicity. Azhar International Journal of 

Pharmaceutical and Medical Sciences. 2022 Jun 1;2(2):1-8. 

121. Karabulut D, Ozturk E, Kaymak E, Akin AT, Yakan B. Thymoquinone attenuates 

toxicology. 2021 Jan;35(1):e22618. 

122. Katayama M, Imai Y, Hashimoto H, Kurata M, Nagai K, Tamita K, Morioka S, 

Furukawa Y. Fulminant fatal cardiotoxicity following cyclophosphamide therapy. 

Journal of cardiology. 2009 Oct 1;54(2):330-4. 

123. -

R. Doxorubicin an agent with multiple mechanisms of anticancer activity. Cells. 

2023 Feb 19;12(4):659. 

124. Khalilova GA, Turaev AS, Mulkhitdinov BI, Khaitmetova SB, Normakhamatov 

NS. Cytotoxic effects and antitumor activity of polysaccharides isolated from the 

fruiting body of Ganoderma lucidum basidial mushroom. Pharmaceutical 

Chemistry Journal. 2022 Nov;56(8):1045-8. 

125. Khatua S, Paul S, Acharya K. Mushroom as the potential source of new generation 

of antioxidant: a review. Research Journal of Pharmacy and Technology. 

2013;6(5):496-505. 

    167 



126. Kim CW, Choi KC. Effects of anticancer drugs on the cardiac mitochondrial 

toxicity and their underlying mechanisms for novel cardiac protective strategies. 

Life Sciences. 2021 Jul 15;277:119607. 

127. Kim HD, Lee SB, Ko SC, Jung WK, Kim YM, Kim SB. Anti-inflammatory effect 

of ozonated krill (Euphausia superba) oil in lipopolysaccharide-stimulated RAW 

264.7 macrophages. Fisheries and Aquatic Sciences. 2018 Dec;21:1-9. 

128. Kittimongkolsuk P, Pattarachotanant N, Chuchawankul S, Wink M, Tencomnao 

T. Neuroprotective effects of extracts from tiger milk mushroom lignosus 

rhinocerus against glutamate-induced toxicity in ht22 hippocampal neuronal cells 

and neurodegenerative diseases in caenorhabditis elegans. Biology. 2021 Jan 

5;10(1):30. 

129. Kohlhaas M, Nickel AG, Maack C. Mitochondrial energetics and calcium coupling 

in the heart. The Journal of physiology. 2017 Jun 15;595(12):3753-63. 

130. Kong CY, Guo Z, Song P, Zhang X, Yuan YP, Teng T, Yan L, Tang QZ. 

Underlying the mechanisms of doxorubicin-induced acute cardiotoxicity: 

oxidative stress and cell death. International journal of biological sciences. 

2022;18(2):760. 

131. Kourek C, Touloupaki M, Rempakos A, Loritis K, Tsougkos E, Paraskevaidis I, 

Briasoulis A. Cardioprotective strategies from cardiotoxicity in cancer patients: a 

comprehensive review. Journal of Cardiovascular Development and Disease. 2022 

Aug 11;9(8):259. 

132. Krahenbuhl S, Chang M, Brass EP, Hoppel CL. Decreased activities of ubiquinol: 

ferricytochrome c oxidoreductase (complex III) and ferrocytochrome c: oxygen 

oxidoreductase (complex IV) in liver mitochondria from rats with 

hydroxycobalamin [c-lactam]-induced methylmalonic aciduria. Journal of 

Biological Chemistry. 1991 Nov 5;266(31):20998-1003. 

133. Krishnakumar NM, Ramesh BT, Ceasar SA. Medicinal mushrooms as potential 

sources of anticancer polysaccharides and polysaccharide protein complexes. 

Studies in Natural Products Chemistry. 2023 Jan 1;76:113-48.

134. Kumar K. Role of edible mushrooms as functional foods a review. South Asian 

Journal of Food Technology and Environment. 2015 Jan;1(3&4):211-8. 

135. Kumaran S, Palani P, Nishanthi R, Kaviyarasan V. Studies on screening, isolation 

and purification of a fibrinolytic protease from an isolate (VK12) of Ganoderma 

    168 



lucidum and evaluation of its antithrombotic activity. Medical mycology journal. 

2011;52(2):153-62.

136. Kwok C, Nolan M. Cardiotoxicity of anti-cancer drugs: cellular mechanisms and 

clinical implications. Frontiers in Cardiovascular Medicine. 2023 Sep 

8;10:1150569. 

137. Lalmuansangi C, Zosangzuali M, Lalremruati M, Tochhawng L, Siama Z. 

Evaluation of the protective effects of Ganoderma applanatum against 

doxorubicin-

Drug and Chemical Toxicology. 2022 May 4;45(3):1243-53. 

138. Lee SR, Roh HS, Lee S, Park HB, Jang TS, Ko YJ, Baek KH, Kim KH. 

Bioactivity-guided isolation and chemical characterization of antiproliferative 

constituents from morel mushroom (Morchella esculenta) in human lung 

adenocarcinoma cells. Journal of Functional Foods. 2018 Jan 1;40:249-60. 

139. Leiter A, Veluswamy RR, Wisnivesky JP. The global burden of lung cancer: 

current status and future trends. Nature reviews Clinical oncology. 2023 

Sep;20(9):624-39. 

140. Lesa KN, Khandaker MU, Mohammad Rashed Iqbal F, Sharma R, Islam F, Mitra 

Effects of Dietary Mushroom (Pleurotus ostreatus). Journal of Food Quality. 

2022;2022(1):2454180. 

141. Li C, Bhatti SA, Ying J. Immune checkpoint inhibitors Associated 

cardiotoxicity. Cancers. 2022 Feb 23;14(5):1145. 

142. Li J, Wu H, Liu Y, Nan J, Park HJ, Chen Y, Yang L. The chemical structure and 

immunomodulatory activity of an exopolysaccharide produced by Morchella 

esculenta under submerged fermentation. Food & function. 2021;12(19):9327-38.

