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Abstract 

 
Introduction: Breast cancer is the most common malignancy in women around the world. 

The present work is aimed to evaluate the potential of naringenin and metformin concomitant 

addition with doxorubicin chemotherapy against in vitro and in vivo breast carcinoma models.  

Methods: Cell viability was measured by MTT assay using breast cancer cell lines (MDA-

MB-231 and 4T1). The antitumor potential of drugs under the study was evaluated against 

methylnitrosourea (MNU)-induced breast carcinoma in rats, MDA-MB-231 xenograft model 

in athymic nude mice and finally 4T1 cells-induced orthotopic mouse model of breast cancer. 

The efficacy and safety of single-drug treatment and combination treatment were evaluated 

using different parameters in selected animal models of breast carcinoma.    

Results: The use of naringenin and metformin together with doxorubicin, have shown a 

significant increase in cytotoxicity when compared with the same concentration of 

doxorubicin alone in MDA-MB-231 cells and 4T1 cells in vitro. There was a marked 

reduction in tumor weight and an observed decrease in tumor multiplicity by naringenin and 

metformin concomitant addition with doxorubicin against MNU-induced breast carcinoma. 

Likewise, naringenin and metformin with doxorubicin showed a significant reduction of 

tumor volume and tumor weight as compared to the same dose of doxorubicin alone in MDA-

MB-231 xenograft model and 4T1 cells-induced orthotopic mouse model, suggesting 

combination treatment enhanced antitumor activity in vivo. Besides, H&E and Ki-67 staining 

of tumor biopsies showed enhancement of the antitumor activity via increasing necrosis and 

inhibiting cell proliferation respectively. Hematological parameters, body weight, survival 

data, cytokines levels and cardiac biomarker levels presented remarkable safety of 

combination treatment without compromising efficacy using 50% lower dose of doxorubicin, 

compared to the large dose of doxorubicin alone.  

Conclusion: These results demonstrate that naringenin and metformin enhanced the 

antitumor effect of doxorubicin in the in vitro as well as animal models of breast carcinoma, 

and therefore can be useful as an adjunct treatment with doxorubicin to increase its 

effectiveness at the lower dose level for the treatment of breast cancer. 

Key words: Breast Cancer, Doxorubicin, Naringenin, Metformin, Combination treatment 
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CHAPTER 1: Introduction 

CHAPTER 1 
 

Introduction 

 

Cancer is a leading cause of death globally, with an estimated 19.3 million new cancer cases 

and around 10 million deaths in 2020. Breast cancer is the most commonly diagnosed cancer 

in females and is comprised of 11.7% ( 2.3 million) new cases and 6.9 % death with cancer 

among women globally (Figure 1) [1].  Though breast cancer is the most common cancer in 

women worldwide, it is curable in ~70-80% of patients with early-stage, non-metastatic 

disease. Advanced breast cancer with distant organ metastases is not curable with currently 

available treatments [2]. 

 
Figure 1: Global cancer incidence 2020 

Doxorubicin acts by DNA intercalation as well as the disruption of topoisomerase II-mediated 

DNA repair. Doxorubicin can kill cancer cells at every point in their life cycle and it does not 

require specific receptor expression, therefore an advantage over some other breast cancer 

drugs like hormone therapy, trastuzumab and checkpoint inhibitors [3]. Unfortunately, its use 

is associated with the development of severe cumulative dose-related cardiotoxicity, 

myelosuppression and treatment resistance due to its oxidative stress action [4]. It is also 

preferred to combine with other compounds to reduce its doses without compromising its 

efficacy [5, 6].  
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Naringenin, a naturally occurring flavonoid has shown anti-inflammatory, anti-atherogenic, 

anti-mutagenic, hepatoprotective, antidiabetic, cardioprotective and anticancer potential in 

many non-clinical studies [7, 8]. Naringenin is reported to block transforming growth factor 

(TGF)-β1 secretion from breast cancer cells and suppress pulmonary metastasis by inhibiting 

protein kinase C (PKC) activation [9]. It also regulates the mitochondrial-mediated apoptosis 

cell signaling pathway and reveals anti-inflammatory activity in an animal model of breast 

cancer [10]. In combination with doxorubicin, naringenin increases the cellular doxorubicin 

accumulation by inhibiting doxorubicin efflux and enhancing antitumor activity with a 

reduction in systemic toxicity [11].  

Metformin has shown antitumor activity in preclinical studies [12, 13]. Metformin has been 

reported to improve the overall survival of several cancers in humans [14–16]. The anticancer 

effect of metformin is mediated by the down-regulation of cyclin D1 and increased levels of 

the tumor suppressor gene p53. It activates the AMP-activated protein kinase (AMPK) 

pathway for tumor suppression effects and reduces the mammalian target of rapamycin 

(mTOR) signaling pathway and protein synthesis in cancer cells [17, 18]. 

Development of resistance and toxicity to normal cells are major dose-related limitations of 

chemotherapeutic agents in the present scenario. The use of combination therapy in breast 

cancer has provided advantages for better efficacy and safety at the lower dose and reduced 

or delayed development of drug resistance [19]. Therefore, it is an unmet need to evaluate the 

currently available medicines and some plant-based active components for their potential role 

in the treatment of breast carcinoma. Despite available information for naringenin, metformin 

and doxorubicin for their use against cancers, there is no literature available for their 

concomitant use in the treatment of breast cancer. We have therefore chosen naringenin and 

metformin under the study as both the drugs have literature evidence for anticancer effects as 

well as protective effects against doxorubicin-induced toxicity [20–23].  

1.1 Aim and objective of research work 

❖ To evaluate the in vitro cell cytotoxicity of combining naringenin and metformin with 

doxorubicin using breast carcinoma cell lines. 

❖ To evaluate the efficacy of combining naringenin and metformin with doxorubicin 

chemotherapy using various in vivo models of breast carcinoma  

❖ To evaluate the safety of combination therapy of naringenin and metformin using a 

lower dose of doxorubicin chemotherapy.  
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1.2 Scope of the research work 

The current research work throws light on the efficacy and safety of concomitant treatment 

of naringenin and metformin with the lower dose of doxorubicin chemotherapy using in vitro 

as well as in vivo animal models of breast carcinoma. This study also provides an opportunity 

and the scope for using a combination of naringenin and metformin with doxorubicin 

chemotherapy for reducing the dose and subsequently toxicity of chemotherapy in humans. 

Additionally, the use of metformin and naringenin may help in improving the quality of life 

of diabetic patients suffering from cancer. However, further in-depth studies including 

clinical trials are recommended to fully establish the role of naringenin and metformin in 

combination with chemotherapeutic agents for the treatment of human cancers. 

1.3 Original contribution of the research work 

The current study provides scientific data regarding the potential of naringenin and metformin 

with doxorubicin chemotherapy treatment options against animal models of breast carcinoma. 

This investigation is useful for further evaluation of breast cancer treatment options in clinical 

studies. 

1.4 Outline of thesis: 

The report on the present research work has been divided into five major chapters. 

❖ Chapter 1 Introduction: Brief background, aim and objectives, original contribution 

of the present work and outline of research work. 

❖ Chapter 2 Literature review: Discussion on various aspects related to the work 

including the classification, progression and treatment of breast cancer, the role of 

doxorubicin, naringenin and metformin in cancer and various experimental models 

of breast carcinoma evaluation. 

❖ Chapter 3 Materials and Methods: Description of experimental work performed for 

the investigations including evaluation criteria for in vitro and in vivo models of 

breast carcinoma. 

❖ Chapter 4 Results and Discussion: Results obtained with the experiments performed 

and detailed discussions on them. 

❖ Chapter 5 Summary and conclusions: Summarizes the entire work and concludes the 

thesis with silent findings and future perspectives 
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CHAPTER 2: Literature Review 

CHAPTER 2 
 

Literature Review 

2.1 Breast cancer 

Breast cancer is an uncontrolled growth of breast cells and converts into tumors. In most 

cases, these tumors can be felt as a lump. Treatment of breast cancer depends on breast cancer 

types and the nature of their development. Nowadays various advanced techniques and 

surgical procedures are available for diagnosis, evaluation and treatment of breast cancer 

which have made better outcomes from the disease [24].  

2.1.1 Classification of breast cancer 

Breast cancer can be classified based on type, stage, grade and hormone receptor status. 

2.1.1.1 Types and subtypes of breast cancer  

Breast cancer can be classified into different types and subtypes based on where cancer has 

started and its spread to nearby tissue in the breast. Histopathology characterizes the tumors 

regarding their site and the diversity of morphological features based on microscopic 

evaluation of the tumor cells [25]. Out of many types and subtypes, the most common breast 

cancer types are ductal carcinoma (cancer began in the milk ducts, tubes that carry milk to 

the nipple) and lobular carcinoma (cancer began in the milk-producing glands). Further, it 

can be In situ (not spread) or Invasive (spread) type breast cancer (Figure 2).  

1. Ductal carcinoma in situ (DCIS): It accounts for about 1 in 5 new breast cancers and it is 

considered as non-invasive breast cancer. 

2. Invasive ductal carcinoma (IDC): It is the most common type of breast cancer and it is 

invasive breast cancer. It starts in the milk duct of the breast, breaks through the wall of 

the duct, and grows into the fatty tissues of the breast. 

3. Lobular carcinoma in situ (LCIS): It is considered to be more of a breast change than breast 

cancer. The cells that look like cancer cells are growing in the milk-producing gland called 

lobules, but they don’t grow through the walls of the lobules. 

4. Invasive lobular carcinoma (ILC): It is invasive cancer that starts in the lobules and can 

spread to other parts of the body. 
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Figure 2: Types and subtypes of breast carcinoma based on cancer origin 

Adopted from https://www.bebrcaware.com/breast-cancer-the-brca-link 

2.1.1.2 Stages of breast cancer 

The stage of breast cancer describes the spread of cancer from the breast to other parts of the 

body. The most common method implemented for tumor stage classification is based on the 

TNM (Tumor, Nodes and Metastasis) staging system which is established by the American 

Joint Committee on Cancer [26, 27]. Firstly, the cancer is classified based on its size and 

extension, on the spreading or not to lymphatic nodes, and the presence or absence of 

metastasis. The combination of all three factors will be translated into an overall TNM score. 

Breast cancer is divided into 5 stages which can help to determine the treatment. 

Stage 0: The changes in the cells are considered in the ducts of the breast tissue only and 

have not spread to the surrounding tissue of the breast. It is also called non-invasive 

or in situ cancer. 

Stage 1: The cancer is invasive and has spread to normal breast tissue, but not to distant sites.  

IA: The tumor is small and has not spread to the lymph nodes.   

IB: The tumor is 2 centimeters or less across and has spread minimally to the lymph 

nodes. 

Stage 2: The cancer is invasive and has spread to nearby lymph nodes, but not to distant sites.  

IIA: The tumor is 2 centimeters or less across and has spread to the lymph nodes. 

The tumor is larger than 2 centimeters, but is less than 5 centimeters across and has 

not spread to the lymph nodes.  
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IIB: The tumor is larger than 2 centimeters, but is less than 5 centimeters across. It 

has spread to the lymph nodes underneath the arm, and/or small amounts of cancer 

are found in the lymph nodes near the breastbone.  

The tumor is larger than 5 centimeters across, but does not grow into the chest wall 

or skin and has not spread to the lymph nodes. 

Stage 3: The cancer is considered to be locally advanced, which means that it has spread to 

nearby tissues or lymph nodes, but not to distant sites. 

IIIA: The tumor is not larger than 5 centimeters across and has spread to lymph 

nodes clumped together underneath the arm or near the breastbone 

The tumor is larger than 5 centimeters across, but does not grow into the chest wall 

or skin. It has spread to lymph nodes underneath the arm or near the breastbone 

IIIB: The tumor has grown into the chest wall or skin and has not spread to the 

lymph nodes, or it has spread to some or many lymph nodes underneath the arm or 

near the breastbone. 

IIIC: The tumor is of any size and the cancer has spread to many lymph nodes 

underneath the arm, or under the collarbone, or underneath the arm and near the 

breastbone. 

Stage 4: This stage is also called advanced breast cancer or metastatic breast cancer. The 

cancer can be of any size and may spread to nearby lymph nodes. It has spread to 

distant organs, such as the bones, liver, brain, or lungs.  

People with metastatic breast cancer and a BRCA mutation have a unique type of 

cancer and this information could be helpful to the doctor for better treatment 

options. 

2.1.1.3 Grade of breast cancer 

The grade describes the look of cancer cells when compared with healthy cells. The tumor 

grade classification is also known as the Elston and Ellis modified Scarff-Bloom-Richardson 

(SBR) which is based on a numeric score attributed to a tumor [28]. It assesses how closely 

cancer cells resemble normal cells depending on three parameters: the tubule formation, 

nuclear pleomorphism, and mitotic rate. 

• Grade 1: Cells look more like normal cells and are growing slowly. 

• Grade 2: Cells look and act somewhere in between Grade 1 and Grade 3. 

• Grade 3: Cells look very different from normal cells and are growing very fast. 
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2.1.1.4 Receptor status of breast cancer 

During biopsy or surgery, breast cancer cells can be tested to see if they have certain receptors 

that fuel cancer growth. Breast cancer can be classified according to the presence and absence 

of the three main types of receptors viz. estrogen receptor, progesterone receptor, and human 

epidermal growth factor receptor 2 [29] (Figure 3).  

Estrogen Receptor (ER): An ER is a protein found on the cell surface that can bind to 

estrogen to help cells grow. ER-positive cancer has ERs and also termed as hormone receptor 

(HR)-positive. If the cancer does not have any ERs, it is considered ER-negative. 

Progesterone Receptor (PR): A PR is a protein found on the cell surface that can bind to 

progesterone to help cells grow. PR-positive cancer has PRs, also termed as HR-positive.  

Human Epidermal Growth Factor Receptor 2 (HER2): HER2 is a protein found on the 

cell surface that normally helps control cell growth. HER2-positive cancer has too much 

HER2 whereas HER2-negative cancer does not have an excessive amount of HER2. 

Breast cancer that is ER-negative, PR-negative, and HER2-negative is called triple-negative 

breast cancer. This type of breast cancer grows and spreads faster than other types of breast 

cancer. BRCA mutations are more common in certain breast cancer subtypes including HR-

positive, HER2-negative and triple-negative cancer. Additionally, Tyrosine Kinase Receptor, 

and Ki-67 protein and Androgen Receptors (AR) status are important factors for breast cancer 

classification, prognosis predictors, and therapeutic targets [28]. 

 

 
Figure 3: Types and subtypes of breast carcinoma based on receptor status 
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2.1.2 Progression of breast cancer 

Breast cancer starts when breast cells begin to grow abnormally. The progression of breast 

cancer from a benign tumor to a malignant tumor is shown in the below mentioned image 

(Figure 4). Further, it spreads to other parts of the body through blood and lymph vessels 

which is called metastatic breast carcinoma or advanced breast cancers [30–32]. Common 

metastatic organs are the bones, lungs, liver and brain [33]. Metastatic breast tumors spread 

to a different part of the body and contain the same cancerous cells that developed in the 

breast and are still considered as breast cancer.  

 

Figure 4: Progression of breast cancer 

Adopted from Types of Breast Cancer, The John Wayne Cancer Institute 
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2.1.3 Management of breast cancer 

Breast cancer is one of the most studied cancer globally and newer research is updated for the 

treatment frequently. It is possible to detect breast cancer using MRI mammograms and X-

ray mammograms for the detection of breast lumps at an early stage. Breast-conserving 

surgeries and whole breast reconstruction are useful for patients who undergo a mastectomy 

to prevent the further onset of lymph edema. There are some latest radiation techniques such 

as Accelerated Partial Breast Radiation (APBI), Image-guided Radiation Therapy (IGRT) and 

Brachytherapy for treating breast cancer tumors [34–36]. To achieve optimal outcomes of 

curative therapy for breast cancer, treatment initiation to completion should be within a 

defined timeframe after diagnosis [37]. A breast biopsy is not for only detecting the type of 

tumor but also receptor status. Breast cancers that test positive for hormone receptors may 

receive hormonal therapy. Triple-negative breast cancer tests negative for hormone receptors, 

meaning it cannot be treated effectively with hormonal therapy. 

 

Figure 5: Algorithm for breast cancer management 
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The management of breast cancer includes locoregional (surgery and radiation therapy) and 

systemic therapy approaches depending on the types and stages of breast cancer, histological 

and molecular characteristics of breast cancer [2]. Systemic therapeutic approach includes 

hormone therapy for hormone receptor-positive cancer, chemotherapy for hormone receptor-

negative and in some cases of hormone receptor-positive, anti- HER2 therapy for HER2-

positive breast cancer, poly (ADP- ribose) polymerase inhibitors for the breast cancer with 

BRCA mutation (Figure 5). Recently, immunotherapy and some targeted therapies are useful 

for advanced breast cancers i.e., triple-negative breast cancer treatment. Future therapeutic 

approach in breast cancer includes an individualization of therapy as well as treatment based 

on tumor biology and early therapy response [2]. 

2.2 Doxorubicin chemotherapy 

Doxorubicin is the most useful treatment option for cancers such as breast cancer, ovarian 

cancer, lung cancer, neuroblastoma and leukemia [38]. It is used extensively to treat early-

stage or node-positive breast cancer, human epidermal growth factor receptor-2 (HER2)-

positive breast cancer, and metastatic disease [39]. Paclitaxel versus doxorubicin randomized 

study with cross-over showed doxorubicin have the better disease and symptom control than 

paclitaxel in first-line single-agent chemotherapy for metastatic breast cancer [40]. However, 

the clinical usefulness of doxorubicin in the treatment of cancer is restricted by dose-

dependent toxicity (myelosuppression and cardiotoxicity), the development of multidrug 

resistance and its low specificity against cancer cells [41]. 

Doxorubicin intercalates with DNA and inhibits macromolecular biosynthesis. It inhibits the 

enzyme topoisomerase II and also stabilizes the topoisomerase II complex. Subsequently, it 

prevents DNA double helix from resealing and thereby stops the process of replication [38]. 

