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ABSTRACT 

Phloridzin (PZ), a polyphenol compound found in apple, exerts glucose transporter 

inhibitory and estrogen-like effects. Therapeutic applications of PZ are limited due to its 

poor bioavailability. In this study, anitiproliferative efficacy of docosahexaenoic acid 

(DHA) acylated PZ (PZ-DHA) was investigated using a triple negative breast cancer cell 

line (MDA-MB-231). PZ-DHA, but not PZ, caused the death of MDA-MB-231 in vitro 

which was both time- and dose-dependent. PZ-DHA-induced apoptosis was indicated by 

DNA fragmentation and activation of caspase 3/7. However, reactive oxygen species 

production was not required for PZ-DHA-mediated cell death. PZ-DHA showed low 

cytotoxicity toward human mammary epithelial cells. Moreover, in vivo tumor suppresser 

effect of PZ-DHA was observed when MDA-MB-231 cells xenografted non-obese diabetic 

severe combined immune-deficient (NOD-SCID) mice were subjected to intratumoral 

injections of PZ-DHA. Anticancer efficacy observed in cell cultures and mice warrant 

further investigations of PZ-DHA as a potential treatment for breast cancer. 

 

Key words: Triple negative breast cancer, tumor suppression, NOD-SCID, phloridzin, 

docosahexaenoic acid, PZ-DHA 
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CHAPTER 1 : INTRODUCTION 

1.1 Cancer 

Cancer is a population of abnormal cells which divide without control, with the ability to 

invade other tissues and is a leading cause of death, worldwide. Under normal 

circumstances, cell survival, proliferation and differentiation are kept under control, but in 

cancer, these cellular events continue to take place beyond its control. (Katzung, 2006). 

Among the most common  types of cancers (lung, liver, stomach, colorectal, breast), lung 

cancer has continued to be the most common cancer diagnosed in men and breast cancer is 

the most common cancer diagnosed in women (Globocan, 2012). An estimated 8.2 million 

deaths were accounted with cancer across the world in 2012 and 14.1 million cases were 

diagnosed during the same year (Globocan, 2012). Lung cancer, breast cancer, colorectal 

cancer and stomach cancer accounted for two-fifths of the total cases of cancers diagnosed 

worldwide (Cancer Research UK, 2014). According to Canadian cancer statistics, issued 

by the Canadian Cancer Society, it is estimated that 97,700 Canadian men and 93,600 

Canadian women will be diagnosed with cancer in 2014. During 2014, 40,000 men and 

36,600 women are expected to die due to cancers in Canada (Canadian Cancer Statistics, 

2014). The lowest number of incidences and mortality rate is recorded in British Columbia. 

Both incidence and mortality rates are higher in Atlantic Canada and Quebec (Canadian 

Cancer Statistics, 2014). Breast cancer occurs mostly in women, but men can also get it 

(Giordano, 2005). Further, it is estimated nearly 200 Canadian men will be diagnosed with 

breast cancer annually, with 60 fatalities (Breast Cancer Foundation, 2013). Every year, 

182,000 women are diagnosed with breast cancer, and 43,300 die from the disease. More 

than 30% of cancers are caused by modifiable behavioural and environmental risk factors, 
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including tobacco and alcohol use, dietary factors, insufficient regular consumption of 

fruits and vegetables, obesity, physical inactivity, chronic infections from Helicobacter 

pylori, hepatitis B virus (HBV), hepatitis C virus (HCV) and some types of human 

papilloma virus (HPV), environmental and occupational risks including exposure to 

ionizing and non-ionizing radiation (de Martel et al., 2012). 

1.2 Triple Negative Breast Cancer 

It was estimated that over 508,000 women died in 2011 due to breast cancer worldwide 

(WHO, 2013). Triple negative breast cancer (TNBC) represents nearly 15% of all invasive 

breast cancers and TNBC cells do not express estrogen receptor (ER), progesterone 

receptor (PGR) and human epidermal growth factor receptor 2 (HER2) (Ovcaricek et al., 

2011). Therefore, treatment of TNBC is challenging since neither hormone therapy nor 

HER2 target therapy is effective. Among all the types of breast cancers, TNBC and HER2-

enriched breast cancers are reported to have poor prognosis when compared to hormone 

receptor positive breast cancers (Al-Ejeh et al., 2014). 