143. Li S, Gao A, Dong S, Chen Y, Sun S, Lei Z, Zhang Z. Purification, antitumor and 

immunomodulatory activity of polysaccharides from soybean residue fermented 

with Morchella esculenta. International journal of biological macromolecules. 

2017 Mar 1;96:26-34. 

144. Li X, Sun Q, Li S, Chen W, Shi Z, Xu Z, Xu L, Chen M, Li Z. Production with 

Fermentation Culture and Antioxidant Activity of Polysaccharides from Morchella 

esculenta. Fermentation. 2024 Jan 7;10(1):46. 

    169 



145. Li Y, Chen H, Zhang X. Cultivation, nutritional value, bioactive compounds of 

morels, and their health benefits: A systematic review. Frontiers in Nutrition. 2023 

Mar 17;10:1159029. 

146. Li Y, Zhu X, Wang K, Zhu L, Murray M, Zhou F. The potential of Ginkgo biloba 

in the treatment of human diseases and the relationship to Nrf2 mediated 

antioxidant protection. Journal of Pharmacy and Pharmacology. 2022 Dec 

1;74(12):1689-99. 

147. Li ZY, Xu GS, Li X. A Unique Topoisomerase II Inhibitor with Dose-Affected 

Anticancer Mechanisms and Less Cardiotoxicity. Cells. 2021 Nov 

12;10(11):3138. 

148. Lin YE, Chen YC, Lu KH, Huang YJ, Panyod S, Liu WT, Yang SH, Lu YS, Chen 

MH, Sheen LY. Antidepressant-like effects of water extract of Cordyceps militaris 

(Linn.) Link by modulation of ROCK2/PTEN/Akt signaling in an unpredictable 

chronic mild stress-induced animal model. Journal of Ethnopharmacology. 2021 

Aug 10;276:114194. 

149. Litchfteld JH, Vely VG, Overbeck RC. Nutrient content of morel mushroom 

mycelium: amino acid composition of the protein. Journal of Food Science. 1963 

Nov;28(6):741-3. 

150. Liu C, Ma X, Zhuang J, Liu L, Sun C. Cardiotoxicity of doxorubicin-based cancer 

treatment: what is the protective cognition that phytochemicals provide us?. 

Pharmacological research. 2020 Oct 1;160:105062. 

151. Liu C, Sun Y, Mao Q, Guo X, Li P, Liu Y, Xu N. Characteristics and antitumor 

activity of Morchella esculenta polysaccharide extracted by pulsed electric field. 

International Journal of Molecular Sciences. 2016 Jun 22;17(6):986.

152. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-

-

8. 

153. Lobenwein D, Kocher F, Dobner S, Gollmann-Tepeköylü C, Holfeld J. 

Cardiotoxic mechanisms of cancer immunotherapy A systematic review. 

International journal of cardiology. 2021 Jan 15;323:179-87. 

154. Logotheti S, Pavlopoulou A, Rudsari HK, Galow AM, Kafali Y, Kyrodimos E, 

Giotakis AI, Marquardt S, Velalopoulou A, Verginadis II, Koumenis C. 

Intercellular pathways of cancer treatment-related cardiotoxicity and their 

    170 



therapeutic implications: The paradigm of radiotherapy. Pharmacology & 

Therapeutics. 2024 May 31:108670.

155. Lyu YL, Kerrigan JE, Lin CP, Azarova AM, Tsai YC, Ban Y, Liu LF. 

mediated DNA double-strand breaks: implications in 

doxorubicin cardiotoxicity and prevention by dexrazoxane. Cancer research. 2007 

Sep 15;67(18):8839-46. 

156. Mallouppas M. Remote ischaemic conditioning as a cardioprotective mechanism 

against anthracycline induced cardiac injury and multimodality monitoring of 

patients receiving anthracycline chemotherapy (Doctoral dissertation, UCL 

(University College London)). 

157. Manimaran K, Murugesan S, Ragavendran C, Balasubramani G, Natarajan D, 

Ganesan A, Seedevi P. Biosynthesis of tio 2 nanoparticles using edible mushroom 

(pleurotus djamor) extract: Mosquito larvicidal, histopathological, antibacterial 

and anticancer effect. Journal of Cluster Science. 2021 Sep;32:1229-40. 

158. Marino P, Pepe G, Basilicata MG, Vestuto V, Marzocco S, Autore G, Procino A, 

Gomez-Monterrey IM, Manfra M, Campiglia P. Potential role of natural 

antioxidant products in oncological diseases. Antioxidants. 2023 Mar 

12;12(3):704. 

159. McCord JM, Fridovich I. Superoxide dismutase: an enzymic function for 

erythrocuprein (hemocuprein). Journal of Biological chemistry. 1969 Nov 

25;244(22):6049-55. 

160. Mehler AH, Kobnberg A, Gbisolia S, Ochoa S. The enzymatic mechanism of 

oxidation-redactions between malate or isocitrate and pyravate. Enzyme 

Mechanisms.1948. 961-977. 

161. Meléndez GC, Gharraee N, Gewirtz DA. Premature Cardiac Senescence: An 

Unsung Hero in Chemotherapy-Induced Cardiotoxicity?. Cardio Oncology. 2023 

Jun 1;5(3):316-7. 

162. Meng B, Zhang Y, Wang Z, Ding Q, Song J, Wang D. Hepatoprotective effects of 

longevity. 2019;2019(1):6029876. 

    171 



163. Meo L, Savarese M, Munno C, Mirabelli P, Ragno P, Leone O, Alfieri M. 

Circulating Biomarkers for Monitoring Chemotherapy-Induced Cardiotoxicity in 

Children. Pharmaceutics. 2023 Nov 30;15(12):2712. 

164. Mert N, Kaya Y, Mert H. Changes in heart type fatty acid binding protein (h-fabp) 

and certain biochemical parameters during chronic artery diseases. Journal of 

Scientific Reports-A (online). 2023(053). 

165. Miller KD, Nogueira L, Mariotto AB, Rowland JH, Yabroff KR, Alfano CM, 

Jemal A, Kramer JL, Siegel RL. Cancer treatment and survivorship statistics, 2019. 