The proposed molecular mechanisms for doxorubicin-induced cardiotoxicity include 

oxidative stress due to the generation of free radicals through mitochondrial redox cycling of 

doxorubicin in the cardiomyocyte, iron metabolism, Ca2+ homeostasis dysregulation, 

sarcomeric structure alteration, dysregulation of autophagy, gene expression modulation and 

apoptosis. These ultimately result in left ventricular dysfunction and in the most severe cases 

causing congestive heart failure [42]. 

All the previous types of doxorubicin-induced cardiotoxicity are subjected to inter-individual 

variations and there is no standard cumulative dose to cause this cardiotoxicity however there 

is a strong association between increasing the cumulative dose and incidence of development 
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of cardiovascular disease. The incidence of doxorubicin-induced cardiotoxicity and the 

related dose is shown in Table 1 [43]. 

Table 1: The incidence of dose-dependent doxorubicin-induced cardiotoxicity  

Incidence of cardiovascular disease Doxorubicin cumulative doses  

3-5% 400 mg 

5-8% 450 mg 

6-20% 500 mg 

50-60% >500 mg 

 

In HER2-positive metastatic breast cancer, the addition of trastuzumab to chemotherapy 

significantly increases response rate, time to progression, and overall survival compared with 

chemotherapy alone. However, upon combination of trastuzumab with doxorubicin, there is 

an increased risk of cardiac toxicity [44]. In one of the report, pegylated liposomal 

doxorubicin (PLD) provided comparable efficacy to conventional doxorubicin as first-line 

therapy for metastatic breast cancer (MBC) and showed significantly reduced cardiotoxicity, 

myelosuppression, vomiting and alopecia [45]. 

2.3 Role of naringenin and metformin in cancer 

2.3.1 Naringenin in cancer 

Naringin and its aglycone naringenin are the important flavonoids, abundantly present in 

citrus fruits such as grapefruits, oranges and tomatoes [46]. These Flavonoids are also 

synthesized from phenylpropanoid derivatives by condensation with malonyl-CoA [47]. 

Naringenin has broad biological effects on human health due to its high antioxidant properties 

(Figure 6). It includes a decrease in lipid peroxidation biomarkers and protein carboxylation, 

promotes carbohydrate metabolism, increases antioxidant defenses, scavenges reactive 

oxygen species, modulates immune system activity, and also exerts anti-atherogenic and anti-

inflammatory effects [7, 48–50]. Recently, different combination therapy using naringenin 

with the current anti-cancer agents have shown remarkable synergistic effects when compared 

with monotherapy. Besides, it has been reported to overcome multidrug resistance that occurs 

due to different defensive mechanisms in cancer and is one of the major obstacles of clinical 

treatment [46].  
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Figure 6: Naringenin and oxidative stress disorders 

2.3.1.1 Mechanisms as anticancer properties by Naringenin 

There are various molecular mechanisms behind the anti-cancer activities of naringenin [51–

53]. It includes carcinogen inactivation, anti-proliferative action, cell cycle arrest, induction 

of apoptosis and inhibition of sustained angiogenesis [47]. Naringenin causes carcinogen 

inactivation by upregulation of the Uridine 5’-diphospho glucuronosyltransferase and 

glutathione-S-transferase (GST) that help in the removal of carcinogens in the body. The 

metabolic conversion of pro-carcinogens into active carcinogens is largely executed via 

cytochrome P450. Naringenin antagonizes the effect of cytochrome P450 and prevents 

carcinogenesis and cell damage [54]. Naringenin inhibits the activity of enzyme aromatase 

(CYP19), which leads to a decrease in the biosynthesis of estrogen, and therefore it has a 

potential role for breast cancer and prostate cancer treatment [55, 56]. Due to the anti-oxidant 

properties of naringenin, it inhibits the generation of reactive oxygen species (ROS). It also 

inhibits ornithine decarboxylase (ODC) activity, an enzyme involved in the biosynthesis of 

polyamine, and therefore exhibits anti-proliferative action. Furthermore, naringenin has 

shown inhibitory effects on signal transduction enzymes, playing an important role in 

controlling cell growth by regulating proteins like protein tyrosine kinase (PTK), protein 

kinase C (PKC) and phosphoinositide 3-kinases (PIP3), and decrease the unwanted 

proliferation of cells [57–59]. Naringenin inhibits cyclin and cyclin-dependent kinases 

(CDKs), arrests the cell cycle at the G0/G1 and S phases along with the induction of apoptosis 

and helps to control leukemia [10]. Naringenin induces apoptosis by activation of caspases 

such as 3 and 9, release of cytochrome-c, increase in BAX and the downregulation of BCL2 
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in mitochondria. Naringenin shows anti-angiogenic effect by decreasing vascular endothelial 

growth factor (VGFG) and downregulating the TGF-β pathway, thus decreasing metastasis 

and invasion in pancreatic cells [47]. 

2.3.1.2 Mechanisms as cardio-protective action by Naringenin  

Both free radicals and reactive oxygen species (ROS) are byproducts of the aerobic 

metabolism of cells but the excessive generation of ROS does result in critical oxidative 

damage to the cellular components of the cells [60, 61]. Naringenin has antioxidant effects 

and anti-atherosclerosis effects [48]. Also, activation of ATP-sensitive potassium channel 

(KATP) by naringenin offers cardiac protection even after injuries [47]. It has been reported 

that there was a restoration in various antioxidant enzymes including superoxide dismutase 

(SOD), glutathione-S-transferase (GST), and catalase (CAT) on pre-treatment with 

naringenin against doxorubicin-induced cardiotoxicity in rats [62]. Naringenin involved in 

the upregulation of several endogenous enzymes possessing antioxidant activities via 

extracellular regulated kinase ½ (ERK1/2) phosphorylation and Nrf2 activation and 

translocation into the nucleus likely had a key role in the protection of cardiomyocytes [63]. 

The findings indicated that naringenin protects against cardiomyocyte apoptosis by 

expressing higher endogenous antioxidant enzymes (SOD, GST, and CAT) via 

phosphorylation of ERK1/2 and nuclear translocation of Nrf2 [63]. Naringenin suppresses 

the generation of reactive species and increases the activities of antioxidant enzymes such as 

superoxide dismutase (SOD) and catalases, along with reduction of the phosphorylation of 

ERK1/2 and p38 MAPK. Moreover, it prevents the binding of angiotensin II to angiotensin 

binding receptors AT1 receptor and AT2 receptor, thereby suppressing the vascular smooth 

muscle cell proliferation [64]. Naringenin exhibited its cardioprotective effect by reducing 

myocardial infarct area, decreasing LDH in coronary effluent to increase regenerative 

capacity, and improving the retrieval of left ventricular function. Moreover, the naringenin-

treated myocardium has also exhibited an increase in SOD and a decrease in the levels of 

MDA [65].  

2.3.2 Metformin in cancer 

Metformin is a well-known orally active drug with high efficacy and safety profile for type 

II diabetes. It belongs to the class called biguanides of which the other members have been 

withdrawn due to associated lactic acidosis. Pre-clinical reports have shown the antitumor 

activity of metformin on different cancer cell lines and animal models [12, 13]. Some 

population studies have shown a protective effect of metformin in the breast, colon, pancreas, 
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prostate, and liver cancer [15, 33, 66–68]. Based on epidemiological studies, the use of 

metformin is associated with a lower incidence and mortality of several cancers, particularly 

in patients with type 2 diabetes [16, 69]. 

2.3.2.1 Mechanism of metformin for its anticancer activity 

Metformin decreases insulin resistance and indirectly reduces insulin level, a beneficial effect 

because insulin promotes cancer cell growth [70]. Metformin increases glycolysis and 

facilitates the trafficking of glucose transporters 1 and 4 in several tissues, including skeletal 

muscle and adipocytes, thereby improving glucose uptake. It activates the AMP-activated 

protein kinase (AMPK) pathway, a major sensor of the energetic status of the cell, which has 

been proposed as a promising therapeutic target in cancer. AMPK activation leads to the 

phosphorylation of CoA carboxylase (ACC) and ultimately increases fatty acid oxidation. 

Metformin also inhibits the mitochondrial complex 1 and increases the intracellular 

AMP/ATP ratio, which in turn directly affects the proliferation and apoptosis of cancer cells. 

Metformin affects cell growth by liver kinase B1 (LKB1) mediated AMPK activation. It 

induces p53-dependent autophagy, inhibits mTOR and protein synthesis, and induces cell 

cycle arrest through a decrease in cyclin D1 protein level [70, 71] (Figure 7). Several reports 

outline a direct inhibitory effect of metformin on cancer cell growth and present an antitumor 

effect. Metformin inhibits immune exhaustion of CD8+ tumor-induced lymphocytes (TIL), 

thereby enhancing T cell-mediated immune response to tumor tissue [72]. 

 

Figure 7: Potential mechanisms of metformin on cellular metabolism and cell 

proliferation  

Adopted from Sahra et al;  Mol Cancer Ther. 2010;9 (5):1092-9 
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2.3.2.2 Mechanism of metformin for its cardio-protective action  

Metformin possesses cardiovascular protection, an effect not only due to its anti-

hyperglycemic effect but also to its favorable action on lipid metabolism in diabetic patients 

[73]. Metformin has several possible mechanisms of action, which can prevent or at least 

reduce doxorubicin cardiotoxicity including a decrease of free radical generation and 

oxidative stress, adenosine monophosphate-activated protein kinase activation, and ferritin 

heavy chain expression in cardiomyocytes cells [22]. Metformin is reported to increase 

aerobic glycolysis and reduce glucose metabolism through the citric acid cycle which 

potentially leads to attenuated doxorubicin-induced cardiotoxicity. Metformin can attenuate 

doxorubicin side effects by Sirtuin 1 (SIRT1) expression through decreased inflammatory 

cytokines and increased insulin sensitivity [74]. Metformin can prevent inflammatory stress 

by suppression of toll-like receptors (TLR-2 and TLR-4) in cardiac tissue [67, 75]. It has been 

found to inhibit interleukin (IL-1β) dose-dependently in human vascular wall cells. This 

cytokine-induced release of pro-inflammatory cytokines such as IL-6 and IL-8 in endothelial 

cells, smooth muscle cells, and macrophages is reported as well [76]. In addition, 

doxorubicin-induced autophagy dysregulation has been alleviated by the use of metformin 

and therefore may be useful as an adjuvant for chemotherapy [22]. 

2.4 Experimental models for breast carcinoma study 

Abundant advances in experimental models for breast carcinoma have been done over the last 

years to fulfil the demands of biomedical, medical, and pharmaceutical research. Different 

experimental models include in vitro, in vivo, in silico and some other models (Figure 8). 

Although in vitro culture of established breast cancer cell lines is probably the most widely 

used model for preclinical evaluation, but it is limited so far as it contains no stromal cells 

and lacks a three-dimensional structure. Animal models with similar genetic and other 

biomarker abnormalities to their human counterparts can be achieved by merging human and 

animal models in the form of tissue transplantation either heterotopically (subcutaneous) or 

orthotopically (mammary fad pad) [77]. In silico models are used for better data analysis 

whereas some physical design structures-based models are used to mimic biological models. 

The selection of the best suitable animal model for each project will depend on several 

aspects, namely ethical concerns, the purpose or objective of the study, the restrictions 

enforced on the models to use (genetic, immunity, etc), financial and logistic capitals, and the 

timeline for the development. The use of animals in most countries as well as each animal 
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research center evaluated by the ethical body to regulate and evaluate animal experimentation 

based on 3R, which stands for Replacement, Reduction, and Refinement. Currently, a fourth 

R is included for the responsibility of the researchers to respect animals’ welfare and to follow 

the animal experimentation guidelines. The application of the 4Rs implies not only ethical 

considerations but also economic and common-sense considerations because it is important 

to share the results of research projects, no matter good or bad, in order to avoid multiple 

experiments on the same subject leading to the sacrifice of more number of animals [78]. 

 
Figure 8: Experimental models for breast cancer research 

2.4.1 In vitro models in breast cancer 

In vitro experiments are based on the growth of single or multiple isolated cell lines in cell 

culture media. The cells can be grown on flat surfaces, on scaffold-based structures, or on an 

extracellular matrix [78]. The in vitro models can use the culture of cellular adherent 

monolayers or suspensions of cells, resulting in two-dimensional models (2D models) or 

three-dimensional models (3D models). In vitro models are a good alternative to implement 

the 3Rs principles, since they may reduce the total number of animal usage for drug discovery 

and development. In vitro experiments are allowed to study single and combination treatment 

efficacy, several intracellular and intercellular mechanisms under controlled environmental 

conditions.  It includes cellular signaling pathways, metabolism, absorption and excretion of 

substances, apoptosis, metastasis, and cellular proliferation.  

Due to the vast list of cell lines available and since they are easy and cheap to maintain, this 

type of experiment is frequently used. On the other hand, it has some drawbacks such as the 

difficulty to mimic the conditions surrounding the cells, the lack of contextualization 

regarding the microenvironment and immunological response, and the different genetic 
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expression and cellular markers of the cells, since those are the specific features of each 

individual [78]. 

Though 2D models are fast and cheap models, they are still viewed as basic models that are 

unable to capture all the features and heterogeneity of cancer. The advanced and more 

complex models with 3D approach are able to successfully mimic complex tumor 

microenvironments. 3D in vitro models can be developed from previously well-known, 

isolated and commercialized cell lines or from patient-derived samples collected through 

biopsies. Using 3D in vitro models make it possible to study cell-cell interactions, cell-

extracellular matrix (ECM) interactions, to analyze tumor formation, progression and 

metastasis. This class of models includes tissue slice models, organoids, spheroids, and 

scaffold-based models. 

2.4.2 In vivo models in breast cancer 

The understanding of the mechanisms underlying breast cancer pathology and the success of 

the development of new treatment options depend on the ability of animal models to mimic 

the properties of the tumor to the human. The use of different animal species such as mice, 

rats, cats and dogs have been already reported for experimental models [78, 79]. 

2.4.2.1 Murine models 

Murine models are the more frequently used in experimental research as rats and mice have 

multiple advantages when compared with the other animal species. They are small size, 

relatively cheap animals, easy to accommodate, manipulate and have more genetic homology 

with humans. There are numerous breast cancer-induced animal models, reported to simulate 

human breast cancer which includes chemical induction, transplanted tumors, and genetically 

engineered models [80].  

Chemically-Induced Models:  

Environmental models consist in the induction of tumors through contact with chemical 

compounds to which people can be exposed daily. Currently, there are only two chemical 

carcinogenic agents (7,12-dimethylbenzantracene (DMBA) and N-methyl-N-nitrosourea 

(NMU) that are able to induce mammary tumors in rats that exhibit histopathological 

characteristics and genetic alterations similar to those described in humans [79, 81]. Both 

compounds are complete carcinogens and capable of inducing hormone-dependent tumors in 

rats whereas hormone-independent tumors in mice [82]. DMBA has an indirect action as a 

carcinogen, which requires previously bio-activated by cytochrome P-450 in the liver to form 
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DNA adducts [83–85]. MNU is a direct alkylating agent through the methylation of guanine 

nucleotides, which does not need previous bio-activation [86, 87]. A single dose of both 

compounds can induce mammary tumors with 100% incidence in Sprague–Dawley rats [78, 

79].  

Transplanted Tumors Models: 

In these models, living cancer cells in the form of suspension or solid tumors obtained from 

a donor is transplanted to the recipient animal. They can be classified in cell-derived 

xenografts (CDX), patient-derived xenografts (PDX), or syngeneic models (allograft models) 

[88]. When the tumor donor and host are from the same species, the models are classified as 

an allograft. Contrarily, when the tumor donor and host are from different species, they are 

classified as xenograft models. In the case of xenografts, the host animals must be 

immunocompromised (athymic nude mice, SCID mice, etc) to achieve greater tolerance to 

tumor transplantation. In both models, if the tumor cells are implanted in the tumor site of 

origin, they are classified as orthotopic models, for example, the transplantation of mammary 

tumor cells to the mammary fat pad. On the other hand, when the tumor cells are implanted 

in a different place from their origin, they are classified as heterotopic models, for example, 

the transplantation of tumor cells subcutaneous or intraperitoneal or intramuscular [78]. 

Genetically Engineered Models:  

Genetically engineered models (GEM) correspond to animal strains with manipulated genetic 

alterations that can be classified as transgenic, knock-in, or knock-out, depending on if the 

addition, modification, or removal of DNA sequences occurred, respectively [79]. The main 

alterations involve the overexpression of oncogenes or loss of tumor-suppressor genes. There 

are more genetically modified mice models compared to the rats model but genetically 

modified rats can be good models to evaluate the role of Ras, BRCA1, and BRCA2 genes in 

the progression of malignant mammary tumors. Genetically modified mice models of breast 

tumors can include the application of growth factors and receptors (TGF-alpha, Erbb2, and 

IGF-II), nuclear oncogenes (c-myc), viral oncogenes and some specific genes [78, 89].  

2.4.2.2 Canine, feline models and radiation models 

Cats and dogs are natural models to study mammary tumors because they develop 

spontaneous malignant tumors with similar histopathological features to human tumors [90, 

91]. They have comparable genetic variability to humans and might be exposed to several 

carcinogens, similar to the ones to which humans are prone to develop cancer [92]. There are 
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some different types of radiation which have potential carcinogenic effects. It includes 

ionizing radiation, ultraviolet radiation, X-rays and atomic radiation (alpha, beta, gamma, and 

neutrons) [92]. 

2.4.3 In silico models in breast cancer  

The major challenges and difficulties of in vitro and in vivo models are related to the 

maintenance of the models, the high biological variability between the studies, and the ethical 

concerns associated with the use of biological species. To exceed the mentioned drawbacks, 

in silico models were created to perform biological studies with high control over the 

experiments without using biological entities [92]. Cava et al 2018, predicted in silico effects 

for new or approved drugs on different breast cancer subtypes by silencing the pathways to 

explore new potential drugs or more effective synergistic combinations of drugs [93]. In silico 

models are valuable methods for doing a deeper, precise and more complete analysis of the 

data obtained from in vitro and in vivo experimentations. Additionally, computational models 

of biological test systems are more manageable, flexible and allow the evaluation of multiple 

parameters and variabilities in the existing data sets. However, more computational power, 

additional technical and computerized system skills are required due to the high complexity 

of the study system [78]. 