1.3 Pathophysiology of Breast Adenocarcinoma 

A malignant tumor that starts in the cells of the breast is referred to as a breast cancer and 

it is closely associated with the characteristic ability to invade the surrounding tissue 

(metastasis)  (American Cancer Society, 2012). Breast cancer results from genetic and 

environmental factors, which leads to the accumulation of mutations in essential genes. 

Inherited and sporadic are the main two types of breast cancer which are categorized based 

upon the criterion of presence or absence of breast cancer family history (Nathanson et al., 

2001). A breast cancer could be either in situ or invasive (Agnantis et al., 2004). The two 

types differ in the ability of invading adjacent breast stroma beyond the epithelial basement 
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membrane (Agnantis et al., 2004). In situ breast cancer is non-invasive and confined only 

to either mammary ducts (Ductal Carcinoma In Situ (DCIS)) or mammary lobules (Lobular 

Carcinoma In Situ (LCIS)) (Cancer Australia, 2012). In contrast, invasive breast cancer 

spreads into the surrounding breast tissue. Origin of the invasive cancer could also be either 

ductal or lobular. Invasive breast cancer is confined to the breast tissue and lymph nodes 

in the armpit at early stage and it may have spread outside the breast tissue in secondary 

breast cancer (Cancer Australia, 2012). However, DCIS is associated with increased risk 

of development into invasive breast cancer.  

1.4 Breast Adenocarcinoma Risk Factors 

A risk factor (genetic, hormonal or environmental) can be defined as anything that 

contributes toward development of a breast cancer  (Martin, 2000). The risk of developing 

breast cancer increases with age (Sweeney et al., 2004). Incidence of breast cancer is higher 

at older age and the rate doubles every ten years until menopause (Mcpherson et al., 2000). 

Benign breast disease, a family history of breast cancer, exposure to radiation, hormone 

replacement therapy (HRT), and reproductive factors such as early age at menarche, late 

age menopause, nulliparity and an older age at the time of the first full-term pregnancy are 

associated with an increased risk of breast cancer (Agnantis et al., 2004; Dolle et al., 2009; 

Mcpherson et al., 2000). The risk of developing  breast cancer is higher in women whose 

close blood relatives are afflicted by the same disease (American Cancer Society, 2012). 

Having a first degree relative with breast cancer doubles the risk and the risk is about three-

fold higher if two first degree relatives have the disease. However, 5-10% of breast cancer 

cases are considered to be hereditary directly from parents (American Cancer Society, 

2012). Inherited mutations in Breast Cancer Gene 1 (BRCA1) and Breast Cancer Gene 2 
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(BRCA2) are the most commonly found causes of hereditary breast cancer since these  are 

high penetrance genes (Agnantis et al., 2004; Warner et al., 2001). Having inherited a 

mutated copy of either gene increases the risk of developing breast cancer (Milne and 

Antoniou, 2011). Defects and mutations in genes such as Ataxia telangiectasia mutated 

(ATM) (Stankovic et al., 1998), tumor protein p53 (TP53) (Malkin et al., 1990), which 

carries instructions for synthesizing a cancer suppressor proteins p53, checkpoint kinase 2 

(CHEK2) (Weischer et al., 2007), Phosphatase and tensin homolog (PTEN) (Nelen et al., 

1996), cadherin 1 (CDH1) (Lei et al., 2002) and serine/threonine kinase 11 (STK11) 

(Boardman et al., 1998; Schumacher et al., 2005) are also associated with an elevated risk 

of developing breast cancer. 

1.5 Breast Cancer Subtypes and Genetics Involved 

The classification system of breast cancer is based on the expression of receptors, genes 

and proteins such as estrogen receptor (ER), progesterone receptor (PGR), human 

epidermal growth factor receptor 2 (HER2) and antigen Ki-67 (Eroles et al., 2012; 

Goldhirsch et al., 2011). This classification divides breast cancers into six different 

subtypes namely, luminal A (ER or PR positive, HER2 negative, Ki-67<14%) (Voduc et 

al., 2010), luminal B, HER2-enriched, basal-like, normal breast and claudin-low (Eroles et 

al., 2012; Polyak, 2011). Complexity of breast cancer is well-reflected by the heterogeneity 

in clinical parameters (tumor size, involvement of lymph nodes and stage) and also by 

expression or suppression of biomarkers (e.g.: ER, PGR and HER2) (Eroles et al., 2012). 