CA: a cancer journal for clinicians. 2019 Sep;69(5):363-85.

166. Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, Stein KD, 

Alteri R, Jemal A. Cancer treatment and survivorship statistics, 2016. CA: a cancer 

journal for clinicians. 2016 Jul;66(4):271-89. 

167. Mir A, Badi Y, Bugazia S, Nourelden AZ, Fathallah AH, Ragab KM, Alsillak M, 

Elsayed SM, Hagrass AI, Bawek S, Kalot M. Efficacy and safety of 

cardioprotective drugs in chemotherapy-induced cardiotoxicity: an updated 

systematic review & network meta-analysis. Cardio-Oncology. 2023 Feb 

18;9(1):10. 

168. Moron MS, Depierre JW, Mannervik B. Levels of glutathione, glutathione 

reductase and glutathione S-transferase activities in rat lung and liver. Biochimica 

et biophysica acta (BBA)-general subjects. 1979 Jan 4;582(1):67-78. 

169. Mukwevho E, Ferreira Z, Ayeleso A. Potential role of sulfur-containing 

antioxidant systems in highly oxidative environments. Molecules. 2014 Nov 

25;19(12):19376-89. 

170. Muthusamy G, Joardar SN, Samanta I, Isore DP, Roy B, Maiti TK. Dietary 

-glucan of edible mushroom (Pleurotus florida) provides 

immunostimulation and protection in broiler experimentally challenged with 

virulent Newcastle disease virus. The Journal of Basic and Applied Zoology. 2020 

Dec;81:1-0. 

171. Nguyen TM, Le HS, Le BV, Kim YH, Hwang I. Anti-allergic effect of inotodiol, 

a lanostane triterpenoid from Chaga mushroom, via selective inhibition of mast 

cell function. International Immunopharmacology. 2020 Apr 1;81:106244.

172. Nitha B, De S, Adhikari SK, Devasagayam TP, Janardhanan KK. Evaluation of 

free radical scavenging activity of morel mushroom, Morchella esculenta mycelia: 

    172 



a potential source of therapeutically useful antioxidants. Pharmaceutical Biology. 

2010 Apr 1;48(4):453-60.

173. Nitha B, De S, Devasagayam T, Janardhanan KK. Edible mushroom Morchella 

esculenta (L.) Pers. mycelium protects DNA and mitochondria from radiation 

induced damages. Indian Journal of Experimental Biology (IJEB). 2020 Dec 

29;58(12):842-7. 

174. Nitha B, Fijesh PV, Janardhanan KK. Hepatoprotective activity of cultured 

mycelium of Morel mushroom, Morchella esculenta. Experimental and 

Toxicologic Pathology. 2013 Jan 1;65(1-2):105-12. 

175. Nitha B, Janardhanan KK. Aqueous-ethanolic extract of morel mushroom 

mycelium Morchella esculenta, protects cisplatin and gentamicin induced 

nephrotoxicity in mice. Food and chemical toxicology. 2008 Sep 1;46(9):3193-9. 

176. Nitha B, Meera CR, Janardhanan KK. Anti-inflammatory and antitumour activities 

of cultured mycelium of morel mushroom, Morchella esculenta. Current Science. 

2007 Jan 25:235-9. 

177. Nitha B, Smina TP, Janardhanan KK. Chemopreventive effect of Morchella 

esculenta against DMBA induced skin papilloma in mice. European Journal of 

Pharmaceutical and Medical Research. 2017;4(4):658-62. 

178. Nkadimeng SM, Nabatanzi A, Steinmann CM, Eloff JN. Phytochemical, 

cytotoxicity, antioxidant and anti-inflammatory effects of Psilocybe natalensis 

magic mushroom. Plants. 2020 Aug 31;9(9):1127. 

179. Nulton-Persson AC, Szweda LI. Modulation of mitochondrial function by 

hydrogen peroxide. Journal of Biological Chemistry. 2001 Jun 29;276(26):23357-

61. 

180. Ogidi OC, Oyetayo VO. Phytochemical property and assessment of 

antidermatophytic activity of some selected wild macrofungi against pathogenic 

dermatophytes. Mycology. 2016 Jan 2;7(1):9-14. 

181. Ohkawa H. Assay for lipid peroxides in animal tissues by thiobarbituric acid 

reaction. Anal Biochem. 1978;98:351. 

182. Oli AN, Edeh PA, Al-Mosawi RM, Mbachu NA, Al-Dahmoshi HO, Al-Khafaji 

NS, Ekuma UO, Okezie UM, Saki M. Evaluation of the phytoconstituents of 

Auricularia auricula-judae mushroom and antimicrobial activity of its protein 

extract. European journal of integrative medicine. 2020 Sep 1;38:101176.

    173 



183. Omland T, Heck SL, Gulati G. The role of cardioprotection in cancer therapy 

cardiotoxicity: JACC: CardioOncology state-of-the-art review. Cardio Oncology. 

2022 Mar 1;4(1):19-37. 

184. Oyetayo FL, Akomolafe SF, Ogundumi OA. Anti-hypercholesterolemic potential 

of diet supplemented with Anchomanes difformis and Pleurotus tuberregium 

tubers in high cholesterol fed rats. Journal of Diabetes & Metabolic Disorders. 

2020 Dec;19:1139-55. 

185. Palavecino-De-La-Fuente F, Silva-Aguayo G, Figueroa-Cares I, Gerding M, 

Rodríguez-Maciel JC, Lagunes-Tejeda A, Castañeda-Ramirez GS, Sotelo-Leyva 

C, Curkovic T, Aguilar-Marcelino L. Insecticidal effect of hydroalcoholic extracts 

of Pleurotus ostreatus against Sitophilus zeamais. Chilean journal of agricultural 

research. 2022 Sep;82(3):399-406. 

186. Pantazi D, Tselepis AD. Cardiovascular toxic effects of antitumor agents: 

Pathogenetic mechanisms. Thrombosis Research. 2022 May 1;213:S95-102. 