2.4.4 Other models in breast cancer 

Besides the above-mentioned models, there are two different models, the physical phantoms 

and microfluidic 3D models. Phantoms are physical structures designed and produced to 

mimic biological structure-related properties. Physical breast phantoms are a valuable asset 

for the development, optimization and evaluation of X-ray-based imaging systems for breast 

imaging [94]. Phantoms are often used to calibrate and optimize diagnostic techniques, such 

as X-ray modalities [95], microwave breast imaging systems and evaluate radiation doses 

reaching the tissues after exposure to a radiation source [78]. Microfluidic 3D models, also 

known as on-chip 3D systems, are particular models that combine in the same system micron-

sized fluidic channels with tubing, pumping peripherals, fluids, and cells. Tumor-on-chip is 

capable of recapitulating the biological activities, mechanical properties, and physiological 

responses of tumor cells [96]. Earlier these models were considered as in vitro models due to 

the use of cells, but the use of microfluidic systems as well, they are categorized as a different 

class of models. The microfluidic devices have been developed to investigate cancer cell 

transition, invasion and migration from a primary site and to study the various cell transition 
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effects, intravasation, extravasation processes [97]. On-chip 3D models are used for drug 

screening assays and model characterization purposes [98].  

Finally, the variety of breast cancer models described in the literature is summarized here for 

the comparison of the main advantages and limitations of each model (Table 2). There is no 

single optimal model that is ideal for all the required conditions, but a combination of multiple 

models may lead to satisfactory results and will beat the main weaknesses inherent to 

individual models. 

Table 2: Advantages and disadvantages different experimental breast cancer models 

Type of 

Model 
Advantages Limitations 

In vitro • Simple and less expensive 

• Availability for a wide range of cell 

lines 

• Less ethical issues 

• Easy to control variables  

• Useful for find out cellular 

mechanisms and correlations 

• Difficult to extent result to whole 

organism or different species  

• Absence of the tumor microenvironment 

and immunological response, like lack of 

blood flow 

• Difficult to mimic complex interactions 

and to correlate the expression of genes 

and markers with humans  

• Successive cell passaging leads to change 

in cellular features  

In vivo • Better correlation of tumor 

microenvironment and gene 

expression with humans 

• Represent the effect as whole 

organisms/ species 

• Permit to design complex models  

• More ethical concerns 

• Expensive and time consuming to develop 

similar models  

• Still, clinical trials needed to confirm 

exact effects in humans 

In silico • No use of animals surpass the ethical 

concerns  

• Cost-effective 

• Less impact by external factors and 

high control on experimental design 

 

• No complete biological background but it 

is a mathematical simulation only.  

• Require in vitro or in vivo data to develop 

and standardize various tools. 

• Require high computer skills and power 

Physical 

phantoms 

• No living system and no ethical 

concerns 

• Development of biological structures 

without using any biological entity 

• Difficulty to develop accurate simulation 

of biological structures and less accuracy 

to mimic the biological background 

• Physical structural models only 

Microfluidic 

3D  models 

• Limited cells use and less ethical 

concerns compared to in vivo models 

• Higher control of the environment and 

use high-throughput assay 

• Mimic tumor microenvironment and 

respond to immunological events 

• Difficult to perfuse more than one fluid 

•  Complex design and difficult to 

standardize of microfluidic devices 

• Specific microfluidic pump and tubing 

systems are required 
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CHAPTER 3: Materials and Methods 

CHAPTER 3 
 

Materials and Methods 
 

 

3.1 Plan of work 

The project work was carried out as per the below plan.  

Project Proposal 

 

IAEC Approval 

 

In vitro Studies- Cell line growth inhibition assay using breast cancer cells 

    Study 1 - MTT assay using MDA-MB-231 cells 

  Study 2 - MTT assay using 4T1 cells 

 

In vivo Studies- Efficacy and safety using animal models of breast carcinoma 

 Study 3 - Chemical-induced carcinoma (MNU-induced rat model) 

 Study 4 - Xenograft mouse model (MDA-MB-231 xenograft tumor) 

   Study 5 - Syngeneic mouse model (4T1 cells-induced orthotopic tumor) 

 

Statistical Analysis 

 

Conclusion 
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3.2 Cell culture and reagents  

The human breast cancer cell line MDA-MB-231 (HTB-26™) and murine breast cancer cell 

line 4T1 (CRL-2539™) were purchased from the American Type Culture Collection (ATCC; 

Bangalore, India). MDA-MB-231 cells and 4T1 cells were cultured with Dulbecco’s 

Modified Eagle Medium (DMEM, Hi-media lab, India) and RPMI-1640 medium (Sigma‑

Aldrich, Merck) respectively. It was supplemented with 10% heat-inactivated fetal bovine 

serum (FBS, Gibco) and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin). 

Cultures were maintained at 37°C in a 5% CO2 humidified atmosphere.  

Methylnitrosourea (MNU) and naringenin were purchased from Sigma-Aldrich (Bangalore, 

India). Doxorubicin injection (Dox) and metformin were purchased from Parth Medicine 

(Vadodara, India). Liposomal doxorubicin was obtained from Sun Pharmaceutical Industries 

Limited (Vadodara, India). ELISA kits for tumor necrosis factor-alpha (TNF-α) and 

interleukin 1 beta (IL-1β) levels were purchased from R&D Systems. Cardiac biomarker 

Troponin I (cTnI) ELISA kit was purchased from MyBioSource. Ki-67 

Immunohistochemistry kits were purchased from Reverside Biosciences Inc., USA. All other 

reagents and chemicals used for the study were of analytical grade only. 

3.3 Experimental animals and ethical approval 

Female sprague dawley rats (80-120 gm) and female balb/c mice (18-22 gm) were used for 

the Chemical-induced breast carcinoma model and orthotopic breast carcinoma model 

respectively. Male athymic balb/c nude mice (20-30 g) of the age of 6-8 weeks were used in 

the xenograft study. Animals were housed in the group (2 to 3 animals/cage) maintained under 

constant temperature (18-26°C), humidity (30%-70%) and lighting conditions (12 h light and 

12 h dark). Animals received reverse osmosis (RO) water and harlan rodent diet ad libitum. 

All the animal experiments were conducted according to the guidelines of the Committee for 

the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), ministry of 

environment, forests and climate change, government of India. The project proposal was 

approved by the Institutional Animal Ethics Committee of Sardar Patel College of Pharmacy, 

Gujarat Technological University, Gujarat, India (IAEC No. SPCP/IAEC/RP-03/2017) and 

Sun Pharma Advanced Research Company Limited, Vadodara, Gujarat (IAEC No. 

IAEC/448).  
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3.4 In vitro studies  

Cell viability was measured in two breast carcinoma cell lines by MTT assay as described 

previously [11, 99] (Figure 9). MDA-MB-231 cell line and 4T1 cell line are the triple-

negative breast cancer (TNBC) cell lines originated from human and mouse respectively.  

 

Figure 9: Procedure for MTT assay 

MDA-MB-231 cells (1 × 106 cells/well) or 4T1 cells (1 × 104 cells/well) were seeded into 96-

well plates and incubated for 24 h in a CO2 incubator. The cells were then exposed to different 

treatment concentrations of selected drugs in 96 well plates for 24 h. After the addition of 100 

µL fresh medium, the cells were incubated with 10 μL MTT (5 mg/ml) solution in PBS for 4 

h at 37˚C. The formazan crystals then formed were solubilized in dimethyl sulfoxide (50 µL). 

The final absorbance was measured at 570 nm using a microplate reader (Bi-Biotech, USA). 

Cell viability was calculated as follow: 

Viability (%) =  
Absorbance of sample wells

Absorbance of control wells
 x 100 

The different concentration of each drug for concomitant treatment assay was selected based 

on initial experiments, using various concentration of single-drug treatment. The % cell 

viability of each single-drug treatment was determined for both the cell lines and 

concentrations for concomitant treatment were finalized. The cells were then exposed to 

various concentrations of doxorubicin alone or combined with naringenin or/ and metformin 

in 96 well plates for 24 h.  

Cells seeding in 96 well 

plate 

Incubation for 24 h for 

cells attachment 

Drug treatment for 

selected concentrations 

Incubation for 24 h in 

a CO2 incubator 

100 µL fresh medium 

addition after incubation 

10 µL MTT reagent 

addition and mixing 

Incubation for 4 h at 37ºC, 

Absorbance recording at 570 nm 

50 µL DMSO addition 

after incubation 
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In MDA-MB-231 cells were treated with different concentrations of doxorubicin (1.5, 5, 15, 

30, 60 and 120 µM) using constant concentrations of naringenin (1.25 mM) and metformin 

(12.5 mM) based on % cell viability data of single-drug treatment. Similarly, 4T1 cells were 

treated with different concentrations of doxorubicin (0.47, 0.94, 1.88, 3.75, 7.50, 15 and 30 

µM) using constant concentrations of naringenin (0.625 mM) and metformin (6.25 mM) 

based on % cell viability data of individual drug treatment. The % cell viability of doxorubicin 

alone and concomitant use of naringenin or/ and metformin were determined at each 

concentration level for both the cell lines. 

3.5 In vivo studies 

In vivo efficacy and safety were evaluated in three different breast carcinoma models for 

single and combination treatment. It included the MNU-induced rat model, xenograft mouse 

model and syngeneic orthotopic mouse model of breast carcinoma. Each model has a different 

method of induction and represents different characteristics of breast carcinoma.  

3.5.1 MNU-induced rat model of breast carcinoma                                                                                                                                                            

Breast tumor was induced in sprague dawley rats (SD rats) by single intraperitoneal injection 

of  50 mg/kg MNU as described earlier [100]. After the development of the tumor i.e., 90 

days from the injection, animals were divided into eight different treatment groups 

(n=6/group) based on tumor occurrence and body weight as shown in the study design (Table 

3 and Figure 10).  

The dose of the naringenin and metformin was selected based on previous studies [21, 23, 

101, 102]. Naringenin (50 mg/kg) or/ and metformin (100 mg/kg) were administered orally 

to their respective treatment groups of animals for 28 days. Intravenous injections of 

liposomal doxorubicin (2 mg/kg or 4 mg/kg) or saline were administered on days 0, 7, 14 and 

21 to the respective group of animals as shown in the study design (Table 3 and Figure 10).  

Tumor development and body weights were recorded weekly up to the 28th day. Blood 

glucose was measured on day 21 for each animal to check any hypoglycemic effect of 

treatments given under the study. The animals were checked daily throughout the study for 

any mortality. All the animals were sacrificed on day 28, their tumors were isolated and 

weighed. 
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Table 3: Treatment groups for MNU-induced rat model of breast carcinoma  

Group No Treatment groups Dose and schedule 

1 Disease control 2 ml/kg water (po) + 3 ml/kg saline (iv) 

2 Naringenin 50 mg/kg/po/day for 28 days 

3 Metformin 100  mg/kg /po/day for 28 days 

4 Liposomal doxorubicin 4 mg/kg/iv/week for 4 weeks 

5 Liposomal doxorubicin 2 mg/kg/iv/week for 4 weeks 

6 Naringenin + 

Liposomal doxorubicin 

50 mg/kg/po/day for 28 days 

2 mg/kg/iv/week for 4 weeks 

7 Metformin + 

Liposomal doxorubicin 

100 mg/kg /po/day for 28 days 

2 mg/kg/iv/week for 4 weeks 

8 Naringenin + 

Metformin + 

Liposomal doxorubicin 

50 mg/kg/po/day for 28 days 

100 mg/kg /po/day for 28 days 

2 mg/kg/iv/week for 4 weeks 

n=6; Breast carcinoma was induced using single intraperitoneal injection of MNU (50 mg/kg) in rats. iv- 

intravenous, po- per oral 

 

 
 

 

Figure 10: Study design for MNU-induced rat model of breast carcinoma 

q7d*4 = weekly for four weeks 

 

       SD rats 

 

MNU at 50 mg/kg/ip/single 

dose 

Days     0   7         14           21            28 

Lipo. Doxorubicin - 2 mg/kg/iv and 4 mg/kg/iv - q7d*4 

Naringenin (50mg/kg) or/and  

Metformin (100mg/kg) per oral daily 

Animal sacrifice 

Tumor weight,  

Tumor parameters, 

Histology 

Body weight and survival monitoring 

throughout study 

Glucose measurement on day 21 

n=6 

90 days 
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Antitumor activities of a single-drug or combination of drugs were assessed based on tumor 

parameters [103, 104] like tumor incidence, the total number of a tumor, tumor multiplicity 

and tumor weight (Table 5).  

3.5.2 Xenograft mouse model of breast carcinoma 

Breast tumors were induced by subcutaneous injection of human origin breast carcinoma cells 

(5 × 106 MDA-MB-231 cells)  at the right flank region of the backside of athymic nude mice 

as described earlier [105, 106]. Animals were screened and divided into different treatment 

groups based on tumor volume and body weight as shown in the study design (Table 4 and 

Figure 11). 

Table 4: Treatment groups for mouse models of breast carcinoma  

Group No Treatment groups Dose and schedule 

1 Disease control 2 ml/kg water (po) + 3 ml/kg saline (iv) 

2 Naringenin 50 mg/kg/po/day for 28 days 

3 Metformin 100 mg/kg /po/day for 28 days 

4 Liposomal doxorubicin 6 mg/kg/iv/week for 4 weeks 

5 Liposomal doxorubicin 3 mg/kg/iv/week for 4 weeks 

6 Naringenin + 

Liposomal doxorubicin 

50 mg/kg/po/day for 28 days 

3 mg/kg/iv/week for 4 weeks 

7 Metformin + 

Liposomal doxorubicin 

100 mg/kg /po/day for 28 days 

3 mg/kg/iv/week for 4 weeks 

8 Naringenin + 

Metformin + 

Liposomal doxorubicin 

50 mg/kg/po/day for 28 days 

100 mg/kg /po/day for 28 days 

3 mg/kg/iv/week for 4 weeks 

n=6; iv- intravenous, po- per oral,  
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Figure 11: Study design for xenograft/ syngeneic mouse models of breast carcinoma 

q7d*4 = weekly for four weeks, iv- intravenous, po- per oral, sc- subcutaneous; Xenograft model developed 

by subcutaneous injection of MDA-MB-231 cells in backside of athymic nude mice. Syngeneic orthotopic 

mouse model developed by injection of 4T1 cells in mammary fat pad of Balb/c mice. 

 

Naringenin (50 mg/kg) or/ and metformin (100 mg/kg) were administered orally to their 

respective treatment groups of animals for 28 days. The dose of the naringenin and metformin 

was selected based on previous studies [21, 23, 101, 102]. Liposomal doxorubicin was given 

at two dose levels (3 mg/kg or 6.0 mg/kg) based on literature [107] to compare its efficacy at 

a lower dose, higher dose and with combination treatments. Intravenous injections of 

liposomal doxorubicin (lipo-dox, 3 mg/kg or 6.0 mg/kg), or saline were administered in the 

tail vein on days 0, 7, 14 and 21 to its respective group of animals (Table 4 and Figure 11). 

Tumor size (using digital vernier caliper) and body weights were recorded twice weekly till 

28 days of the study period. For humane reasons, animals were euthanized when tumor 

volume reached >4000 mm3. The animals were checked daily throughout the study for deaths. 

Blood glucose was measured on day 22. On day 28th, blood was withdrawn for cytokines 

(TNF-α and IL-1β) and cardiac biomarker (cTnI) levels estimation. Major organs (spleen, 

kidney, heart, lung and liver) and tumor were also isolated, weighted and observed for gross 

morphology. Hearts were also prepared for histology. Tumors were subjected to histology 

(H&E) and Immunohistochemistry (Ki-67) evaluation.  
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3.5.2.1 Experimental outcomes 

Tumor volume (V) was calculated using the formula of a sphere as follows: 

V (mm3) =  [
(D1 + D2)

2
]

3

x 0.5236  

where D1 and D2 were the largest and smallest diameters of tumors respectively. 

Percentage test/control (%T/C) was calculated as follows:  

%T/C =  
Mean tumor volume of drug treated group on day X

Mean tumor volume of control group on day X
 x 100 

where X was the day of observation.  

The optimal %T/C value for each group was the minimal %T/C ratio, thus reflecting the 

maximal tumor growth inhibition. According to NCI standard criteria, %T/C ≤ 42% indicates 

acceptable antitumor activity; %T/C ≤ 20% indicates moderate antitumor activity; %T/C ≤ 

10% indicates high antitumor activity [107–109].  

Mouse body weight changes were calculated as follows: 

Body weight change (%) =
Mouse weight on Day X − mouse weight on Day 0

Mouse weight on Day 0
 x 100 

where X was the day of observation.  

A dose producing a mean weight loss ≥15% of initial body weight was considered toxic [107, 

109]. 

3.5.2.2 Cytokines and biomarker estimation 

Serum was separated from the collected blood samples at the end of the study (on day 28) 

and stored at -70°C until analysis. The inflammatory cytokines like tumor necrosis factor-

alpha (TNF-α) and interleukin 1 beta (IL-1β) levels were determined by ELISA kits (R&D 

Systems). Cardiac biomarker Troponin I (cTnI) was estimated by ELISA kits (MyBioSource).  

All the procedure steps were followed as per the manufacturer’s instructions. 

3.5.2.3 Histology and immunohistochemistry 

Histology was performed using hematoxylin and eosin (H&E) staining of tumor sections. 

Tissue samples were fixed in 10% formalin and embedded in paraffin, cut in 4 mm sections, 

stained with hematoxylin and eosin and then evaluated for tumor necrosis based on 
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morphology under a bright field microscope [21, 110]. The relative necrotic area (%) of tumor 

tissues was calculated using a given formula as under. 