Inherited gene mutations (changes in DNA) increase the risk of developing breast cancers 

in some individuals. Specially, mutations in cancer suppressor genes such as BRCA1 and 

BRCA2 prevent suppression of abnormal growth and cancer is more likely to develop 
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(Imyanitov and Hanson, 2004).  These mutations can be inherited from parents. Breast 

cancer is staged to describe the extent of the cancer in the body based on the criterion 

whether the cancer is invasive or non-invasive. Staging of breast cancer is a process of 

recognizing how widespread a cancer is when it is diagnosed. This is also important in 

determining the treatment, as similar stages are treated in a similar way (Hammer et al., 

2008). Non-invasive in situ breast cancers are staged as “Stage 0”. Invasive breast cancers 

are staged from “Stage I” to “Stage IV”, based upon the spread of cancer tissue to adjacent 

and distal tissues (Hammer et al., 2008). 
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Table 01: Biological model classification system of breast cancer (Adapted from Eroles et al., 2012) 

Molecular 

subtype 

Frequency 

(%) 

ER/PR/HER2 Characteristic Genes Tp53 

Mutation 

Prognosis 

Basal like 10-20 ER-/PR-/HER2- KRT5, CDH3, ID4, FABP7, KRT17, 

TRIM29, LAMC2 

High Bad 

HER2 

enriched 

10-15 ER-/PR-/HER2+ ERBB2, GRB7 High Bad 

Normal 

breast-like 

5-10 ER-/+HER2- PTN, CD36, FABP4, AQP7, ITGA7 Low Intermediate 

Luminal A 50-60 ER+/PR+/HER2- ESR1, GATA3, KRT8, KRT18, 

XBP1, FOXA1, TFF3, CCND1, LIV1 

Low Excellent 

Luminal B 10-20 ER+/PR+/HER2+ ESR1, GATA3, KRT8, KRT18, 

XBP1, FOXA1, TFF3, SQLE, 

LAPTM4B 

Intermediate Intermediate/Bad 

Claudin-

low 

12-14 ER-/PR-/HER2- CD44, SNAI3 High Bad 
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1.6 Cell Death by apoptosis and necrosis 

The term “apoptosis” was suggested by Kerr et al. (1972) to describe the mechanism of 

controlled cell deletion, while, the phenomenon of “program cell death” was first discussed 

by Lockshin and Williams in 1964-5 (Lockshin, 1969; Lockshin and Williams, 1964, 

1965). In contrast, necrosis is the cell death that results from direct cell injury, hence it 

usually begins at the cell surface. Apoptosis is also termed as programmed cell death and 

it explains a series of morphological and biochemical changes taking place in a cell (Collins 

et al., 1997). These morphological changes include the changes mainly in cell surface and 

nuclear morphology. Cell shrinkage, membrane blebbing, chromatin condensation 

(pyknosis), DNA fragmentation and formation of apoptotic bodies due to the loss of cell 

membrane integrity can be considered as the most prominent morphological changes that 

occur during apoptosis (Baba, 2009; Collins et al., 1997; Elmore, 2007; Krysko et al., 

2008). These morphological hallmarks and biochemical changes are often used to 

characterize apoptosis. No distinct morphological or biochemical parameters are available 

to identify necrosis; hence, the absence of apoptotic biomarkers (negative biomarkers) such 

as activation of caspase family enzymes, DNA fragmentation and cytochrome c release are 

used to characterize necrosis (Baba, 2009; Collins et al., 1997; Elmore, 2007). 

Morphological changes such as cell shrinkage and membrane blebbing can be identified 

under the light microscopy. However, transmission electron microscopy is considered as 

the “gold standard” for the detection of cell morphology changes to distinguish apoptosis 

from necrosis. Translocation of phosphatidylserine residues, an anionic phospholipid from 

the inner leaflet to the outer leaflet of the cell membrane is a key cell membrane 

morphology change frequently utilized to detect apoptosis (Lee et al., 2013). This 
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translocation is detected by the flow cytometric analysis of cells strained with Annexin-V, 

a Ca2+-dependent phospholipid-binding protein that binds to phosphatidylserine 

(negatively charged phospholipids) and therefore is considered as a useful marker of early-

stage apoptotic cell death (Denecker et al., 2000). Apoptosis is driven by the extrinsic 

pathway (initiated by an extracellular death ligand binding to cell surface death receptor) 

and intrinsic pathway (intracellular activation due to intracellular stresses) (Figure 1.1). 