187. Patel K, Singh GK, Patel DK. A review on pharmacological and analytical aspects 

of naringenin. Chinese journal of integrative medicine. 2018 Jul;24:551-60. 

188. Pimenta GF, Awata WM, Orlandin GG, Silva-Neto JA, Assis VO, da Costa RM, 

Bruder-Nascimento T, Tostes RC, Tirapelli CR. Melatonin prevents 

overproduction of reactive oxygen species and vascular dysfunction induced by 

cyclophosphamide. Life Sciences. 2024 Feb 1;338:122361. 

189. Pineda-Alegría JA, Sánchez JE, Ventura-Zapata E, González-Cortazar M, Aguilar-

Marcelino L. Nematicidal effect of Shiitake (Lentinula edodes) extracts against 

Haemonchus contortus. Journal of Medicinal Food. 2021 Sep 1;24(9):953-9.

190. Pondugula SR, Harshan A, Ramesh S, Govindarajulu M, Almaghrabi M, Majrashi 

M, Abbott KL, Nadar R, Alturki M, Salamat JM, Smith F. Cardioprotective effects 

of Oroxylum indicum extract against doxorubicin and cyclophosphamide-induced 

cardiotoxicity. Cardiovascular Toxicology. 2022 Jan 1:1-1.

191. Popoola TD, Guetchueng ST, Ritchie KJ, Awodele O, Dempster NM, Akinloye O, 

Sarker SD, Fatokun AA. Potent Nrf2-inducing, antioxidant, and anti-inflammatory 

effects and identification of constituents validate the anti-cancer use of Uvaria 

chamae and Olax subscorpioidea. BMC Complementary Medicine and Therapies. 

2021 Dec;21:1-7. 

    174 



192. Pournami PK, Rasheed N, Raveendran A, Gopinath V. Antineoplastic Drug Leads 

from Plants and Microbes. InDrugs from Nature: Targets, Assay Systems and 

Leads 2024 Mar 19 (pp. 287-331). Singapore: Springer Nature Singapore.

193. Previtali E, Bucciarelli P, Passamonti SM, Martinelli I. Risk factors for venous and 

arterial thrombosis. Blood transfusion. 2011 Apr;9(2):120. 

194. Prince DG, Verma PK, Rahmani U, Nandi A. Shiitake Mushrooms: A Medicinal 

Mushroom for Human Health. Vigyan Varta an International E-Magazine for 

Science Enthusiasts.2023(4). 

195. Pushparaji B, Donisan T, Balanescu DV, Palaskas N, Kim P, Lopez-Mattei J, 

Cilingiroglu M, Hassan SA, Boudoulas KD, Marmagkiolis K, Hajjar LA. 

Interventional strategies in cancer-induced cardiovascular disease. Current 

oncology reports. 2021 Nov;23:1-9. 

196. Raisi-Estabragh Z, Manisty CH, Cheng RK, Fernandez TL, Mamas MA. Burden 

and prognostic impact of cardiovascular disease in patients with cancer. Heart. 

2023 Dec 1;109(24):1819-26. 

197. Ramya H, Ravikumar KS, Fathimathu Z, Janardhanan KK, Ajith TA, Shah MA, 

Farooq R, Reshi ZA. Morel mushroom, Morchella from Kashmir Himalaya: A 

potential source of therapeutically useful bioactives that possess free radical 

scavenging, anti-inflammatory, and arthritic edema-inhibiting activities. Drug and 

Chemical Toxicology. 2022 Sep 3;45(5):2014-23. 

198. Rawat PS, Jaiswal A, Khurana A, Bhatti JS, Navik U. Doxorubicin-induced 

cardiotoxicity: An update on the molecular mechanism and novel therapeutic 

strategies for effective management. Biomedicine & Pharmacotherapy. 2021 Jul 

1;139:111708. 

199. -ketoglutarate dehydrogenase complex from 

Escherichia coli. InMethods in enzymology 1969 Jan 1 (Vol. 13, pp. 55-61). 

Academic press. 

200. Refaie MM, El-Hussieny M, Bayoumi AM, Shehata S, Welson NN, Abdelzaher 

WY. Simvastatin cardioprotection in cyclophosphamide-induced toxicity via the 

Experimental Toxicology. 2022 Jun 22;41:09603271221111440. 

    175 



201. Rehman AU, Khan AI, Xin Y, Liang W. Morchella esculenta polysaccharide 

attenuate obesity, inflammation and modulate gut microbiota. AMB Express. 2022 

Sep 3;12(1):114. 

202. Rehman AU, Siddiqui NZ, Farooqui NA, Alam G, Gul A, Ahmad B, Asim M, 

Khan AI, Xin Y, Zexu W, Song Ju H. Morchella esculenta mushroom 

polysaccharide attenuates diabetes and modulates intestinal permeability and gut 

microbiota in a type 2 diabetic mice model. Frontiers in Nutrition. 2022 Oct 

6;9:984695. 

203. Rej A, Paladhi A, Daripa S, Sarkar D, Bhattacharyya S, Mondal I, Hira SK. 

Galunisertib synergistically potentiates the doxorubicin-mediated antitumor effect 

and kickstarts the immune system against aggressive lymphoma. International 

Immunopharmacology. 2023 Jan 1;114:109521. 

204. Robert Li Y, Traore K, Zhu H. Novel molecular mechanisms of doxorubicin 

cardiotoxicity: latest leading-edge advances and clinical implications. Molecular 

and Cellular Biochemistry. 2023 Jun 13:1-2. 

205. Ruthes AC, Smiderle FR, Iacomini M. Mushroom heteropolysaccharides: A 

review on their sources, structure and biological effects. Carbohydrate polymers. 

2016 Jan 20;136:358-75. 

206. Sadzuka Y, Nagamine M, Toyooka T, Ibuki Y, Sonobe T. Beneficial effects of 

curcumin on antitumor activity and adverse reactions of doxorubicin. International 

journal of pharmaceutics. 2012 Aug 1;432(1-2):42-9. 