Relative necrotic area (%)  =  
Necrotic area in tumor section

Total area of tumor section
x 100 

The immunohistochemistry assay was carried out using mouse/ human Ki-67 

Immunohistochemistry Kit (RUK-KI001; Reverside Biosciences Inc., USA) as described 

earlier [21, 111]   Briefly, serial sections of 4 mm thick tumor tissues were cut from the 

formalin-fixed, paraffin-embedded tissue blocks. Paraffin sections were deparaffinized and 

rehydrated, heat-induced antigen retrieval was performed using citrate buffer. The 

endogenous peroxidase was blocked with 3% hydrogen peroxide followed by incubation with 

primary antibody anti-Ki-67 (1:100 dilution) overnight at 4°C. The tissues were then 

incubated with rabbit HRP polymer, as a secondary antibody for 60 min followed by the 

developing chromogen DAB substrate solution for 2 min and then the sections were lightly 

counterstained (1:6 dilution) with hematoxylin in distilled water. Digital images were 

captured using a Carl Zeiss Microscopy GmbH. Three images of different tissue sections were 

scored based on intensity level (0, negative; 1, weak; 2, moderate; and 3, strong), and the 

average score was multiplied by 100 to get the percentage of area staining as described in the 

literature [111].  

Ki-67 expression level = Average score x 100 

3.5.3 Syngeneic mouse model of orthotopic breast carcinoma 

Breast tumors were induced using the orthotopic injection of 1 x 106 4T1 breast carcinoma 

cells at the mammary fat pad of Balb/c mice as described earlier [112, 113]. For tumor 

induction, animals were anesthetized using isoflurane and 0.1 ml breast carcinoma cells were 

injected. Animals were divided into eight groups (n=6/group) based on tumor volume and 

body weight (tumor volume 50 to 100 mm3 and had a body weight 18-24 g at the time of 

treatment initiation) as shown in the study design of mouse model of breast carcinoma (Table 

4 and Figure 11). Doses of each treatment were selected based on previous in-house studies 

and published literature [107, 114]. Naringenin (50 mg/kg) or/ and metformin (100 mg/kg) 

were administered orally to their respective treatment groups of animals for 28 days. 

Intravenous injections of liposomal doxorubicin (3 mg/kg or 6 mg/kg) or saline were 

administered on days 0, 7, 14 and 21 to their respective group of animals as shown in the 

study design (Table 4 and Figure 11). Tumor diameter using digital vernier caliper and body 
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weights were recorded twice weekly up to 28th day. For ethical reasons, animals were 

euthanized when tumor volume reached >4000 mm3. The animals were checked daily 

throughout the study for mortality. On 28th day, blood was withdrawn for the estimation of 

hematology parameters. Animals were sacrificed, tumors were isolated and weighed. 

Experimental parameters were calculated and interpreted as described in section 3.5.2.1: 

Experimental outcomes 

3.5.3.1 Hematology estimation 

The blood (K2EDTA) was collected from the mice at the end of the study (day 28) and 

processed for hematology parameters analysis using the ADVIA 120 hematology system. 

3.5.3.2 Histology 

Histology was performed using hematoxylin and eosin (H&E) staining for the tumor sections 

of an orthotopic mouse model. Tissue samples were fixed in 10% formalin and embedded in 

paraffin, cut in 4 mm sections, stained with H&E and then observed for tumor necrosis based 

on morphology under a bright field microscope [21, 110].  

3.6 Statistical analysis 

All the data are expressed as mean ± standard deviation (SD). Cell cytotoxicity data were 

analyzed using one-way ANOVA, followed by Tukey’s test. Tumor volume data were 

analyzed using two-way ANOVA followed by Bonferroni’s test. Body weight, organ weights, 

serum cytokines, biomarker, hematology, blood glucose, histology and immune histology 

data were analyzed using one-way ANOVA followed by Dunnett’s test. The Kaplan-Meier 

method, the log-rank test was used to estimate survival differences. Statistical analysis was 

carried out using GraphPad Prism 9.0 (GraphPad Prism Software, LLC) and p values <0.05 

were considered statistically significant. 
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CHAPTER 4: Results and Discussion 

 

CHAPTER 4 
 

Results and Discussion 
 

4.1 Results 

4.1.1 Effect on cell viability using MTT assay (In vitro) 

4.1.1.1 Preliminary experiments 

The preliminary experiments were performed using different concentrations of each single-

drug, for the selection of final concentrations in combination treatment against both the cell 

lines. Looking at the sensitivity to the respective cell line, the concentration range of 

doxorubicin was finalized and used for combination treatment experiments for both the cell 

lines. As combination treatment has more than one drug, the concentration of each individual 

drug was selected seeing the half-maximal inhibitory concentration (IC50) and half of the half-

maximal inhibitory concentration (IC25) (Figure 12 and Figure 13). 

Based on the preliminary experiment, 1.25 mM and 12.5 mM for naringenin and metformin 

were finalized respectively for combination treatment with doxorubicin against MDA-MB-

231 cells (Figure 12). Similarly, 6.25 mM and 6.25 mM constant dose of naringenin and 

metformin were finalized respectively for combination treatment with doxorubicin against 

4T1 cells (Figure 13).  
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A 

  

B 

  

C 

  

 

Figure 12: Preliminary experiment for cell viability (%) after single-drug treatment on 

MDA-MB-231 breast carcinoma cells 

Data are expressed as mean ± SD, n=3 replicates; A: Naringenin treatment, B: Metformin treatment, C: 

Doxorubicin alone treatment 
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Figure 13: Preliminary experiment for cell viability (%) after single-drug treatment on 

4T1 breast carcinoma cells 

Data are expressed as mean ± SD, n=3 replicates; A: Naringenin treatment, B: Metformin treatment, C: 

Doxorubicin alone treatment 
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4.1.1.2 Experiments using concomitant treatment of naringenin, metformin and 

doxorubicin 

The effectiveness of doxorubicin in different combinations was studied against both the 

Triple-negative Breast Carcinoma (TNBC) cell lines (MDA-MB-231 and 4T1) by treating 

cells with various concentrations of doxorubicin, keeping constant concentrations of 

naringenin and metformin. The proliferation of MDA-MB-231 cells was not significantly 

affected by co-treatment with 12.5 mM metformin and 1.5 to 120 µM doxorubicin when 

compared with the same concentration of doxorubicin alone. However, co-treatment of 

naringenin 1.25 mM offered improved sensitivity of MDA-MB-231 cells to doxorubicin at 5, 

15 and 30 µM (p<0.01). Interestingly, the concomitant use of metformin (12.5 mM) and 

naringenin (1.25 mM) with doxorubicin at the concentration of 1.5 to 30 µM showed a 

significant (p<0.001) decrease in the cellular viability as compared to doxorubicin alone, 

suggesting an increased sensitivity of doxorubicin to MDA-MB-231 cells (Figure 14). Based 

on preliminary experiment in MDA-MB-231 cells, naringenin and metformin combination 

without doxorubicin showed cell viability of 45 %. The combination of metformin and 

naringenin showed a significant increase in efficacy (1.7 to 2.5 fold) of doxorubicin at the 

concentration of 1.5 to 30 µM but did not show any remarkable increase in efficacy at the 

concentration 60 µM and 120 µM. This might be because doxorubicin itself has high cell 

toxicity and therefore, no further scope for the combination treatment at a higher 

concentration of doxorubicin.  
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Figure 14: Cell viability (%) after concomitant treatment of naringenin or/and 

metformin with doxorubicin on MDA-MB-231 breast carcinoma cells 

Data are expressed as mean ± SD; The data were analyzed using one-way ANOVA, followed by Tukey’s test 

(n=3 replicates); Differences were considered to be statistically significant where *p<0.05, **p<0.01, and 
***p<0.001 as compared to the same concentration of doxorubicin alone treatment. Nar- Naringenin, Met- 

Metformin, Dox- Doxorubicin 

 

The proliferation of 4T1 cells was not significantly (p>0.05) affected by co-treatment with 

either 6.25 mM metformin or 0.625 mM naringenin with different concentrations of 

doxorubicin (0.47, 1.88, 3.75, 7.50, 15 and 30 µM, except 0.94 µM) when compared with the 

doxorubicin alone. However, based on our preliminary experiment in 4T1 cells, naringenin 

and metformin combination without doxorubicin showed cell viability of 37.9 %. Moreover, 

the combination of metformin (6.25 mM) and naringenin (0.625 mM) together with 

doxorubicin at the concentration of 0.47 to 30 µM showed significantly (p<0.001) lower 

cellular viability compared to doxorubicin alone, suggesting an increased sensitivity of 

doxorubicin to 4T1 cells (Figure 15).  

 

 

Figure 15: Cell viability (%) after concomitant treatment of naringenin or/and 

metformin with doxorubicin on 4T1 breast carcinoma cells 

Data are expressed as mean ± SD; Data were analyzed using one-way ANOVA, followed by Tukey’s test (n=3 

replicates); Differences were considered to be statistically significant where *p<0.05, **p<0.01, and ***p<0.001 

as compared to the same concentration of doxorubicin alone treatment. Nar- Naringenin, Met- Metformin, Dox- 

Doxorubicin 
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4.1.2 Effect on MNU-induced rat model of breast carcinoma (In vivo) 

In the MNU-induced breast carcinoma model of rats, a significant reduction (p<0.05) in tumor 

weight was observed in metformin + 2 mg/kg lipo-dox, naringenin + 2 mg/kg lipo-dox and 

concomitant treatment of naringenin, metformin and 2 mg/kg lipo-dox treated groups when 

compared with the disease control group (p<0.05). A higher dose of lipo-dox (4 mg/kg) also 

showed a significant reduction in tumor weight as compared to the disease control group 

(p<0.01). Besides, combination of treatment (lipo-dox 2 mg/kg + naringenin + metformin) 

showed marked reduction in tumor weight when compared with the lipo-dox 2 mg/kg alone 

treatment (Table 5). The combination of lipo-dox 2 mg/kg with naringenin and metformin 

showed a reduction in tumor incidence, the total number of tumors as well as tumor 

multiplicity as compared to lipo-dox 2 mg/kg alone and showing effects closer to a higher 

dose of lipo-dox (4 mg/kg) treated rats. At the same time, reduction in mean tumor weight 

was not found significant in individual drug treatments viz naringenin or metformin or lipo-

dox 2 mg/kg as compared to a disease control group.  

 

Table 5: Tumor parameters in MNU-induced breast carcinoma in rats 

Groups 
Tumor 

incidence (%) 

Total 

number of 

tumor (n) 

Tumor 

multiplicity 

Tumor weight 

(g) @ 

Disease control 100 17 2.8 8.6 + 2.48 

Nar 50 83 8 1.3 5.7 + 2.73 

Met 100 100 11 1.8 4.9 + 2.21 

Lipo-dox 4 17 2 0.3 0.40 + 0.37** 

Lipo-dox 2 67 9 1.5 3.4 + 1.36 

Lipo-dox 2 + Nar 67 6 1.0 1.9 + 1.09* 

Lipo-dox 2 + Met 50 5 0.8 1.1 + 0.58* 

Lipo-dox 2 + Nar + Met 33 3 0.5 0.7 + 0.46* 

@Data were expressed as mean ± SEM. n=6. The data were analyzed using one-way ANOVA followed by 

Dunnett's test. *p<0.05, **p<0.01 compared to disease control group; Nar- Naringenin, Met- Metformin, Lipo-

dox- Liposomal doxorubicin  

No significant change in body weight was observed in any treatment group. A dose producing 

a weight loss ≥15% of initial body weight was considered toxic. A maximum decrease in 
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body weight was observed in the lipo-dox 4 mg/kg (12 %) when compared with their 

respective body weight on day 0 (Figure 16); although other treatments showed less than 5 % 

body weight loss in the rat model of MNU-induced breast carcinoma. Besides, no change in 

blood glucose levels observed in any of the treatment groups (p > 0.05; Figure 17) may be 

due to the euglycemic effect of metformin on non-diabetic animals. In addition to the above, 

no mortality was observed in any treatment group throughout the study (Figure 18). 

 

Figure 16: Effect on body weight after single or combination treatments in MNU-

induced breast carcinoma in rats 

Body weight data were expressed as % change in body weight from initial body weight; n=6;   

Nar- Naringenin, Met- Metformin, Lipo-dox- Liposomal doxorubicin 

 

 

Figure 17: Effect on glucose levels after single or combination treatments in MNU-

induced breast carcinoma in rats 
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Blood glucose levels are expressed as Mean + SD; n=6.  The data were analyzed using one-way ANOVA 

followed by Dunnett's test. No significant change in blood glucose was observed in any treatment group 

 

Figure 18: Survival chart after single or combination treatments in MNU-induced 

breast carcinoma in rats 

n=6; Nar- Naringenin, Met- Metformin, Lipo-dox- Liposomal doxorubicin. 

 

4.1.2.1 Effect of treatment on histopathological examination  

Histopathological examination of tumor sections showed that naringenin or metformin 

alone treatment was not able to affect tumor necrosis in the MNU-induced rat model breast 

carcinoma model. However, concomitant treatment of naringenin, metformin and lipo-dox 

showed a remarkable increase in the tumor necrotic area when compared with the vehicle 

control group ( 

 

Figure 19). These findings have further established the efficacy of combination treatment 

against experimentally-induced breast carcinoma. 

  



Chapter 4                                                                         Results and Discussion 

_______________________________________________________________                                                                                                                                    

__________________________________________________________________________                 

39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Representative histology (H&E) images of tumor sections of MNU-induced 

breast carcinoma in rats  

Groups: (a) Vehicle control, (b) Nar 50, (c) Met 100, (d) Lipo-dox 6, (e) Lipo-dox 3, (f) Lipo-dox 3 + Nar, (g) 

Lipo-dox 3 + Met and (h) Lipo-dox 3 + Nar + Met; 100x magnification, scale bars = 50 µm; Concomitant 

treatment of naringenin, metformin and lipo-dox showed a marked increase in the tumor necrotic area (arrow) 

when compared with the vehicle control group.  
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4.1.3 Effect on xenograft mouse model of breast carcinoma (In vivo) 

Significant reduction (p<0.05) in tumor volume was observed from day 14 onwards in 3 

mg/kg lipo-dox treated groups, 6 mg/kg lipo-dox treated group and combinations of 

naringenin and/ or metformin with 3 mg/kg lipo-dox treated groups as compared to vehicle 

control in MDA-MB-231-bearing mice. Moreover, combination of treatment (lipo-dox 3 

mg/kg + naringenin + metformin) showed significant reduction in tumor volume as compared 

to lipo-dox 3 mg/kg alone treatment showing synergistic effect (p < 0.01; Figure 20). Tumor 

weight at the end of the study (day 28) was in line with tumor volume data and thus confirmed 

the synergistic effect of combination treatment (Figure 21 and Figure 22).   

 

 

 

Figure 20: Tumor volume following single or concomitant treatment of naringenin, 

metformin and liposomal doxorubicin in MDA-MB-231 xenograft model.  

Data are expressed as mean ± SD; n=6. The tumor volumes were measured throughout the study and data were 

analyzed using two-way ANOVA followed by Bonferroni’s test. **p<0.01, ***p<0.001 compared to lipo-dox 3 

alone. Nar- Naringenin, Met- Metformin, Lipo-dox- Liposomal doxorubicin, iv- intravenous, po- per oral, 

q7d*4- total 4 doses at weekly interval. qd*28- daily for total 28 days. 
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Figure 21: Tumor weight following single or concomitant treatment of naringenin, 

metformin and liposomal doxorubicin in MDA-MB-231 xenograft model.  

The tumor weights were taken at the end of the study and data were analyzed using one-way ANOVA followed 

by Dunnett’s test. **p<0.01 and ***p<0.001 compared to the vehicle control group. $p<0.05 and $$p< 0.01 

compared to lipo-dox 3 alone group.  

 

 

Vehicle Control Naringenin Metformin Lipo-dox 6 

    
Lipo-dox 3 Lipo-dox 3 + Nar Lipo-dox 3 + Met Lipo-dox 3 + Nar + Met 

    
 

Figure 22: Representative images of MDA-MB-231 xenograft bearing athymic nude 

mice following single or concomitant treatment of naringenin, metformin and liposomal 

doxorubicin  
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Antitumor activities of single-drug or combination of drugs were assessed and compared 

based on %T/C as shown in Table 6. In MDA-MB-231- bearing mice, acceptable antitumor 

activity was observed in lipo-dox 3 mg/kg as measured by %T/ C (%T/C ≤ 42, based on NCI 

criteria). However, a combination of lipo-dox 3 mg/kg with naringenin or a combination of 

lipo-dox 3 mg/kg with metformin showed moderate antitumor activity (optimal %T/C values 

on day 28 were 17.3 and 19.7 respectively). In addition, concomitant use of naringenin and 

metformin with lipo-dox 3 mg/kg showed highly significant antitumor activity (optimal %T/C 

values on day 28 were 9.8) suggesting a synergistic effect of combination treatments. Also, 

the efficacy of a combination of naringenin and metformin with lipo-dox 3 mg/kg was 

comparable with highly significant antitumor activity of 6 mg/kg lipo-dox (optimal %T/C 

values on day 28 was 5.9). Although, no significant biologically antitumor activity was seen 

in the naringenin or metformin single-drug treatment throughout the study (optimal %T/C 

values on day 28 were 89.6 and 81.3 respectively) (Table 6).  