Induction of apoptosis is also characterized by detecting the activation of components 

involved in the extrinsic and intrinsic pathways of apoptosis. Caspase activation is 

identified by the cleavage of luminogenic or fluorogenic substrates or Western blot analysis 

of activated caspase family proteins (Krysko et al., 2008). Expression of Bcl-2 and Bax, 

followed by determination of Bax/Bcl-2 ratio (Raisova et al., 2001), and cytochrome 

release is also detected on Western blot analysis to distinguish apoptosis from necrosis. 

Another major hallmark of apoptosis, oligonucleosomal DNA fragmentation is detected by 

either gel electrophoresis or TUNEL staining (Collins et al., 1997; Labat-Moleur et al., 

1998; Nagata, 2000). 
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Figure 1.1: Extrinsic and intrinsic pathways of apoptosis 

Bcl-2: B-Cell Lymphoma 2; Bax: BCL2-associated X protein 
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1.7 Phytochemicals as Cancer Inhibitors 

Phytochemicals (Figure 1.2), plant secondary metabolites found abundantly in higher 

plants, are known to possess health benefits. Phytochemicals are considered as nutritious 

molecules with disease-fighting capabilities, but are not essential for life. Due to the 

increasing rate of mortality associated with cancer and the adverse or toxic side effects of 

cancer chemotherapy and radiation therapy, the discovery of new anticancer agents  

derived from nature, especially plants, receives a distinct interest (Bhanot et al., 2011; 

Fernando and Rupasinghe, 2013; Nirmala et al., 2011; Rupasinghe et al., 2012). 

Phytochemicals represent a vast majority of chemical groups such as alkaloids, flavonoids, 

tannins, terpenes and terpenoids, saponins and glycosides (Figure 01). Screening of 

medicinal plants as a source of anticancer agents was started in the 1950s, with the 

discovery and development of vinca alkaloids, vinblastine and vincristine and the isolation 

of the cytotoxic podophyllotoxins (Cragg and Newman, 2005). Vinca alkaloids were 

isolated from Catharanthus roseus (L.) (Apocynaceae) and were considered as the first 

ever natural anticancer agents to proceed into clinical use to treat cancer (Shoeb, 2006) . 

Podophyllotoxin was isolated from Podophyllum hexandrum (L.) (Berberidaceae) 

(Williams, 2001). Later, isolation of taxol from the bark of the Taxus brevifolia (L.), 

camptothecin from Camptotheca acuminate (L.) (Cornaceae) and homoharringtonine from 

Cephalotaxus harringtonia (L.), (Taxaceae) (Shoeb, 2006) marked important milestones 

in the discovery of natural phytochemicals as anticancer agents. 
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Figure 1.2: Major flavonoid sub-groups showing disease-fighting properties 

 

1.8 Anticancer Properties of Flavonoids 

1.8.1 Flavonoids 

Flavonoids are polyphenolic compounds found in nature which generally consist of two 

aromatic rings, connected through a three-carbon bridge  (C6-C3-C6 system) (Ehrenkranz 

et al., 2005) that may be part of a six-membered heterocyclic pyran ring (Figure 1.3) 

(Merken and Beecher, 2000). Flavonoids consist of a large group of compounds including 

flavones, flavonones, flavonols, anthocyanidins, isoflavones, catechins and flavonoid 

glycosides. Dietary flavonoids (abundantly found in fruits, vegetables, tea and wine) are 

known to play an important role in the prevention of cancer (Ren et al., 2003; Yao et al., 

2011). 
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Figure 1.3: Basic skeleton of flavonoids 

 

1.8.2 In Vitro Anticancer Properties of Flavonoids 

Among many biological activities shown by plant flavonoids, antimicrobial, antioxidant, 

anti-inflammatory and anticancer properties are the most promising in terms of impacting 

human health. A successful anticancer drug is supposed to kill cancer cells selectively, 

causing minimum adverse side effects to the normal healthy cells at low physiological 

concentrations. Flavonoids are expected to fulfill this requirement successfully because of 

their natural source origin. Flavonoids are emerging as anticancer agents with the ability 

to act at multiple sites of cell signal pathways. Therefore, flavonoids may be successfully 

used to prevent and treat cancers (Fernando and Rupasinghe, 2013; Rupasinghe et al., 