207. Safin RR, Gainullin RH, Safina AV, Gainullin RH. Methods for evaluating chaga 

extraction effectiveness based on its porosity change. InJournal of Physics: 

Conference Series 2022 Dec 1 (Vol. 2373, No. 4, p. 042007). IOP Publishing. 

208. Sahiner M, Yilmaz AS, Gungor B, Ayoubi Y, Sahiner N. Therapeutic and 

nutraceutical effects of polyphenolics from natural sources. Molecules. 2022 Sep 

22;27(19):6225. 

209. Sahoo S, Gayakwad T, Shahi S. Medicinal value of edible mushrooms: A review. 

International Journal of Health Sciences. 2022(II):8760-7.

210. Sahu D, Rathor LS, Dwivedi SD, Shah K, Chauhan NS, Singh MR, Singh D. A 

review on molecular docking as an interpretative tool for molecular targets in 

disease management. Assay and drug development technologies. 2024 Jan 

1;22(1):40-50. 

    176 



211. Salehi B, Venditti A, Sharifi- -Rad J, Durazzo A, 

Lucarini M, Santini A, Souto EB, Novellino E, Antolak H. The therapeutic 

potential of apigenin. International journal of molecular sciences. 2019 Mar 

15;20(6):1305. 

212. Sandamali JA, Hewawasam RP, Jayatilaka KA, Mudduwa LK. Cardioprotective 

Medicine. 2020;2020(1):6023737. 

213. Seetaha S, Ratanabunyong S, Tabtimmai L, Choowongkomon K, 

Rattanasrisomporn J, Choengpanya K. Anti-feline immunodeficiency virus 

reverse transcriptase properties of some medicinal and edible mushrooms. 

Veterinary World. 2020 Sep;13(9):1798. 

214. Selvakumar E, Prahalathan C, Mythili Y, Varalakshmi P. Mitigation of oxidative 

stress in cyclophosphamide-challenged hepatic tissue by DL- -lipoic acid. 

Molecular and cellular biochemistry. 2005 Apr;272:179-85.

215. Sen S. The chemistry and biology of lycopene: Antioxidant for human health. Int 

J Adv Life Sci Res. 2019;2(4):08-14. 

216. Sharalaya Z, Collier P. Prevention of cardiotoxicities with traditional and novel 

chemotherapeutic agents. Current heart failure reports. 2018 Aug;15:260-9.

217. Sharma A, Kashyap D, Sak K, Tuli HS, Sharma AK. Therapeutic charm of 

quercetin and its derivatives: a review of research and patents. Pharmaceutical 

patent analyst. 2018 Jan 1;7(1):15-32. 

218. Sharma HN, Catrett J, Nwokeocha OD, Boersma M, Miller ME, Napier A, 

Robertson BK, Abugri DA. Anti-Toxoplasma gondii activity of Trametes 

versicolor (Turkey tail) mushroom extract. Scientific Reports. 2023 May 

29;13(1):8667. 

219. Shi H, Duan L, Tong L, Pu P, Wei L, Wang L, Hu D, Tang H. Research Progress 

on Flavonoids in Traditional Chinese Medicine to Counteract Cardiotoxicity 

Associated with Anti-Tumor Drugs. Reviews in Cardiovascular Medicine. 2024 

Feb 27;25(3):74. 

220. Shi L, Yin W, Zhang Z, Shi G. Intestinal dysbacteriosis potentiates ovalbumin-

induced allergic airway inflammation by inhibiting microRNA-130a to upregulate 

-40. 

    177 



221. Shi S, Chen Y, Luo Z, Nie G, Dai Y. Role of oxidative stress and inflammation-

related signaling pathways in doxorubicin-induced cardiomyopathy. Cell 

Communication and Signaling. 2023 Mar 14;21(1):61. 

222. Shoukat S, Zheng D, Yusuf SW. Cardiotoxicity related to radiation therapy. 

Cardiology Clinics. 2019 Nov 1;37(4):449-58. 

223. Siaravas KC, Katsouras CS, Sioka C. Radiation treatment mechanisms of 

cardiotoxicity: A systematic review. International Journal of Molecular Sciences. 

2023 Mar 27;24(7):6272. 

224. Sinaeve S, Husson C, Antoine MH, Welti S, Stévigny C, Nortier J. 

Nephroprotective effects of two Ganoderma species methanolic extracts in an in 

vitro model of cisplatin induced tubulotoxicity. Journal of Fungi. 2022 Sep 

24;8(10):1002. 

225. Singh M, Kadhim MM, Turki Jalil A, Oudah SK, Aminov Z, Alsaikhan F, Jawhar 

ZH, Ramírez-Coronel AA, Farhood B. A systematic review of the protective 

effects of silymarin/silibinin against doxorubicin-induced cardiotoxicity. Cancer 

Cell International. 2023 May 10;23(1):88. 

226. Singh SS, Wang H, Chan YS, Pan W, Dan X, Yin CM, Akkouh O, Ng TB. Lectins 

from edible mushrooms. Molecules. 2014 Dec 31;20(1):446-69. 

227. Sirwi A, Shaik RA, Alamoudi AJ, Eid BG, Elfaky MA, Ibrahim SR, Mohamed 

GA, Abdallah HM, Abdel-Naim AB. Mokko lactone alleviates doxorubicin-

induced cardiotoxicity in rats via antioxidant, anti-inflammatory, and antiapoptotic 

activities. Nutrients. 2022 Feb 9;14(4):733. 

228. Song T, Zhang Z, Liu S, Chen J, Cai W. Effect of cultured substrates on the 

chemical composition and biological activities of Lingzhi or Reishi medicinal 

mushroom, Ganoderma lucidum (Agaricomycetes). International Journal of 

Medicinal Mushrooms. 2020;22(12). 

229. Song X, Cai W, Ren Z, Jia L, Zhang J. Antioxidant and hepatoprotective effects 

of acidic-hydrolysis residue polysaccharides from shiitake culinary-medicinal 

mushroom Lentinus edodes (Agaricomycetes) in mice. International Journal of 

Medicinal Mushrooms. 2021;23(2). 