Table 6: % T/C in xenograft mouse model of breast carcinoma 

Groups 
Day 

0 

Day 

3 

Day 

7 

Day 

10 

Day 

14 

Day 

17 

Day 

21 

Day 

24 

Day 

28 

Nar 50 97.4 87.9 100 101.4 96 98.1 90.4 88.8 89.6 

Met 100 97 81.1 87.2 83.2 83 90.4 88.6 83 81.3 

Lipo-dox 6 96.8 88.2 69.8 48.4 31.1a 23.4a 15.7b 9.3c 5.9c 

Lipo-dox 3 95.1 95.6 77.2 63.2 48 39.9a 33.7a 31.3a 29.6a 

Lipo-dox 3 + Nar 95.4 89.1 78.8 65.6 49.2 42.9 29.0a 21.9a 17.3b 

Lipo-dox 3 + Met 109.5 84 75.7 63.1 48.3 41.3a 29.9a 22.6a 19.7b 

Lipo-dox 3 + Nar + Met 95.1 95.2 69.9 53 38.4a 29.3a 19.1b 13.7c 9.8c 

Percentage test/control (%T/C) data were calculated from tumor volume data. NCI criteria for anticancer 

activity, a %T/C ≤ 42% indicates acceptable antitumor activity; b %T/C ≤ 20% indicates moderate antitumor 

activity; c %T/C ≤ 10% indicates highly significant antitumor activity. Nar- Naringenin, Met- Metformin, Lipo-

dox- Liposomal doxorubicin 

Further, in MDA-MB-231-bearing mice, no significant decrease in body weight was observed 

when compared with the baseline (day 0) weight at any dose of the study treatment groups 

(Figure 23). The maximum decrease in body weight was observed in the lipo-dox 6 mg/kg 

treated group (8 %); whereas all other treatment groups showed body weight reduction less 

than 4 %.  There were no significant change observed in blood glucose levels (Figure 24) and 
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major organ weights (Table 7) at selected doses in athymic nude mice. Additionally, mortality 

didn’t observe in any of the treatment groups throughout the study suggesting no significant 

difference in toxicity profile following mono-therapy and combination of different treatments 

(Figure 25). 

  

Figure 23: Change in body weight in MDA-MB-231 xenograft bearing athymic nude 

mice 

Data are expressed as % change in body weight from initial body weight. The data were analyzed using one-

way ANOVA followed by Dunnett's test.  

 

 

Figure 24: Glucose levels in MBA-MB-231 xenograft bearing athymic nude mice  

Blood glucose levels are expressed as Mean + SD; n=6.  The data were analyzed using one-way ANOVA 

followed by Dunnett's test. No significant change in blood glucose was observed in any treatment group.  
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Figure 25: Survival chart after single or combination treatments in MBA-MB-231 

xenograft bearing athymic nude mice 

Survival was estimated using the kaplan-meier method, and differences were analyzed by log-rank test. No 

mortality was observed in any treatment group. Nar- Naringenin, Met- Metformin, Lipo-dox- Liposomal 

doxorubicin. 

Table 7: Organ weight (g/kg) xenograft mouse model of breast carcinoma 

Treatment Spleen Kidney Heart Liver Lung 

Control 4.4 + 0.7 9.8 + 0.9 5.2 + 1.1 52.5 + 7.7 5.6 + 0.9 

Nar 50 4.2 + 1.1 8.5 + 0.8 5 + 0.2 58.4 + 6.1 5.8 + 0.8 

Met 100 4.8 + 0.8 8.1 + 1.2 5.3 + 0.8 55.4 + 6.5 6.2 + 1.7 

Lipo-dox 6 3.5 + 0.4 7.8 + 0.7 5.3 + 0.4 55.4 + 11.5 6.1 + 0.7 

Lipo-dox 3 4.6 + 0.8 8.3 + 0.8 5.3 + 1 56.8 + 6.6 6 + 0.9 

Lipo-dox 3 + Nar 3.7 + 0.7 8.1 + 0.7 5.3 + 0.4 51.6 + 5.9 5.7 + 1.8 

Lipo-dox 3 + Met 4.6 + 1 7.6 + 0.5 5.1 + 0.2 51 + 3.1 6 + 0.8 

Lipo-dox 3 + Nar + Met 3.9 + 0.4 8.9 + 1.7 4.8 + 0.9 49.5 + 7.1 6.1 + 1.3 

Data are expressed as mean ± SD; n=6. The organ weights were taken at the end of the study and data were 

analyzed using one-way ANOVA followed by Dunnett’s test. No significant difference in organ weights was 

observed compared to vehicle control group. Nar- Naringenin, Met- Metformin, Lipo-dox- Liposomal 

doxorubicin 

4.1.3.1 Effect on serum cytokines levels and biomarker estimation 

Serum TNF-α (**p<0.01) and IL-1β (***p<0.001) increased significantly in lipo-dox 6 

mg/kg as compared to the vehicle control group. Also, TNF-α (*p<0.05) and IL-1β 
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(**p<0.01) increased in lipo-dox 3 mg/kg compared to the vehicle control group revealing an 

increase in the pro-inflammatory cytokines in the lipo-dox treatment group. Paradoxically, 

TNF-α was significantly reduced in lipo-dox 3 mg/kg + naringenin treatment group; while 

IL-1β significantly decreased ($p<0.05) in lipo-dox 3 mg/kg + naringenin group as well as 

lipo-dox 3 mg/kg + metformin group. Further, combined treatment of naringenin and 

metformin with lipo-dox 3 mg/kg produced significant inhibition of both TNF-α ($$p<0.01) 

and IL-1β ($$$p<0.001) when compared with the lipo-dox 3 mg/kg alone treated group (Figure 

26 and Figure 27). In addition to the above, no significant change in cardiac Troponin I (cTnI) 

levels was observed in any of the study treatment groups (Figure 28). 

 

Figure 26: Pro-inflammatory cytokine (TNF-α) levels following single or concomitant 

treatment of naringenin, metformin and liposomal doxorubicin in MDA-MB-231 

xenograft model 

Data were expressed as Mean + SD and analyzed using one-way ANOVA followed by Dunnett’s test. n=6.  
*p<0.05 and **p<0.01 compared to vehicle control. $p<0.05 and $$p<0.01 compared to lipo-dox 3. 
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Figure 27: Pro-inflammatory cytokine (IL-1β) levels following single or concomitant 

treatment of naringenin, metformin and liposomal doxorubicin in MDA-MB-231 

xenograft model 

Data were expressed as Mean + SD and analyzed using one-way ANOVA followed by Dunnett’s test. n=6.  
*p<0.05, **p<0.01 and ***p<0.001 compared to vehicle control. $$p<0.01, $$$p<0.001 compared to lipo-dox 3. 

 

 

Figure 28: Cardiac biomarker (Troponin I) levels following single or concomitant 

treatment of naringenin, metformin and liposomal doxorubicin in MDA-MB-231 

xenograft model 

Data were expressed as Mean + SD and analyzed using one-way ANOVA followed by Dunnett’s test. n=6.   

Cardiac troponin I levels are expressed as Mean + SD; n=6.  The data were analyzed using one-way ANOVA 

followed by Dunnett's test. No significant change in cardiac troponin I levels were observed in any treatment 

group 
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4.1.3.2 Histology and Immunohistochemistry findings 

Hematoxylin and eosin (H&E) staining was performed to assess necrosis, and the necrotic 

area was determined using ZEN 2 software. The necrosis area of combination treatment 

groups was remarkably higher when compared with the control group (Figure 29 and Figure 

31).  

We evaluated the expression of Ki-67 in single and different combination treatment groups 

as described earlier [115, 116]. As shown in Figure 30, the weakest positive signal in the 

nucleus was observed in the combination treatment group which indicated that the lipo-dox 

3+naringenin+metformin effectively inhibited tumor cells proliferation in vivo. To further 

analyze Ki-67 expression in tumor tissues quantitatively, the parts of proliferating cells were 

counted carefully. The percentage of proliferating cells of combination treatment groups was 

reduced compared to single-drug treatment (Figure 30 and Figure 32). In contrast, neither 

naringenin nor metformin alone was able to affect Ki-67 expression in triple-negative tumors. 

However, co-treated tumors showed a marked increase in necrotic area and significant 

(p<0.001) reduction in Ki-67 expression when compared with the untreated tumors, further 

supported the effectiveness of combination treatment. Based on histology (H&E) of the heart, 

no myocardial abnormality was observed in any of the treatment groups (Figure 33). 
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Figure 29: Representative images of histology (H&E) of MBA-MB-231 xenograft tumor 

sections 

Groups: (a) Vehicle control, (b) Nar 50, (c) Met 100, (d) Lipo-dox 6, (e) Lipo-dox 3, (f) Lipo-dox 3 + Nar, (g) 

Lipo-dox 3 + Met and (h) Lipo-dox 3 + Nar + Met; 100x magnification, scale bars = 50 µm 

a b 

c d 

e f 

g h 
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Figure 30: Representative images of Ki-67 immunohistochemistry of MBA-MB-231 

xenograft tumor sections  

Groups: Groups: (a) Vehicle control, (b) Nar 50, (c) Met 100, (d) Lipo-dox 6, (e) Lipo-dox 3, (f) Lipo-dox 3 + 

Nar, (g) Lipo-dox 3 + Met and (h) Lipo-dox 3 + Nar + Met; 100x magnification, scale bars = 50 µm 

 

a b 

c d

a 
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h g 
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Figure 31: Relative necrotic area from H&E of MBA-MB-231 xenograft tumor sections 

Data are expressed as Mean + SD and analyzed using one-way ANOVA followed by Dunnett’s test. n=6.  
***p<0.001 as compared to vehicle control. $$p<0.01 as compared to lipo-dox 3. 

 

 

Figure 32: Ki-67 expression levels in MBA-MB-231 xenograft tumor sections  

Data are expressed as Mean + SD and analyzed using one-way ANOVA followed by Dunnett’s test. n=6.  
*p<0.05, and ***p<0.001 as compared to vehicle control. $$p<0.01 as compared to lipo-dox 3. For the Ki-67 

expression level, overall intensity level (ranging from 0 to 300, intensity score times the percentage of area 

staining) is used.  
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Figure 33: Representative images of histology (H&E) of MBA-MB-231 xenograft 

bearing athymic nude mice heart sections 

Groups: Groups: (a) Vehicle control, (b) Nar 50, (c) Met 100, (d) Lipo-dox 6, (e) Lipo-dox 3, (f) Lipo-dox 3 + 

Nar, (g) Lipo-dox 3 + Met and (h) Lipo-dox 3 + Nar + Met; 100x magnification, scale bars = 50 µm 

a b 

c d 

f 

g h 

e 
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4.1.4 Effect on syngeneic mouse model of breast carcinoma (In vivo) 

Significant reduction in tumor volume was observed in both the 3.0 & 6.0 mg/kg lipo-dox 

treated, metformin alone and combinations of naringenin and/ or metformin with 3 mg/kg 

lipo-dox treated animals, as compared to the disease control group. Moreover, combination 

treatment (lipo-dox 3 mg/kg + naringenin + metformin) showed significant reduction in tumor 

volume as compared to lipo-dox 3 mg/kg alone treatment establishing the synergistic effect 

(p < 0.05; Figure 34). Tumor weight at the end of the study (day 28) showed a similar pattern 

with tumor volume data and thereby confirming the synergistic effect of concomitant 

treatments (Figure 35 and Figure 36). However, no significant change was seen in tumor 

volume in naringenin-treated mice throughout the study.  

 
 

 

Figure 34: Tumor volume after single or combination treatments in 4T1-induced 

orthotopic breast carcinoma in mice 

Data were expressed as mean ± SD; n=6. Tumor volume data were analyzed using two-way ANOVA followed 

by Bonferroni’s test. *p<0.05 compared to Lipo-dox 3 alone. Nar- Naringenin, Met- Metformin, Lipo-dox- 

Liposomal doxorubicin, q7d*4- total 4 doses at weekly interval. qd*28- daily for total 28 days.   
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Figure 35: Tumor weight after single or combination treatments in 4T1-induced 

orthotopic breast carcinoma in mice 

Data were expressed as mean ± SD; n=6. Tumor weight data were analyzed using one-way ANOVA followed 

by Dunnett's test. **p<0.01 and ***p<0.001 compared to control group. $$p<0.01 compared to Lipo-dox 3 alone 

group.  

 

    

    

 

Figure 36: Representative images 4T1 cells-induced orthotopic breast carcinoma tumor 

bearing mice 

Groups (a) Nar 50, (b) Met 100, (c) Lipo-dox 6, (d) Lipo-dox 3, (e) Lipo-dox 3 + Nar, (f) Lipo-dox 3 + Met and 

(g) Lipo-dox 3 + Nar + Met  
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Antitumor activities have been compared based on %T/C (Table 8). Acceptable antitumor 

activity (%T/C ≤ 42, based on NCI criteria) was observed in lipo-dox 3 mg/kg in 4T1- bearing 

mice. A combination of lipo-dox 3 mg/kg either with naringenin or metformin showed 

moderate antitumor activity (optimal %T/C values on day 28 were 16.2 and 12.6 

respectively). Further, a combination of naringenin and metformin with lipo-dox 3 mg/kg 

showed highly significant antitumor activity (optimal %T/C values on day 28 were 7.2) 

indicating the synergistic effect of combination treatments. In addition, the efficacy of 

combination of naringenin and metformin with lipo-dox 3 mg/kg was comparable with that 

of 6 mg/kg lipo-dox findings (optimal %T/C values on day 28 was 2.8) (Table 8). 

 

Table 8: %T/C in syngeneic mouse model of orthotopic breast carcinoma 

Groups 
Day 

0 

Day 

3 

Day   

7 

Day 

10 

Day 

14 

Day 

17 

Day 

21 

Day 

24 

Day 

28 

Nar 50 98.2 108.3 77.8 67.8 78.5 95.6 83.3 86.4 90.1 

Met 100 101.6 112.9 84.7 66.7 67.8 71.9 68.4 69.0 76.3 

Lipo-dox 6 101.4 87.5 36.5a 25.4 a 15.9b 12.0 b 6.7 c 2.9 c 2.8c 

Lipo-dox 3 99.1 63.4 38.9 a 38.6 a 27.7 a 25.8 a 20.3 a 19.1 b 22.1a 

Lipo-dox 3 + Nar 92.0 75.6 38.2 a 36.5 a 29.5 a 25.0 a 18.6 b 15.2 b 16.2 b 

Lipo-dox 3 + Met 98.0 79.2 49.1 32.4 a 21.6 a 18.3 b 16.2 b 13.5 b 12.6 b 

Lipo-dox 3 + Nar + Met 101.9 88.5 41.3 26.8 a 17.0 b 14.1 b 9.7 c 7.8 c 7.2 c 

Percentage test/control (%T/C) was calculated from tumor volume data. NCI criteria for anticancer activity, a 

%T/C ≤ 42% indicates acceptable antitumor activity; b %T/C ≤ 20% indicates moderate antitumor activity; c 

%T/C ≤ 10% indicates highly significant antitumor activity. Nar- Naringenin, Met- Metformin, Lipo-dox- 

Liposomal doxorubicin 

In 4T1-bearing mice, body weight loss from the baseline value was not found significant in 

any of the treatment groups, except for the higher dose of lipo-dox (i.e. 6 mg/kg) (Figure 37). 

Looking at the survival data, mortality was observed in each treatment group indicating the 

highly aggressive nature of 4T1 cells on mouse survival. However, the maximum mice 

survival (83%) was found in control, lipo-dox 3 mg/kg + naringenin + metformin concomitant 

treatment, lipo-dox 3 mg/kg + naringenin combination, and metformin alone treatment groups 

at the end of the study. Further, 67% survival was observed in naringenin, lipo-dox 3 mg/kg, 

and lipo-dox 3 mg/kg + metformin combination group. However, 50% survival was noticed 

at a higher dose of lipo-dox 6 mg/kg (Figure 38). 
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Figure 37: Effect on body weight following single or combination treatments in 4T1 

cells- induced orthotopic breast carcinoma in mice 

Body weight data were expressed as % change in body weight from initial body weight. The data was analyzed 

using one-way ANOVA followed by Dunnett's test. *p<0.05 compared to initial body weight of same group. No 

significant change in body weight was observed in any treatment group except Lipo-dox 6. Nar- Naringenin, 

Met- Metformin, Lipo-dox- Liposomal doxorubicin, q7d*4- total 4 dose at weekly interval. qd*28- daily for 

total 28 days.   

 

 

Figure 38: Survival chart following single or combination treatments in 4T1 cells-

induced orthotopic breast carcinoma in mice 

Survival was estimated using the kaplan-meier method, and differences were analyzed by log-rank test. No 

statically significant difference was observed in survival data.  
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4.1.4.1 Effect of naringenin, metformin and doxorubicin on hematology parameters 

against 4T1 cells-induced orthotopic breast carcinoma in mice 

The hematological parameters in the whole blood of mice showed significant reduction 

(p<0.001) in total WBC and neutrophils counts in lipo-dox alone and combination treatment 

groups as compared to the control group (Table 9). Also, the higher dose of lipo-dox receiving 

animals showed a marked reduction of WBC and neutrophils counts. This indicates the use 

of a lower dose of lipo-dox along with naringenin and metformin is helpful to minimize 

toxicity without compromising efficacy. Although, there was no significant difference noted 

in platelets, hemoglobin, RBC and lymphocyte counts following various treatment groups 

under the study (Table 9). 

Table 9: Hematology parameters against syngeneic mouse model of orthotopic breast 

carcinoma 

Treatment 

WBC 

(x10*3) 

Neutrophils 

(x10*3) 

Platelets 

(x10*3) 

HB 

(g/dl) 
 

RBC 

(x10*6) 

Lymphocyte 

(x10*3) 

Control 574.4 + 146.2 544.5 + 130.4 1069.4 + 320.4 11.5 + 1.1 6.7 + 0.8 10 + 2.6 

Nar 493.1 + 85.7 470.1 + 88.4 714.3 + 119.5 10.5 + 1.2 7 + 0.5 12.3 + 1.6 

Met 100 546 + 136.1 517.7 + 124 920.5 + 107.5 10.5 + 1.1 6.8 + 0.6 12.4 + 2.5 

Lipo-dox 6 53*** + 12.4 45.6*** + 10.9 998.7 + 278.4 11.6 + 1 7.8 + 0.5 4.7 + 0.9 

Lipo-dox 3 178.5*** + 71.8 166.1*** + 70.5 942.2 + 174.5 11.5 + 1.8 7.8 + 1 8.2 + 2.4 

Lipo-dox 3 + Nar 185.9*** + 82.5 170.7*** + 80.4 1052 + 77.8 12.7 + 0.6 8.6 + 0.5 7.6 + 2.9 

Lipo-dox 3 + Met 191.7*** + 58 180.1*** + 62.7 901.5 + 283.9 11.8 + 2.3 7.9 + 1.1 6.9 + 1.6 

Lipo-dox 3 + Nar + Met 170.2*** + 77.4 158.2*** + 80.8 876.5 + 137.1 12.6 + 0.6 8.4 + 0.2 6.3 + 1.4 

Blood samples (K2EDTA) were analyzed with the ADVIA 120 hematology system; Data were expressed as 

Mean + SD and analyzed using one-way ANOVA followed by Dunnett's test. n=6.  ***p<0.001 compared to 

control. Nar- Naringenin, Met- Metformin, Lipo-dox- Liposomal doxorubicin 

 

4.1.4.2 Effect of naringenin, metformin and doxorubicin on histopathological 

examination against 4T1 cells-induced orthotopic breast carcinoma in mice  

Histopathological examination of tumor sections showed that naringenin or metformin 

alone treatment was not able to affect tumor necrosis in 4T1 cells-induced mouse breast 

carcinoma model. However, concomitant treatment of naringenin, metformin and lipo-dox 

showed a remarkable increase in the tumor necrotic area when compared with the vehicle 

control group ( 
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Figure 39). These findings have further established the efficacy of combination treatment 

against experimentally-induced breast carcinoma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39: Representative images of histology (H&E) images of 4T1 cells-induced 

orthotopic breast carcinoma tumor sections  

Groups: (a) Vehicle control, (b) Nar 50, (c) Met 100, (d) Lipo-dox 6, (e) Lipo-dox 3, (f) Lipo-dox 3 + Nar, (g) 

Lipo-dox 3 + Met and (h) Lipo-dox 3 + Nar + Met; 100x magnification, scale bars = 50 µm; Concomitant 
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treatment of naringenin, metformin and lipo-dox showed a marked increase in the tumor necrotic area (arrow) 

when compared with the vehicle control group. 

4.2 Discussion 

Doxorubicin is used for multiple types of cancer, but it's widely recommended for the 

treatment of metastatic breast cancer which spreads into nearby lymph nodes and other areas 

of the body [117]. It has been observed that the therapeutic dose of doxorubicin is frequently 

insufficient in cancer treatment, and the use of its higher dose produces dose-related toxicity 

[118]. Moreover, long-term use of doxorubicin chemotherapy develops its resistance and 

toxicity that can be attenuated by increasing its effectiveness using adjuvant therapy [119]. 

Much research work has already been performed and still, it is continuously going on to find 

out possibilities to increase the effectiveness of doxorubicin for cancer cells killing. These 

strategies include targeted treatment using advanced formulation technology, combination 

treatment, enhancement of doxorubicin (DOX) uptake and restriction of DOX efflux from 

cancer cells, disruption of energy metabolism of cancer cells, metabolic activation of DOX 

prodrug within cancer cells, diminishing of DOX deactivation, decreasing antioxidant 

defence of cancer cells and improving antioxidant mechanism in normal tissues [118].  

To overcome the toxicity of doxorubicin, a lot of advancements take place using formulation 

technology. Formulations of liposomal doxorubicin and pegylated liposomal doxorubicin 

have shown favorable toxicity profiles with better cardiac safety, less myelosuppression, 

alopecia, nausea and vomiting as compared to the conventional anthracyclines [120]. The 

better safety profile of liposomal doxorubicin is mediated by its targeted delivery as 

liposomes carriers accumulate in solid tumor tissues via enhanced permeation and retention 

(EPR) effects [121]. The better therapeutic index of liposomal anthracyclines without 

compromising the efficacy makes it a favorable choice over conventional anthracyclines in 

elderly patients, patients with risk factors for cardiac disease and patients with prior use of 

anthracyclines. A phase III trial of pegylated liposomal doxorubicin HCl versus conventional 

doxorubicin shows reduced cardiotoxicity and comparable efficacy for first-line treatment of 

metastatic breast cancer [45]. 

The combination treatment options are helpful to improve the effectiveness and overall safety 

of doxorubicin through multiple strategies. Doxorubicin is often combined with other drugs 

to treat advanced breast cancer [122–124]. Based on the literature, some natural products and 

existing medicines are reported to have a potential role with the combination of doxorubicin 

either directly or indirectly improving the safety of effective cancer treatment [125–127]. In 
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the present study, we have focused on the in vitro and in vivo efficacy and safety of 

concomitant use of naringenin and metformin with doxorubicin by reducing its dose and 

subsequently dose-related toxicities of doxorubicin against experimental breast cancer 

models.  

The combination of doxorubicin and naringenin was studied by Liu and coworkers and they 

reported an enhancement in antitumor efficiency and attenuation in the toxicity of 

doxorubicin in HeLa cervical cancer cells [21]. It is reported that naringenin has a 

chemoprotective effect in MDA‑MB‑231 breast cancer cells via the inhibition of caspase‑3 

and caspase‑9 activities [128]. Recently, it has been observed that naringenin improves the 

anti-cancer effect of cyclophosphamide in breast carcinoma whereas other reports have 

shown the synergistic effect of 5-Fluorouracil combined with naringin in MDA-MB-231 

human breast cancer cells [129, 130]. Besides anticancer effects, naringenin possesses 

cardioprotective effects. It has been observed that losartan and/or naringenin reduces 

doxorubicin-induced cardiac, hepatic and renal toxicities in rats [116].  

An increasing number of studies have demonstrated the potential antitumor activity of 

metformin in different types of cancers [12]. Metformin addition with doxorubicin 

chemotherapy has been reported to have the potential for cancer treatment as old wine in a 

new bottle [131, 132]. 

In the present study, a statistically significant increase (p<0.001) in cytotoxicity was observed 

by naringenin and metformin combination with doxorubicin as compared to the treatment 

with doxorubicin alone at 1.5 to 30 µM against in vitro assay with MDA-MB-231 cells. We 

also observed that a combination of naringenin and doxorubicin increased cell cytotoxicity 

compared to doxorubicin alone supporting the similar findings observed in a previous study 

by Kusharyant et al against cervical carcinoma cells [133]. However, cytotoxicity of 

concomitant treatment of naringenin and metformin with doxorubicin concentration above 30 

µM (i.e. 60 µM and 120 µM) was not found statistically significant as compared to 

doxorubicin alone in MDA-MB-231 cells, which might be attributed to greater cells toxicity 

of doxorubicin itself at higher concentration. Therefore, in the subsequent cytotoxicity study 

using a 4T1 cell line, we have selected the concentration of doxorubicin from 0.47 to 30 µM. 

We observed that the combination of metformin (6.25 mM) and naringenin (0.625 mM) with 

doxorubicin at the concentration of 0.47 to 30 µM showed significantly (p<0.001) higher 
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cytotoxicity compared to doxorubicin alone, signifying an increased sensitivity of 

doxorubicin to 4T1 cells as well. 

There are different animal models for the evaluation of in vivo efficacy of anticancer drugs. 

MNU is the most reliable carcinogen, mutagen and teratogen to induce breast carcinogenesis 

in experimental rats [134]. 4T1 cells-induced orthotopic breast carcinoma mouse model is 

frequently used for the evaluation of metastatic breast carcinoma [135]. MDA-MB-231 

xenograft model represents human triple-negative breast carcinoma and is the most widely 

used model of breast carcinoma [136–138]. We have included the above-mentioned three 

different models in the present study to evaluate the efficacy and safety profile of naringenin 

and metformin with doxorubicin on different subtypes like luminal-like and basal-like or 

triple-negative breast cancer. 

The present study of MNU-induced breast carcinoma in rats wherein, a combination of 

naringenin, metformin and lip-dox 2 mg/kg showed a marked reduction in tumor weight as 

compared to lipo-dox 2 mg/kg single treatment and the effects were closer to the higher dose 

of lipo-dox 4 mg/kg used in the same study [139]. In addition, histology revealed higher 

necrosis in those groups receiving concomitant treatments that further supported the reduction 

of tumor volume and tumor weight findings. Other findings such as blood glucose levels, 

body weight and survival observations did not change remarkably suggesting no significant 

toxicity in different treatment groups against MNU-induced breast carcinoma in rats.  

In addition to our cytotoxicity findings using MDA-MB-231 cells, in vivo xenograft study 

data showed statistically a significant reduction in tumor volume and tumor weight in all three 

concomitant treatment groups as compared to lipo-dox alone at 3 mg/kg treatment group. 

Moreover, in the combination of naringenin and metformin, lipo-dox 3 mg/kg exhibited a 

comparable antitumor effect to that of the group receiving a higher dose of lipo-dox i.e 6 

mg/kg selected for the same study. Further, histology study of tumor section by H&E and 

immunohistochemistry using Ki-67 revealed a higher necrosis and reduced actively growing 

cells respectively in those concomitant treatment groups. Ki-67, a nuclear protein, 

tremendously expressed in proliferating cells, has been widely employed as a marker of cell 

proliferation in tumor tissues [115]. Recently, there is a report that metformin helps in the 

prevention of doxorubicin resistance in both MCF-7 and MDA-MB-231 cells by modulation 

of cell adaptation genes and oxidative stress generation [140].   
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Further, our observations in the MDA-MB-231 xenograft model did not show any mortality 

under the study groups indicating no marked toxicity of single or combination treatment. 

Also, the results of cardiac troponin I (cTnI) levels and histology of heart sections showed no 

cardiotoxicity in any treatment group. This finding might be correlated with the use of 

liposomal doxorubicin as compared to conventional doxorubicin injection under the study 

[141]. We have not observed any significant change in blood glucose levels that could be due 

to the euglycemic property of metformin and naringenin.  In addition, major target organ 

weights were not affected by the selected treatment in athymic nude mice. However, the lipo-

dox treatment showed dose-dependent body weight loss in the present study. Also, naringenin 

and metformin combination with lipo-dox 3 mg/kg produced significant inhibition of both 

TNF-α (p<0.01) and IL-1β (p<0.001) when compared with the same dose of lipo-dox alone 

treated group. Taking together, dose-dependent reduction of body weight loss and an increase 

in both the cytokines levels, it seems helpful to reduce systemic toxicity using a lower dose 

of lipo-dox (3 mg/kg), without affecting efficacy.  

Hirsch and coworkers have reported that metformin selectively targets cancer stem cells and 

helps chemotherapy to block tumor growth and delay remission [142]. It has been reported 

that metformin synergistically inhibits tumor growth and reverses resistance with doxorubicin 

in both MCF7/ADR cells and xenograft study [132]. Besides, anticancer effects, metformin 

also possesses cardioprotective effects. Researchers have assessed the effect of metformin 

and sitagliptin on doxorubicin-induced cardiotoxicity in rats and reported their protective 

effect via reducing oxidative stress, inflammation, and apoptosis pathways [20]. It has been 

also reported that metformin prevents doxorubicin resistance in MCF-7 and MDA-MB-231 

via the reduction in oxidative stress and modulation of cell adaptation genes [140]. 

Parallel to the above-discussed literature and our previous studies of MNU-induced breast 

carcinoma in rats and xenograft tumor model in mice, concomitant treatments using 

naringenin and metformin with doxorubicin demonstrated a synergistic effect in our further 

study of 4T1 cells-induced orthotopic breast carcinoma in mice. Additionally, hematology, 

body weight loss and survival of mice treated with the combination treatment showed better 

safety compared to the higher dose of doxorubicin alone in 4T1 cells-induced orthotopic 

breast carcinoma model. 

Thus, our study demonstrates enhanced antitumor activity using the concomitant treatment of 

naringenin and metformin with doxorubicin as compared to doxorubicin alone using in vitro 
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cell cytotoxicity studies against triple-negative breast carcinoma cells [114]. Besides, 

concomitant treatment of naringenin and metformin with liposomal doxorubicin 

demonstrated significant improved efficacy compared to the same dose of liposomal 

doxorubicin in several in vivo efficacy studies against MNU-induced breast carcinoma, 

xenograft tumor model and 4T1 orthotopic mouse model of breast carcinoma. Also, these 

antitumor effects exhibited by naringenin, metformin and a lower dose of lipo-dox 

demonstrated comparable efficacy towards breast cancer as compared to the higher dose of 

lipo-dox.  Further, in context with parameters such as hematology, cytokines levels, body 

weight loss and survival of mice, treated with a combination approach reveals fewer signs of 

systemic toxicity than that of the treatment using a large dose of doxorubicin alone [114, 139].  
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CHAPTER 5: Summary and Conclusions 

 

CHAPTER 5 
 

Summary and Conclusion 
 

In summary, for the first time, our findings have demonstrated that the combination of 

naringenin and metformin enhanced the sensitivities of cancer cells to doxorubicin both in 

vitro and in vivo against triple-negative breast carcinoma. The combination of naringenin and 

metformin with chemotherapeutic agents may serve as a novel approach for the treatment of 

human breast cancers, particularly in triple-negative breast cancer. This study also provides 

an opportunity and the scope for using a combination of naringenin and metformin with 

doxorubicin chemotherapy for reducing the dose and subsequently toxicity of chemotherapy 

in humans. Additionally, the use of metformin and naringenin may help in improving the 

quality of life of diabetic patients suffering from cancer. However, further in-depth studies 

including clinical trials are recommended to fully establish the role of naringenin and 

metformin in combination with chemotherapeutic agents for the treatment of human cancers. 

In conclusion, our results demonstrated that the use of naringenin and metformin together 

with doxorubicin chemotherapy has good potential as candidates for co-chemotherapy 

approach towards the treatment of breast cancer. Although, Clinical research needs to be done 

to substantiate our findings. 

Salient features of the present study 

Present research work provides an opportunity and the scope for the use of naringenin and 

metformin with doxorubicin chemotherapy for reducing its dose and subsequently associated 

toxicity in patients.  

Future perspectives 

Though combination treatment showed better efficacy and safety compared to doxorubicin 

alone, further in-depth studies are needed to fully understand the role of naringenin and 

metformin in combination with chemotherapeutic agents for the treatment of human cancers.



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

64 

6.  References: 
CHAPTER 6: References: 

1.  Sung H, Ferlay J, Siegel RL, et al (2021) Global cancer statistics 2020: GLOBOCAN 

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA 

Cancer J Clin 0:1–41. https://doi.org/10.3322/caac.21660 

2.  Harbeck N, Penault-Llorca F, Cortes J, et al (2019) Breast cancer. Nat Rev Dis Prim 

5:66. https://doi.org/10.1038/s41572-019-0111-2 

3.  Kataja V, Castiglione M (2008) Locally recurrent or metastatic breast cancer: ESMO 

clinical recommendations for diagnosis, treatment and follow-up. Ann Oncol 19:ii11–

ii13. https://doi.org/10.1093/annonc/mdn072 

4.  Injac R, Strukelj B (2008) Recent advances in protection against doxorubicin-induced 

toxicity. Technol Cancer Res Treat 7:497–516. 

https://doi.org/10.1177/153303460800700611 

5.  Pusuluri A, Krishnan V, Wu D, et al (2019) Role of synergy and immunostimulation 

in design of chemotherapy combinations: An analysis of doxorubicin and 

camptothecin. Bioeng Transl Med 4:1–11. https://doi.org/10.1002/btm2.10129 

6.  Park HK, Lee JE, Lim J, et al (2014) Combination treatment with doxorubicin and 

gamitrinib synergistically augments anticancer activity through enhanced activation of 

Bim. BMC Cancer 14:1–9. https://doi.org/10.1186/1471-2407-14-431 

7.  Salehi B, Fokou PVT, Sharifi-Rad M, et al (2019) The therapeutic potential of 

naringenin: A review of clinical trials. Pharmaceuticals 12:1–18. 

https://doi.org/10.3390/ph12010011 

8.  Karim N, Jia Z, Zheng X, et al (2018) A recent review of citrus flavanone naringenin 

on metabolic diseases and its potential sources for high yield-production. Trends Food 

Sci Technol 79:35–54. https://doi.org/10.1016/j.tifs.2018.06.012 

9.  Zhang F, Dong W, Zeng W, et al (2016) Naringenin prevents TGF-β1 secretion from 

breast cancer and suppresses pulmonary metastasis by inhibiting PKC activation. 