230. Songbo M, Lang H, Xinyong C, Bin X, Ping Z, Liang S. Oxidative stress injury in 

doxorubicin-induced cardiotoxicity. Toxicology letters. 2019 Jun 1;307:41-8.

    178 



231. Sorice M, Profumo E, Capozzi A, Recalchi S, Riitano G, Di Veroli B, Saso L, 

Buttari B. Oxidative Stress as a Regulatory Checkpoint in the Production of 

Antiphospholipid Autoantibodies: The Protective Role of NRF2 Pathway. 

Biomolecules. 2023 Aug 5;13(8):1221. 

232. Sousa AS, Araújo-Rodrigues H, Pintado ME. The health-promoting potential of 

edible mushroom proteins. Current Pharmaceutical Design. 2023 Mar 

1;29(11):804-23. 

233. 

Chemical composition, nutritional profile and in vivo antioxidant properties of the 

cultivated mushroom Coprinus comatus. Royal Society open science. 2020 Sep 

2;7(9):200900. 

234. 

Veterinaria. 2019 Sep 25;63(2):60-4. 

235. Sudharsan PT, Mythili Y, Selvakumar E, Varalakshmi P. Lupeol and its ester 

exhibit protective role against cyclophosphamide-induced cardiac mitochondrial 

toxicity. Journal of cardiovascular pharmacology. 2006 Feb 1;47(2):205-10. 

236. Sudheesh NP, Ajith TA, Janardhanan KK. Ganoderma lucidum (Fr.) P. Karst 

enhances activities of heart mitochondrial enzymes and respiratory chain 

complexes in the aged rat. Biogerontology. 2009 Oct;10:627-36. 

237. Sun F, Li X, Yang C, Lv P, Li G, Xu H. A role for PERK in the mechanism 

underlying fluoride-induced bone turnover. Toxicology. 2014 Nov 5;325:52-66. 

238. Sunil C, Xu B. Mycochemical profile and health-promoting effects of morel 

mushroom Morchella esculenta (L.) a review. Food Research International. 2022 

Sep 1;159:111571. 

239. Swamy AV, Patel UM, Koti BC, Gadad PC, Patel NL, Thippeswamy AH. 

Cardioprotective effect of Saraca indica against cyclophosphamide induced 

cardiotoxicity in rats: a biochemical, electrocardiographic and histopathological 

study. Indian journal of pharmacology. 2013 Jan 1;45(1):44-8. 

240. Taha AM, Mahmoud AM, Ghonaim MM, Kamran A, AlSamhori JF, AlBarakat 

MM, Shrestha AB, Jaiswal V, Reiter RJ. Melatonin as a potential treatment for 

septic cardiomyopathy. Biomedicine & Pharmacotherapy. 2023 Oct 

1;166:115305. 

    179 



241. Talie M, War JM, Nisa AU, Dar AH, Wani AH, Bhat MY. Chemical Composition 

and Antimicrobial Properties of Morchella crassipes (Ascomycota) from Kashmir 

Valley (India). International Journal of Medicinal Mushrooms. 2024;26. 

242. 

Total phenolics, antioxidant activities and fatty acid profiles of six Morchella 

species. Journal of Food Science and Technology. 2021 Feb;58:692-700. 

243. Teh JT, Zhu WL, Newgard CB, Casey PJ, Wang M. Respiratory capacity and 

reserve predict cell sensitivity to mitochondria inhibitors: mechanism-based 

markers to identify metformin-responsive cancers. Molecular Cancer 

Therapeutics. 2019 Mar 1;18(3):693-705. 

244. Tel-Cayan G, Ozturk M, Duru ME, Turkoglu A. Fatty acid profiles in wild 

mushroom species from Anatolia. Chemistry of Natural Compounds. 2017 

Mar;53:351-3. 

245. Teng S, Zhang Y, Jin X, Zhu Y, Li L, Huang X, Wang D, Lin Z. Structure and 

hepatoprotective activity of Usp10/NF- -related Morchella 

esculenta polysaccharide. Carbohydrate Polymers. 2023 Mar 1;303:120453. 

246. Terashima T, Nakae Y, Katagi M, Okano J, Suzuki Y, Kojima H. Stem cell factor 

induces polarization of microglia to the neuroprotective phenotype in vitro. 

Heliyon. 2018 Oct 1;4(10). 

247. Tetterton-Kellner J, Jensen BC, Nguyen J. Navigating cancer therapy induced 

cardiotoxicity: From pathophysiology to treatment innovations. Advanced Drug 

Delivery Reviews. 2024 Jun 18:115361. 

248. Todorova VK, Siegel ER, Kaufmann Y, Kumarapeli A, Owen A, Wei JY, 

Makhoul I, Klimberg VS. Dantrolene attenuates cardiotoxicity of doxorubicin 

without reducing its antitumor efficacy in a breast cancer model. Translational 

Oncology. 2020 Feb 1;13(2):471-80. 

249. Triarico S, Rivetti S, Capozza MA, Romano A, Maurizi P, Mastrangelo S, Attinà 

G, Ruggiero A. Transplacental passage and fetal effects of antineoplastic treatment 

during pregnancy. Cancers. 2022 Jun 24;14(13):3103. 

250. Upshaw JN. Cardioprotective strategies to prevent cancer treatment-related 

cardiovascular toxicity: a review. Current oncology reports. 2020 Jul;22:1-4. 

251. Val CH, Brant F, Miranda AS, Rodrigues FG, Oliveira BC, Santos EA, Assis DR, 

Esper L, Silva BC, Rachid MA, Tanowitz HB. Effect of mushroom Agaricus blazei 

    180 



on immune response and development of experimental cerebral malaria. Malaria 

Journal. 2015 Dec;14:1-3.

252. Vasiliadis I, Kolovou G, Mikhailidis DP. Cardiotoxicity and cancer therapy. 

Angiology. 2014 May;65(5):369-71. 