Breast Cancer Res 18:1–16. https://doi.org/10.1186/S13058-016-0698-0 

10.  Zhao Z, Jin G, Ge Y, Guo Z (2019) Naringenin inhibits migration of breast cancer cells 

via inflammatory and apoptosis cell signaling pathways. Inflammopharmacology 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

65 

27:1021–1036. https://doi.org/10.1007/s10787-018-00556-3 

11.  Zhang FY, Du GJ, Zhang L, et al (2009) Naringenin enhances the anti-tumor effect of 

doxorubicin through selectively inhibiting the activity of multidrug resistance-

associated proteins but not P-glycoprotein. Pharm Res 26:914–925. 

https://doi.org/10.1007/s11095-008-9793-y 

12.  Aljofan M, Riethmacher D (2019) Anticancer activity of metformin: A systematic 

review of the literature. Futur Sci OA 5:. https://doi.org/10.2144/fsoa-2019-0053 

13.  Viollet B, Guigas B, Sanz Garcia N, et al (2012) Cellular and molecular mechanisms 

of metformin: An overview. Clin Sci 122:253–270. 

https://doi.org/10.1042/CS20110386 

14.  Lee KN, Torres MA, Troeschel AN, et al (2020) Type 2 diabetes, breast cancer specific 

and overall mortality: Associations by metformin use and modification by race, body 

mass, and estrogen receptor status. PLoS One 15:1–13. 

https://doi.org/10.1371/journal.pone.0232581 

15.  Ugwueze C V., Ogamba OJ, Young EE, et al (2020) Metformin: A Possible Option in 

Cancer Chemotherapy. Anal Cell Pathol 2020:. https://doi.org/10.1155/2020/7180923 

16.  Kasznicki J, Sliwinska A, Drzewoski J (2014) Metformin in cancer prevention and 

therapy. Ann Transl Med 2:1–11. https://doi.org/10.3978/j.issn.2305-5839.2014.06.01 

17.  Zadra G, Batista JL, Loda M (2015) Dissecting the dual role of AMPK in cancer: From 

experimental to human studies. Mol Cancer Res 13:1059–1072. 

https://doi.org/10.1158/1541-7786.MCR-15-0068 

18.  El-Ashmawy NE, Khedr NF, El-Bahrawy HA, Abo Mansour HE (2017) Metformin 

augments doxorubicin cytotoxicity in mammary carcinoma through activation of 

adenosine monophosphate protein kinase pathway. Tumor Biol 39:. 

https://doi.org/10.1177/1010428317692235 

19.  Fisusi FA, Akala EO (2019) Drug Combinations in Breast Cancer Therapy. Pharm 

Nanotechnol 7:3–23. https://doi.org/10.2174/2211738507666190122111224 

20.  Sheta A, Elsakkar M, Hamza M, Solaiman A (2016) Effect of metformin and sitagliptin 

on doxorubicin-induced cardiotoxicity in adult male albino rats. Hum Exp Toxicol 

35:1227–1239. https://doi.org/10.1177/0960327115627685 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

66 

21.  Liu X, Yang X, Chen F, Chen D (2017) Combined application of doxorubicin and 

naringin enhances the antitumor efficiency and attenuates the toxicity of doxorubicin 

in HeLa cervical cancer cells. Int J Clin Exp Pathol 10:7303–7311 

22.  Ajzashokouhi AH, Bostan HB, Jomezadeh V, et al (2020) A review on the 

cardioprotective mechanisms of metformin against doxorubicin. Hum Exp Toxicol 

39:237–248. https://doi.org/10.1177/0960327119888277 

23.  Subburaman S, Ganesan K, Ramachandran M (2014) Protective role of naringenin 

against doxorubicin-induced cardiotoxicity in a rat model: Histopathology and mRNA 

expression profile studies. J Environ Pathol Toxicol Oncol 33:363–376. 

https://doi.org/10.1615/JEnvironPatholToxicolOncol.2014010625 

24.  Zubair M, Wang S, Ali N (2021) Advanced Approaches to Breast Cancer 

Classification and Diagnosis. Front Pharmacol 11:1–24. 

https://doi.org/10.3389/fphar.2020.632079 

25.  Viale G (2012) The current state of breast cancer classification. Ann Oncol 23:. 

https://doi.org/10.1093/annonc/mds326 

26.  Edge SB, Compton CC (2010) The american joint committee on cancer: The 7th 

edition of the AJCC cancer staging manual and the future of TNM. Ann Surg Oncol 

17:1471–1474. https://doi.org/10.1245/s10434-010-0985-4 

27.  Singletary SE, Allred C, Ashley P, et al (2002) Revision of the American Joint 

Committee on cancer staging system for breast cancer. J Clin Oncol 20:3628–3636. 

https://doi.org/10.1200/JCO.2002.02.026 

28.  Bansal C, Singh US, Misra S, et al (2012) Comparative evaluation of the modified 

Scarff-Bloom-Richardson grading system on breast carcinoma aspirates and 

histopathology. Cytojournal 9:1–6. https://doi.org/10.4103/1742-6413.92550 

29.  Waks AG, Winer EP (2019) Breast Cancer Treatment: A Review. JAMA - J Am Med 

Assoc 321:288–300. https://doi.org/10.1001/jama.2018.19323 

30.  Feng Y, Spezia M, Huang S, et al (2018) Breast cancer development and progression: 

Risk factors, cancer stem cells, signaling pathways, genomics, and molecular 

pathogenesis. Genes Dis 5:77–106. https://doi.org/10.1016/j.gendis.2018.05.001 

31.  Allison KH (2012) Molecular pathology of breast cancer: What a pathologist needs to 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

67 

know. Am J Clin Pathol 138:770–780. 

https://doi.org/10.1309/AJCPIV9IQ1MRQMOO 

32.  Woolston C (2015) Breast cancer. Nature 527:S101. https://doi.org/10.1038/527S101a 

33.  Chen MT, Sun HF, Zhao Y, et al (2017) Comparison of patterns and prognosis among 

distant metastatic breast cancer patients by age groups: A SEER population-based 

analysis. Sci Rep 7:1–8. https://doi.org/10.1038/s41598-017-10166-8 

34.  Njeh CF, Saunders MW, Langton CM (2010) Accelerated Partial Breast Irradiation 

(APBI): A review of available techniques. Radiat Oncol 5:1–28. 

https://doi.org/10.1186/1748-717X-5-90 

35.  Acharya S, Fischer-Valuck BW, Mazur TR, et al (2016) Magnetic Resonance Image 

Guided Radiation Therapy for External Beam Accelerated Partial-Breast Irradiation: 

Evaluation of Delivered Dose and Intrafractional Cavity Motion. Int J Radiat Oncol 

Biol Phys 96:785–792. https://doi.org/10.1016/j.ijrobp.2016.08.006 

36.  Bennion NR, Baine M, Granatowicz A, Wahl AO (2018) Accelerated partial breast 

radiotherapy: A review of the literature and future directions. Gland Surg 7:596–610. 

https://doi.org/10.21037/gs.2018.11.05 

37.  Mutebi M, Anderson BO, Duggan C, et al (2020) Breast cancer treatment: A phased 

approach to implementation. Cancer 126:2365–2378. 

https://doi.org/10.1002/cncr.32910 

38.  Kumar MK, Nagaraju K, Satyabrata B, Sudhakar M (2014) A REVIEW: ROLE OF 

DOXORUBICIN IN TREATMENT OF CANCER. Int J Pharm Sci Res 5:4117–4128. 

https://doi.org/10.13040/IJPSR.0975-8232.5(10).4117-28 

39.  Bose C, Awasthi S, Sharma R, et al (2018) Sulforaphane potentiates anticancer effects 

of doxorubicin and attenuates its cardiotoxicity in a breast cancer model. PLoS One 

13:1–22. https://doi.org/10.1371/journal.pone.0193918 

40.  Paridaens R, Biganzoli L, Bruning P, et al (2000) Paclitaxel versus doxorubicin as first-

line single-agent chemotherapy for metastatic breast cancer: A European Organization 

for Research and Treatment of Cancer Randomized Study with cross-over. J Clin 

Oncol 18:724–733. https://doi.org/10.1200/jco.2000.18.4.724 

41.  Prados J, Melguizo C, Ortiz R, et al (2012) Doxorubicin-Loaded Nanoparticles: New 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

68 

Advances in Breast Cancer Therapy. Anticancer Agents Med Chem 12:1058–1070. 

https://doi.org/10.2174/187152012803529646 

42.  Santos DS dos, Goldenberg RC dos S (2018) Doxorubicin-Induced Cardiotoxicity: 

From Mechanisms to Development of Efficient Therapy. Cardiotoxicity 3–24. 

https://doi.org/10.5772/intechopen.79588 

43.  Alkuraishy HM, Al-gareeb AI, Al-hussaniy HA (2017) Doxorubicin-Induced 

Cardiotoxicity : Molecular Mechanism and Protection by Conventional Drugs and 

Natural Products. Int J Clin Oncol Cancer Res 2:31–44. 

https://doi.org/10.11648/j.ijcocr.20170202.12 

44.  Slamon DJ, Leyland-Jones B, Shak S, et al (2001) Use of chemotherapy plus a 

monoclonal antibody against HER2 for metastatic breast  cancer that overexpresses 

HER2. N Engl J Med 344:783–792. https://doi.org/10.1056/NEJM200103153441101 

45.  O’Brien MER, Wigler N, Inbar M, et al (2004) Reduced cardiotoxicity and comparable 

efficacy in a phase III trial of pegylated liposomal doxorubicin HCl 

(CAELYXTM/Doxil®) versus conventional doxorubicin for first-line treatment of 

metastatic breast cancer. Ann Oncol 15:440–449. 

https://doi.org/10.1093/annonc/mdh097 

46.  Memariani Z, Abbas SQ, ul Hassan SS, et al (2021) Naringin and naringenin as 

anticancer agents and adjuvants in cancer combination therapy: Efficacy and molecular 

mechanisms of action, a comprehensive narrative review. Pharmacol Res 171:105264. 

https://doi.org/10.1016/j.phrs.2020.105264 

47.  Arafah A, Rehman MU, Mir TM, et al (2020) Multi-Therapeutic Potential of 

Naringenin. Plants 9:1–22 

48.  Orhan IE, Nabavi SF, Daglia M, et al (2015) Naringenin and atherosclerosis: a review 

of literature. Curr Pharm Biotechnol 16:245–251. 

https://doi.org/10.2174/1389201015666141202110216 

49.  Alam MA, Subhan N, Rahman MM, et al (2014) Effect of citrus flavonoids, naringin 

and naringenin, on metabolic syndrome and their mechanisms of action. Adv Nutr 

5:404–417. https://doi.org/10.3945/an.113.005603 

50.  Lee C-H, Jeong T-S, Choi Y-K, et al (2001) Anti-Atherogenic Effect of Citrus 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

69 

Flavonoids, Naringin and Naringenin, Associated with Hepatic ACAT and Aortic 

VCAM-1 and MCP-1 in High Cholesterol-Fed Rabbits. Biochem Biophys Res 

Commun 284:681–688. https://doi.org/https://doi.org/10.1006/bbrc.2001.5001 

51.  Memariani Z, Abbas SQ, ul Hassan SS, et al (2021) Naringin and naringenin as 

anticancer agents and adjuvants in cancer combination therapy: Efficacy and molecular 

mechanisms of action, a comprehensive narrative review. Pharmacol Res 171:105264. 

https://doi.org/https://doi.org/10.1016/j.phrs.2020.105264 

52.  Shi X, Luo X, Chen T, et al (2021) Naringenin inhibits migration, invasion, induces 

apoptosis in human lung cancer cells and arrests tumour progression in vitro. J Cell 

Mol Med 25:2563–2571. https://doi.org/10.1111/jcmm.16226 

53.  Ghanbari-Movahed M, Jackson G, Farzaei MH, Bishayee A (2021) A Systematic 

Review of the Preventive and Therapeutic Effects of Naringin Against Human 

Malignancies. Front Pharmacol 12:250. https://doi.org/10.3389/fphar.2021.639840 

54.  Tiwari P, Mishra (2017) Role of Flavonoids in DNA Damage and Carcinogenesis 

Prevention. J Carcinog Mutagen 08:4–9. https://doi.org/10.4172/2157-2518.1000297 

55.  Chumsri S, Howes T, Bao T, et al (2011) Aromatase, aromatase inhibitors, and breast 

cancer. J Steroid Biochem Mol Biol 125:13–22. 

https://doi.org/10.1016/j.jsbmb.2011.02.001 

56.  Moon YJ, Wang X, Morris ME (2006) Dietary flavonoids: Effects on xenobiotic and 

carcinogen metabolism. Toxicol Vitr 20:187–210. 

https://doi.org/https://doi.org/10.1016/j.tiv.2005.06.048 

57.  Lin JK, Chen YC, Huang YT, Lin-Shiau SY (1997) Suppression of protein kinase C 

and nuclear oncogene expression as possible  molecular mechanisms of cancer 

chemoprevention by apigenin and curcumin. J Cell Biochem Suppl 28–29:39–48 

58.  Chandrika BB, Steephan M, Kumar TRS, et al (2016) Hesperetin and Naringenin 

sensitize HER2 positive cancer cells to death by serving as HER2 Tyrosine Kinase 

inhibitors. Life Sci 160:47–56. 

https://doi.org/https://doi.org/10.1016/j.lfs.2016.07.007 

59.  Weber G, Shen F, Prajda N, et al (1997) Regulation of the signal transduction program 

by drugs. Adv Enzyme Regul 37:35–55. https://doi.org/https://doi.org/10.1016/S0065-



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

70 

2571(96)00025-8 

60.  Husain I, Bala K, Wani A, et al (2017) Arginase purified from endophytic 

Pseudomonas aeruginosa IH2: Induce apoptosis through both cell cycle arrest and 

MMP loss in human leukemic HL-60 cells. Chem Biol Interact 274:35–49. 

https://doi.org/10.1016/j.cbi.2017.07.001 

61.  Bala K, Husain I, Sharma A (2020) Arginine deaminase from Pseudomonas aeruginosa 

PS2: purification, biochemical characterization and in-vitro evaluation of anticancer 

activity. 3 Biotech 10:1–17. https://doi.org/10.1007/s13205-020-02212-6 

62.  Arafa HM, Abd-Ellah MF, Hafez HF (2005) Abatement by naringenin of doxorubicin-

induced cardiac toxicity in rats. J Egypt Natl Canc Inst 17:291–300 

63.  Han X, Pan J, Ren D, et al (2008) Naringenin-7-O-glucoside protects against 

doxorubicin-induced toxicity in H9c2 cardiomyocytes by induction of endogenous 

antioxidant enzymes. Food Chem Toxicol 46:3140–3146. 

https://doi.org/10.1016/j.fct.2008.06.086 

64.  Xu C, Chen J, Zhang J, et al (2013) Naringenin inhibits angiotensin II-induced vascular 

smooth muscle cells proliferation and migration and decreases neointimal hyperplasia 

in balloon injured rat carotid arteries through suppressing oxidative stress. Biol Pharm 

Bull 36:1549–1555. https://doi.org/10.1248/bpb.b13-00247 

65.  Meng LM, Ma HJ, Guo H, et al (2016) The cardioprotective effect of naringenin 

against ischemia-reperfusion injury through activation of ATP-sensitive potassium 

channel in rat. Can J Physiol Pharmacol 94:973–978. https://doi.org/10.1139/cjpp-

2016-0008 

66.  Yu H, Yin L, Jiang X, et al (2014) Effect of metformin on cancer risk and treatment 

outcome of prostate cancer: A meta-analysis of epidemiological observational studies. 

PLoS One 9:1–14. https://doi.org/10.1371/journal.pone.0116327 

67.  Vaez H, Rameshrad M, Najafi M, et al (2016) Cardioprotective effect of metformin in 

lipopolysaccharide-induced sepsis via suppression of toll-like receptor 4 (TLR4) in 

heart. Eur J Pharmacol 772:115–123. https://doi.org/10.1016/j.ejphar.2015.12.030 

68.  Bradley MC, Ferrara A, Achacoso N, et al (2018) A cohort study of metformin and 

colorectal cancer risk among patients with diabetes mellitus. Cancer Epidemiol 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

71 

Biomarkers Prev 27:525–530. https://doi.org/10.1158/1055-9965.EPI-17-0424 

69.  Tseng CH (2019) Metformin Use Is Associated With a Lower Risk of Hospitalization 

for Heart Failure in Patients With Type 2 Diabetes Mellitus: a Retrospective Cohort 

Analysis. J Am Heart Assoc 8:1–15. https://doi.org/10.1161/JAHA.118.011640 

70.  Sahra I Ben, Marchand-Brustel Y Le, Tanti JF, Bost F (2010) Metformin in cancer 

therapy: A new perspective for an old antidiabetic drug? Mol Cancer Ther 9:1092–

1099. https://doi.org/10.1158/1535-7163.MCT-09-1186 

71.  Sahra I Ben, Laurent K, Loubat A, et al (2008) The antidiabetic drug metformin exerts 

an antitumoral effect in vitro and in vivo through a decrease of cyclin D1 level. 

Oncogene 27:3576–3586. https://doi.org/10.1038/sj.onc.1211024 

72.  Chae YK, Arya A, Malecek MK, et al (2016) Repurposing metformin for cancer 

treatment: Current clinical studies. Oncotarget 7:40767–40780. 

https://doi.org/10.18632/oncotarget.8194 

73.  Zhou G, Myers R, Li Y, et al (2001) Role of AMP-activated protein kinase in 

mechanism of metformin action. J Clin Invest 108:1167–1174. 

https://doi.org/10.1172/JCI13505 

74.  Caton PW, Nayuni NK, Kieswich J, et al (2010) Metformin suppresses hepatic 

gluconeogenesis through induction of SIRT1 and GCN5. J Endocrinol 97–106. 

https://doi.org/10.1677/JOE-09-0345 

75.  Effect of metformin on the expression of tumor necrosis factor, Toll-like receptors 2-

4 and ultra-sensitive CRP in obese subjects with type 2 diabetes.pdf 

76.  Isoda K, Young JL, Zirlik A, et al (2006) Metformin inhibits proinflammatory 

responses and nuclear factor-κB in human vascular wall cells. Arterioscler Thromb 

Vasc Biol 26:611–617. https://doi.org/10.1161/01.ATV.0000201938.78044.75 

77.  Kim JB, O’Hare MJ, Stein R (2004) Models of breast cancer: Is merging human and 

animal models the future? Breast Cancer Res 6:22–30. https://doi.org/10.1186/bcr645 

78.  Costa E, Ferreira-Gonçalves T, Chasqueira G, et al (2020) Experimental models as 

refined translational tools for breast cancer research. Sci Pharm 88:1–29. 

https://doi.org/10.3390/scipharm88030032 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

72 

79.  Alvarado A, Faustino-Rocha AI, Colaço B, Oliveira PA (2017) Experimental 

mammary carcinogenesis - Rat models. Life Sci 173:116–134. 

https://doi.org/10.1016/j.lfs.2017.02.004 

80.  Liu Y, Yin T, Feng Y, et al (2015) Mammalian models of chemically induced primary 

malignancies exploitable for imaging-based preclinical theragnostic research. Quant 

Imaging Med Surg 5:708–729. https://doi.org/10.3978/j.issn.2223-4292.2015.06.01 

81.  Medina D (2007) Chemical Carcinogenesis of Rat and Mouse Mammary Glands. 

Breast Dis 28:63–68. https://doi.org/10.3233/BD-2007-28107 

82.  Zarbl H (2007) Toxicogenomic analyses of genetic susceptibility to mammary gland 

carcinogenesis in rodents: Implications for human breast cancer. Breast Dis 28:87–

105. https://doi.org/10.3233/BD-2007-28109 

83.  Urrier NIC, Olomon SAES, Emicco ELGD, et al (2005) Oncogenic Signaling 

Pathways Activated in DMBA-Induced Mouse Mammary Tumors. 726–737. 

https://doi.org/10.1080/01926230500352226 

84.  Al-Dhaheri WS, Hassouna I, Al-Salam S, Karam SM (2008) Characterization of Breast 

Cancer Progression in the Rat. Ann N Y Acad Sci 1138:121–131. 

https://doi.org/https://doi.org/10.1196/annals.1414.018 

85.  Russo J, Russo IH (2000) Atlas and Histologic Classification of Tumors of the Rat 

Mammary Gland. J Mammary Gland Biol Neoplasia 5:187–200. 

https://doi.org/10.1023/A:1026443305758 

86.  Alvarado A, Faustino-Rocha AI, Colaço B, Oliveira PA (2017) Experimental 

mammary carcinogenesis - Rat models. Life Sci 173:116–134. 

https://doi.org/https://doi.org/10.1016/j.lfs.2017.02.004 

87.  Murray TJ, Ucci AA, Maffini M V, et al (2009) Histological analysis of low dose NMU 

effects in the rat mammary gland. BMC Cancer 9:267. https://doi.org/10.1186/1471-

2407-9-267 

88.  Park MK, Lee CH, Lee H (2018) Mouse models of breast cancer in preclinical 

research. lar 34:160–165. https://doi.org/10.5625/lar.2018.34.4.160 

89.  Khazaei M, Akbari Bazm M, Naseri L, Khazaei M (2018) Methods of Inducing Breast 

Cancer in Animal Models: a Systematic Review. World cancer Res J 5:e1182 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

73 

90.  De Maria R, Olivero M, Iussich S, et al (2005) Spontaneous feline mammary 

carcinoma is a model of HER2 overexpressing poor prognosis human breast cancer. 