253. 

associated cardiomyopathy: Mechanisms of toxicity and cardioprotective 

strategies. Pharmacotherapy: The Journal of Human Pharmacology and Drug 

Therapy. 2021 Dec;41(12):1066-80. 

254. Veena RK, Janardhanan KK. Bioactive total triterpenes extracted from fruiting 

bodies and mycelia of Ganoderma lucidum (Fr.) P. Karst ameliorate doxorubicin-

induced myocardial injury in rats. Transactions of the Royal Society of South 

Africa. 2022 Sep 2;77(3):237-45. 

255. Vejpongsa P, Yeh ET. Prevention of anthracycline-induced cardiotoxicity: 

challenges and opportunities. Journal of the American College of Cardiology. 2014 

Sep 2v;64(9):938-45. 

256. Velusamy R, Nolan M, Murphy A, Thavendiranathan P, Marwick TH. Screening 

for coronary artery disease in cancer survivors: JACC: cardioOncology state-of-

the-art review. Cardio Oncology. 2023 Feb 1;5(1):22-38. 

257. Venturella G, Ferraro V, Cirlincione F, Gargano ML. Medicinal mushrooms: 

bioactive compounds, use, and clinical trials. International journal of molecular 

sciences. 2021 Jan 10;22(2):634. 

258. Volcão LM, Halicki PC, Christ-Ribeiro A, Ramos DF, Badiale-Furlong E, 

Andreazza R, Bernardi E, da Silva Júnior FM. Mushroom extract of Lactarius 

deliciosus (L.) Sf. Gray as biopesticide: Antifungal activity and toxicological 

analysis. Journal of Toxicology and Environmental Health, Part A. 2022 Jan 

17;85(2):43-55. 

259. Wang C, Liu F, editors. Textbook of Clinical Epidemiology: For Medical Students. 

Springer Nature; 2023 Dec 16. 

260. Wang D, Yin Z, Ma L, Han L, Chen Y, Pan W, Gong K, Gao Y, Yang X, Chen Y, 

Han J. Polysaccharide MCP extracted from Morchella esculenta reduces 

atherosclerosis in LDLR-deficient mice. Food & function. 2021;12(11):4842-54. 

261. 

Antiallodynic Activities of Polyphenol Rich Extract from Shorea roxburghii 

    181 



against Cyclophosphamide Induced Peripheral Neuropathy. Chemistry & 

Biodiversity. 2021 Oct;18(10):e2100415.

262. Wang Q, Wei Q, Yang Q, Cao X, Li Q, Shi F, Tong SS, Feng C, Yu Q, Yu J, Xu 

X. A novel formulation of [6]-gingerol: Proliposomes with enhanced oral 

bioavailability and antitumor effect. International journal of pharmaceutics. 2018 

Jan 15;535(1-2):308-15. 

263. Wang S, Zhao H, Lin S, Lv Y, Lin Y, Liu Y, Peng R, Jin H. New therapeutic 

directions in type II diabetes and its complications: mitochondrial dynamics. 

Frontiers in endocrinology. 2023 Aug 21;14:1230168. 

264. Wang TH, Ma Y, Gao S, Zhang WW, Han D, Cao F. Recent advances in the 

mechanisms of cell death and dysfunction in doxorubicin cardiotoxicity. Reviews 

in Cardiovascular Medicine. 2023 Nov 27;24(11):336. 

265. Wang Y, Branicky R, Noë A, Hekimi S. Superoxide dismutases: Dual roles in 

controlling ROS damage and regulating ROS signaling. Journal of Cell Biology. 

2018 Jun 4;217(6):1915-28. 

266. Wang Y, Wang Y, Han X, Sun J, Li C, Adhikari BK, Zhang J, Miao X, Chen Z. 

Cardio-oncology: a myriad of relationships between cardiovascular disease and 

cancer. Frontiers in Cardiovascular Medicine. 2022 Mar 17;9:727487.

267. Wang Z, Wang H, Kang Z, Wu Y, Xing Y, Yang Y. Antioxidant and anti-tumour 

activity of triterpenoid compounds isolated from Morchella mycelium. Archives 

of Microbiology. 2020 Sep;202:1677-85. 

268. Wani BA, Bodha RH, Wani AH. Nutritional and medicinal importance of 

mushrooms. Journal of Medicinal plants research. 2010 Dec 18;4(24):2598-604. 

269. Wistar-Kyoto VT, YAHAYA NF, AMINUDIN N, ABDULLAH N. Pleurotus 

pulmonarius (Fr.) quel crude aqueous extract ameliorates wistar-kyoto rat thoracic 

aortic tissues and vasodilation responses. Sains Malaysiana. 2022;51(1):187-98.

270. Wu H, Chen J, Li J, Liu Y, Park HJ, Yang L. Recent advances on bioactive 

ingredients of Morchella esculenta. Applied Biochemistry and Biotechnology. 

2021 Dec 1:1-7. 

271. Wu H, Chen J, Liu Y, Cheng H, Nan J, Park HJ, Yang L, Li J. Digestion profile, 

antioxidant, and antidiabetic capacity of Morchella esculenta exopolysaccharide: 

in vitro, in vivo and microbiota analysis. Journal of the Science of Food and 

Agriculture. 2023 Jul;103(9):4401-12. 

    182 



272. Wu K, Mo C, Xiao H, Jiang Y, Ye B, Wang S. Imperialine and verticinone from 

bulbs of Fritillaria wabuensis inhibit pro-inflammatory mediators in LPS-

stimulated RAW 264.7 macrophages. Planta medica. 2015 Jul;81(10):821-9. 

273. Xiong C, Li Q, Chen C, Chen Z, Huang W. Neuroprotective effect of crude 

polysaccharide isolated from the fruiting bodies of Morchella importuna against 

H2O2-induced PC12 cell cytotoxicity by reducing oxidative stress. Biomedicine 

& Pharmacotherapy. 2016 Oct 1;83:569-76. 

274. 

chelates from Grifola frondosa on a mouse model of senile osteoporosis. Journal 

of Food Science. 2024 Jun;89(6):3816-28. 

275. Xu H, Sun L, He Y, Yuan X, Niu J, Su J, Li D. Deficiency in IL-33/ST2 axis 

reshapes mitochondrial metabolism in lipopolysaccharide-stimulated 

macrophages. Frontiers in immunology. 2019 Feb 1;10:127. 

276. Yan Q, Liu S, Sun Y, Chen C, Yang S, Lin M, Long J, Yao J, Lin Y, Yi F, Meng 

L. Targeting oxidative stress as a preventive and therapeutic approach for 

cardiovascular disease. Journal of Translational Medicine. 2023 Aug 2;21(1):519. 

277. Yu J, Gao H, Wu C, Xu QM, Lu JJ, Chen X. Diethyl blechnic, a novel natural 

product isolated from salvia miltiorrhiza bunge, inhibits doxorubicin-induced 

apoptosis by inhibiting ROS and activating JNK1/2. International Journal of 

Molecular Sciences. 2018 Jun 19;19(6):1809. 

278. Zeng W, Jin L, Zhang F, Zhang C, Liang W. Naringenin as a potential 

immunomodulator in therapeutics. Pharmacological research. 2018 Sep 

1;135:122-6. 

279. Zeng X, Cai H, Yang J, Qiu H, Cheng Y, Liu M. Pharmacokinetics and 

cardiotoxicity of doxorubicin and its secondary alcohol metabolite in rats. 

Biomedicine & Pharmacotherapy. 2019 Aug 1;116:108964. 

280. Zenjanab MK, Alimohammadvand S, Doustmihan A, Kianian S, Oskouei BS, 

Mazloomi M, Akbari M, Jahanban-Esfahlan R. Paclitaxel for breast cancer 

therapy: A review on effective drug combination modalities and nano drug 

delivery platforms. Journal of Drug Delivery Science and Technology. 2024 Mar 

19:105567. 

281. Zhang J, Zhao J, Liu G, Li Y, Liang L, Liu X, Xu X, Wen C. Advance in Morchella 

sp. polysaccharides: Isolation, structural characterization and structure-activity 

    183 



relationship: A review. International Journal of Biological Macromolecules. 2023 

Jul 15:125819.

282. Zhang L, Zhu K, Zeng H, Zhang J, Pu Y, Wang Z, Zhang T, Wang B. Resveratrol 

solid lipid nanoparticles to trigger credible inhibition of doxorubicin 

cardiotoxicity. International Journal of Nanomedicine. 2019 Jul 31:6061-71. 

283. Zhang NN, Ma H, Zhang ZF, Zhang WN, Chen L, Pan WJ, Wu QX, Lu YM, Chen 

Y. Characterization and immunomodulatory effect of an alkali-extracted 

galactomannan from Morchella esculenta. Carbohydrate Polymers. 2022 Feb 

15;278:118960. 

284. Zhang S, Liu X, Bawa-Khalfe T, Lu LS, Lyu YL, Liu LF, Yeh ET. Identification 

of the molecular basis of doxorubicin-induced cardiotoxicity. Nature medicine. 

2012 Nov;18(11):1639-42. 

285. Zhang X, Cai Z, Mao H, Hu P, Li X. Isolation and structure elucidation of 

polysaccharides from fruiting bodies of mushroom Coriolus versicolor and 

evaluation of their immunomodulatory effects. International Journal of Biological 

Macromolecules. 2021 Jan 1;166:1387-95. 

286. Zhang Y, Wang L, He J, Wang H, Xin W, Wang H, Zhang J. Antioxidation and 

Hepatoprotection of Selenium Mycelium Polysaccharides Against Alcoholic Liver 

Diseases from the Cultivated Morel Mushroom Morchella esculenta 

(Ascomycota). International Journal of Medicinal Mushrooms. 2024;26.

287. Zhao L, Tao X, Qi Y, Xu L, Yin L, Peng J. Protective effect of dioscin against 

doxorubicin-induced cardiotoxicity via adjusting microRNA-140-5p-mediated 

myocardial oxidative stress. Redox biology. 2018 Jun 1;16:189-98. 

288. Zhou X, An B, Lin Y, Ni Y, Zhao X, Liang X. Molecular mechanisms of ROS-

modulated cancer chemoresistance and therapeutic strategies. Biomedicine & 

Pharmacotherapy. 2023 Sep 1;165:115036. 

 

 

 

 

 

    184 



 

 

LIST OF PUBLICATIONS

 

  

    185 



1. Das S, Janardhanan KK, Thampi BH. Bioactive extract of morel mushroom, 

Morchella esculenta (Ascomycota) attenuates doxorubicin-induced oxidative stress 

leading to myocardial injury. International Journal of Medicinal Mushrooms. 

2022;24(8). 

2. Das S, Ajith TA, Janardhanan KK, Thampi BH. Bioactive extract of Morchella 

esculenta ameliorates cyclophosphamide-induced mitochondrial dysfunction and 

cardiotoxicity by modulating KEAP1/NRF2 and pro-inflammatory genes expression. 

Food and Chemical Toxicology. 2024 Sep 1;191:114847. 

3. Ajith T A, Das S. Medicinal mushroom bioactives: potential sources for 

cardioprotective drug discovery and development. Traditional medicines in drug 

discovery and development. 2024 jul 18:347. 

4. Sneha Das, Frangleena P S, Kainoor Krishnankutty Janardhanan. Evaluation of 

Antioxidant and Cytotoxic activities of Mycelia Biomass and Culture broth of three 

Edible Mushrooms, Morchella conica, Hericium erinaceus and Pleurotus florida 

Grown in Submerged Culture. International Journal of Fungi. 2024; 01(01):37-50.

5. Das S, Mathew A, Janardhanan KK. Methanolic Extract of Morchella esculenta 

(Ascomycota) Prevents Chemotherapy-Related Cardiotoxicity in Tumor-Bearing Mice. 

International Journal of Medicinal Mushrooms. 2025;27(1). 

 

 

 

 

 

 

    186 