Cancer Res 65:907–912 

91.  de las Mulas JM, Reymundo C (2000) Animal models of human breast carcinoma: 

canine and feline neoplasms. Rev Oncol 2:274–281. 

https://doi.org/10.1007/BF02979590 

92.  Antuofermo E, Miller MA, Pirino S, et al (2007) Spontaneous mammary intraepithelial 

lesions in dogs - A model of breast cancer. Cancer Epidemiol Biomarkers Prev 

16:2247–2256. https://doi.org/10.1158/1055-9965.EPI-06-0932 

93.  Cava C, Bertoli G, Castiglioni I (2018) In silico identification of drug target pathways 

in breast cancer subtypes using pathway cross-talk inhibition. J Transl Med 16:1–17. 

https://doi.org/10.1186/s12967-018-1535-2 

94.  Malliori A, Daskalaki A, Dermitzakis A, Pallikarakis N (2020) Development of 

Physical Breast Phantoms for X-ray Imaging Employing 3D Printing Techniques. 

Open Med Imaging J 12:1–10. https://doi.org/10.2174/1874347102012010001 

95.  Ikejimba LC, Graff CG, Rosenthal S, et al (2017) A novel physical anthropomorphic 

breast phantom for 2D and 3D x-ray imaging: Med Phys 44:407–416. 

https://doi.org/10.1002/mp.12062 

96.  Shang M, Soon RH, Lim CT, et al (2019) Microfluidic modelling of the tumor 

microenvironment for anti-cancer drug  development. Lab Chip 19:369–386. 

https://doi.org/10.1039/c8lc00970h 

97.  Bersini S, Jeon JS, Dubini G, et al (2014) A microfluidic 3D invitro model for 

specificity of breast cancer metastasis to bone. Biomaterials 35:2454–2461. 

https://doi.org/10.1016/j.biomaterials.2013.11.050 

98.  Miao X, Liu T, Zhang C, et al (2016) Fluorescent aliphatic hyperbranched polyether: 

Chromophore-free and without any N and P atoms. Phys Chem Chem Phys 18:4295–

4299. https://doi.org/10.1039/c5cp07134h 

99.  Bahuguna A, Khan I, Bajpai VK, Kang SC (2017) MTT assay to evaluate the cytotoxic 

potential of a drug. Bangladesh J Pharmacol 12:115–118. 

https://doi.org/10.3329/bjp.v12i2.30892 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

74 

100.  Thompson HJ, Adlakha H (1991) Dose-responsive Induction of Mammary Gland 

Carcinomas by the Intraperitoneal Injection of 1-Methyl-l-nitrosourea. Cancer Res 

51:3411–3415 

101.  Grossmann ME, Yang DQ, Guo Z, et al (2015) Metformin Treatment for the 

Prevention and/or Treatment of Breast/Mammary Tumorigenesis. Curr Pharmacol 

Reports 1:312–323. https://doi.org/10.1007/s40495-015-0032-z 

102.  Li W, Wang QL, Liu X, et al (2015) Combined use of vitamin D3 and metformin 

exhibits synergistic chemopreventive effects on colorectal neoplasia in rats and mice. 

Cancer Prev Res 8:139–148. https://doi.org/10.1158/1940-6207.CAPR-14-0128 

103.  Parvathaneni M, Battu GR, Gray AI, Gummalla P (2014) Investigation of anticancer 

potential of hypophyllanthin and phyllanthin against breast cancer by in vitro and in 

vivo methods. Asian Pacific J Trop Dis 4:. https://doi.org/10.1016/S2222-

1808(14)60417-5 

104.  Karia PD, Patil LA, Vakani MS, et al (2018) Chemoprevention of breast cancer by 

Psidium guajava Linn. Asian J Pharm Pharmacol 5:58–68. 

https://doi.org/10.31024/ajpp.2019.5.1.8 

105.  Jacob D, Davis J, Fang B (2004) Xenograftic tumor models in mice for cancer research, 

a technical review. Gene Ther Mol Biol Gene Ther Mol Biol 8:213–219 

106.  Morton CL, Houghton PJ (2007) Establishment of human tumor xenografts in 

immunodeficient mice. Nat Protoc 2:247–250. https://doi.org/10.1038/nprot.2007.25 

107.  Burade V, Bhowmick S, Maiti K, et al (2017) Lipodox® (generic doxorubicin 

hydrochloride liposome injection): In vivo efficacy and bioequivalence versus 

Caelyx® (doxorubicin hydrochloride liposome injection) in human mammary 

carcinoma (MX-1) xenograft and syngeneic fibrosarcoma (WEHI 164) mouse mode. 

BMC Cancer 17:1–12. https://doi.org/10.1186/s12885-017-3377-3 

108.  Bissery MC, Gueritte-Voegelein F (1991) Experimental Antitumor Activity of 

Taxotere (RP 56976, NSC 628503), a Taxol Analogue. Cancer Res 51:4845–4852 

109.  Kruczynski A, Hill BT (2002) Classic In Vivo Cancer Models: Three Examples of 

Mouse Models Used in Experimental Therapeutics. Curr Protoc Pharmacol 1–16. 

https://doi.org/10.1002/0471141755.ph0524s15 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

75 

110.  Alyahya R, Sudha T, Racz M, et al (2015) Anti-metastasis efficacy and safety of non-

anticoagulant heparin derivative versus low molecular weight heparin in surgical 

pancreatic cancer models. Int J Oncol 46:1225–1231. 

https://doi.org/10.3892/ijo.2014.2803 

111.  Liu T, Yacoub R, Taliaferro-Smith LTD, et al (2011) Combinatorial effects of lapatinib 

and rapamycin in triple-negative breast cancer cells. Mol Cancer Ther 10:1460–1469. 

https://doi.org/10.1158/1535-7163.MCT-10-0925 

112.  Paschall A V., Liu K (2016) An Orthotopic mouse model of spontaneous breast cancer 

metastasis. J Vis Exp 2016:1–7. https://doi.org/10.3791/54040 

113.  Zhang Y, Zhang GL, Sun X, et al (2018) Establishment of a murine breast tumor model 

by subcutaneous or orthotopic implantation. Oncol Lett 15:6233–6240. 

https://doi.org/10.3892/ol.2018.8113 

114.  Pateliya B, Burade V, Goswami S (2021) Combining naringenin and metformin with 

doxorubicin enhances anticancer activity against triple-negative breast cancer in vitro 

and in vivo. Eur J Pharmacol 891:173725. 

https://doi.org/10.1016/j.ejphar.2020.173725 

115.  Jalava P, Kuopio T, Juntti-Patinen L, et al (2006) Ki67 immunohistochemistry: A 

valuable marker in prognostication but with a risk of misclassification: Proliferation 

subgroups formed based on Ki67 immunoreactivity and standardized mitotic index. 

Histopathology 48:674–682. https://doi.org/10.1111/j.1365-2559.2006.02402.x 

116.  Shabanah OA-, Ahmed LA-, Qunebet RA-, et al (2019) Losartan and/or Naringenin 

Ameliorates Doxorubicin Induced Cardiac, Hepatic and Renal Toxicities in Rats. Int J 

Pharmacol 15:675–685. https://doi.org/10.3923/ijp.2019.675.685 

117.  Doxorubicin hydrochloride for injection, USP FOR INTRAVENOUS USE ONLY. 

ADRIAMYCIN Information, Highlights Prescr 07:35–36 

118.  Hanušová V, Boušová I, Skálová L (2011) Possibilities to increase the effectiveness of 

doxorubicin in cancer cells killing. Drug Metab Rev 43:540–557. 

https://doi.org/10.3109/03602532.2011.609174 

119.  Hurvitz SA, McAndrew NP, Bardia A, et al (2021) A careful reassessment of 

anthracycline use in curable breast cancer. npj Breast Cancer 7:1–25. 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

76 

https://doi.org/10.1038/s41523-021-00342-5 

120.  Rafiyath SM, Rasul M, Lee B, et al (2012) Comparison of safety and toxicity of 

liposomal doxorubicin vs. conventional anthracyclines: a meta-analysis. Exp Hematol 

Oncol 1:1–9. https://doi.org/10.1186/2162-3619-1-10 

121.  Zhao N, Woodle MC, Mixson AJ (2018) Advances in delivery systems for 

doxorubicin. J Nanomed Nanotechnol 9:. https://doi.org/10.4172/2157-7439.1000519 

122.  Wang L, Hong Y, Ma J, et al (2020) Combination of pegylated liposomal doxorubicin 

and docetaxel as neoadjuvant therapy for breast cancer with axillary lymph node 

metastasis. J Int Med Res 48:. https://doi.org/10.1177/0300060520944310 

123.  Bandyopadhyay A, Wang L, Agyin J, et al (2010) Doxorubicin in combination with a 

small TGFβ inhibitor: A potential novel therapy for metastatic breast cancer in mouse 

models. PLoS One 5:. https://doi.org/10.1371/journal.pone.0010365 

124.  Ganem G, Tubiana-Hulin M, Fumoleau P, et al (2003) Phase II trial combining 

docetaxel and doxorubicin as neoadjuvant chemotherapy in patients with operable 

breast cancer. Ann Oncol 14:1623–1628. https://doi.org/10.1093/annonc/mdg449 

125.  Chen T, Shen HM, Deng ZY, et al (2017) A herbal formula, SYKT, reverses 

doxorubicin-induced myelosuppression and cardiotoxicity by inhibiting ROS-

mediated apoptosis. Mol Med Rep 15:2057–2066. 

https://doi.org/10.3892/mmr.2017.6272 

126.  Hosseini A, Sahebkar A (2017) Reversal of doxorubicin-induced cardiotoxicity by 

using phytotherapy: A review. J Pharmacopuncture 20:243–256. 

https://doi.org/10.3831/KPI.2017.20.030 

127.  Yu J, Wang C, Kong Q, et al (2018) Recent progress in doxorubicin-induced 

cardiotoxicity and protective potential of  natural products. Phytomedicine 40:125–

139. https://doi.org/10.1016/j.phymed.2018.01.009 

128.  Wang R, Wang J, Dong T, et al (2019) Naringenin has a chemoprotective effect in 

MDA-MB-231 breast cancer cells via inhibition of caspase-3 and -9 activities. Oncol 

Lett 17:1217–1222. https://doi.org/10.3892/ol.2018.9704 

129.  Noori S, Tavirani MR, Deravi N, et al (2020) Naringenin enhances the anti-cancer 

effect of cyclophosphamide against mda-mb-231 breast cancer cells via targeting the 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

77 

stat3 signaling pathway. Iran J Pharm Res 19:122–133. 

https://doi.org/10.22037/ijpr.2020.113103.14112 

130.  Muthusamy T, Yadav LR, Ramalingam S (2020) Synergistic Effect of 5-Fluorouracil 

Combined with Naringin in MDA-MB-231 Human Breast Cancer Cells. Int Res J 

Oncol 3:13–27 

131.  Antoszczak M, Markowska A, Markowska J, Huczyński A (2020) Old wine in new 

bottles: Drug repurposing in oncology. Eur J Pharmacol 866:172784. 

https://doi.org/10.1016/j.ejphar.2019.172784 

132.  Li Y, Wang M, Zhi P, et al (2018) Metformin synergistically suppress tumor growth 

with doxorubicin and reverse drug resistance by inhibiting the expression and function 

of P-glycoprotein in MCF7/ADR cells and xenograft models. Oncotarget 9:2158–

2174. https://doi.org/10.18632/oncotarget.23187 

133.  Kusharyanti I, Hermawan A, Susidarti RA, Meiyanto E (2011) Naringenin Enhances 

the Anti-Tumor Effect of Doxorubicin on HeLa Cervical Cancer Cells Through 

Cytotoxic Activity and Apoptosis Induction. 325–333 

134.  Faustino-Rocha AI, Ferreira R, Oliveira PA, et al (2015) N-Methyl-N-nitrosourea as a 

mammary carcinogenic agent. Tumor Biol 36:9095–9117. 

https://doi.org/10.1007/s13277-015-3973-2 

135.  Takahashi T (1981) Debris flow. Annu. Rev. fluid Mech. Vol. 13 57–77 

136.  Wang CH, Yang JM, Guo YB, et al (2020) Anticancer Activity of Tetrandrine by 

Inducing Apoptosis in Human Breast Cancer Cell Line MDA-MB-231 in Vivo. 

Evidence-based Complement Altern Med 2020:. 

https://doi.org/10.1155/2020/6823520 

137.  Yin L, Duan JJ, Bian XW, Yu SC (2020) Triple-negative breast cancer molecular 

subtyping and treatment progress. Breast Cancer Res 22:1–13. 

https://doi.org/10.1186/s13058-020-01296-5 

138.  Kathryn JC, Sireesha V G, Stanley L (2012) Triple Negative Breast Cancer Cell Lines: 

One Tool in the Search for Better Treatment of Triple Negative Breast Cancer. Breast 

Dis 32:35–48. https://doi.org/10.3233/BD-2010-0307.Triple 

139.  Pateliya B, Burade V, Goswami S (2021) Enhanced antitumor activity of doxorubicin 



                                                                                                         References 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

78 

by naringenin and metformin in breast carcinoma: an experimental study. Naunyn 

Schmiedebergs Arch Pharmacol 394:1949–1961. https://doi.org/10.1007/s00210-021-

02104-3 

140.  Marinello PC, Panis C, Silva TNX, et al (2019) Metformin prevention of doxorubicin 

resistance in MCF-7 and MDA-MB-231 involves oxidative stress generation and 

modulation of cell adaptation genes. Sci Rep 9:1–11. https://doi.org/10.1038/s41598-

019-42357-w 

141.  Gyöngyösi M, Lukovic D, Zlabinger K, et al (2020) Liposomal doxorubicin attenuates 

cardiotoxicity via induction of interferon-related DNA damage resistance. Cardiovasc 

Res 116:970–982. https://doi.org/10.1093/cvr/cvz192 

142.  Hirsch HA, Iliopoulos D, Tsichlis PN, Struhl K (2009) Metformin selectively targets 

cancer stem cells, and acts together with chemotherapy to block tumor growth and 

prolong remission. Cancer Res 69:7507–7511. https://doi.org/10.1158/0008-

5472.CAN-09-2994 



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

79 

7.  Appendices: 
CHAPTER 7: Appendices: 

Appendix 1: Certificates of IAEC approval  

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

80 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

81 

Appendix II: List of presentation and publications  

Sr. No.  Details 

Papers published 

1 

Pateliya B, Burade V, Goswami S (2021) Combining naringenin and 

metformin with doxorubicin enhances anticancer activity against triple-

negative breast cancer in vitro and in vivo. Eur J Pharmacol 891:173725. 

https://doi.org/10.1016/j.ejphar.2020.173725 

2 

Pateliya B, Burade V, Goswami S (2021) Enhanced antitumor activity of 

doxorubicin by naringenin and metformin in breast carcinoma: an experimental 

study. Naunyn Schmiedebergs Arch Pharmacol 16:32:16Z 

https://doi.org/10.1007/s00210-021-02104-3 

Paper presented 

1 

Oral presentation titled “Naringenin and metformin enhance the antitumor 

effect of doxorubicin against experimental models of breast carcinoma” in 

prize session of ISCOMS (International Student Congress Of bio Medical 

Sciences) on 8th June 2021. 

 

  

https://doi.org/10.1016/j.ejphar.2020.173725
https://doi.org/10.1007/s00210-021-02104-3


                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

82 

Appendix III: Certificate for oral presentation at ISCOMS  

 



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

83 

Appendix IV: Copy of research papers 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

84 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

85 

 

 

 



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

86 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

87 

 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

88 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

89 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

90 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

91 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

92 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

93 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

94 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

95 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

96 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

97 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

98 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

99 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

100 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

101 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

102 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

103 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

104 

 

  



                                                                                                 Appendices 

_______________________________________________________________                                                                                                                                

__________________________________________________________________________                           

105 

 

 


	Binder1.pdf
	Final Thesis_159997390001 _15-07-22 11