2012). These compounds exhibit their antiproliferative properties on different cell lines and 

mostly the activity is dose- and time-dependent. They exert their anticancer properties by 

affecting reactive oxygen species (ROS) production and signal transduction pathways 

governing cell proliferation and growth, apoptosis, and angiogenesis. Flavonoids affect 

metastasis and carcinogenesis at different levels as well (Figure 1.4) (Yao et al., 2011). 
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Flavonoids induce both intracellular and extracellular ROS production. For example, 

Quercetin, a flavonol reduces intracellular glutathione concentration and increases 

intracellular ROS production to a level to cause death of cancer cells (Gibellini et al., 2010). 

The treatment of human ovarian cancer cells (HeLa) with quercetin increases intracellular 

ROS production, caspase activation and B-cell lymphoma 2 (Bcl-2) expression (Bishayee 

et al., 2013). Quercetin-induced intracellular ROS production causes apoptosis in human 

hepatocellular carcinoma (HepG2) cells as well (Chang et al., 2006). In human lung cancer 

cells (H23, H2009, H460, and A549) luteolin (a flavone) blocks Tumor Necrosis Factor 

(TNF)-activated Nuclear Factor-kappaB (NF-κB) pathway,  resulting ROS accumulation-

mediated apoptosis (Ju et al., 2007). Pre-treatment of human prostate cancer (22Rv1) and 

isogenic prostate cells (PC-3 (p53−/−) and PC-3 (p53+/+)) with antioxidant (N-acetylcystein 

(NAC)) and p53 inhibitor (pifithrin-α) reverses apigenin-induced ROS production and p53 

accumulation in mitochondria respectively (Shukla and Gupta, 2008). Similarly, 

pretreatment with caspase inhibitors (Z-VAD-FMK and DEVD-CHO) reverses apigenin-

induced reduction of cellular levels of B-cell lymphoma-extra-large (Bcl-xL) and B-cell 

lymphoma 2 (Bcl-2) and increase in Bcl-2-associated X protein (Bax) of 22Rv1 cells. This 

suggests apigenin-induced cell death is ROS production-, p53- and caspase activation-

dependent (Shukla and Gupta, 2008). Acacetin, an O-methylated flavone induces caspase 

activation, ROS generation and reduces Bcl-2 expression in breast cancer cells (MCF-7) 

(Shim et al., 2007). However, pre-incubation of cells with NAC or caspase 8 inhibitor (Z-

IETD-FMK) reverses ROS production and caspase activation reducing mitochondrial 

membrane potential loss, respectively (Shim et al., 2007). This indicates the involvement 

of ROS production and caspase activation in acacetin-induced MCF-7 cell death as well. 
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Epigallocatechin gallate (EGCG), a type of catechin selectively inhibits the growth of 

transformed fibroblasts (NIHpATMras) while having no growth inhibitory effects on the 

normal fibroblasts. Further, it inhibits tyrosine kinase and mitogen-activated protein kinase 

(MAPK) activities without suppressing the normal cells (Wang and Bachrach, 2002). 

EGCG also shows antiproliferative properties in human pancreatic cancer cells (AsPC-1 

and BxPC-3) (Vu et al., 2010) and human breast cancer cells (MCF-7) (Ono et al., 2014).  

Myricetin, a natural flavonol,  inhibits the growth of human bladder cancer cells (T24) 

causing cell cycle arrest at gap 2 (G2) / mitosis (M) and down regulates cyclin B1 level 

(Sun et al., 2012). Plant extracts containing flavonoids have also shown anticancer 

properties in in vitro cell cultures. For example, a mixture of flavones isolated from 

Scutellaria barbata D. ( Lamiaceae) (Barbed skullcap) reduces the expression of 

vascular endothelial growth factor (VEGF) in a dose-dependent manner both in human 

hepatocellular carcinoma (MHCC97-H) and human umbilical vein endothelial cells 

(HUVECs) (Dai et al., 2013). Grape seed extracts (GSE) are widely used as dietary 

supplements and consist of at least 85% w/w procyanidins (Wen et al., 2008). GSE inhibits 

VEGF-induced phosphorylation of both forms of mitogen-activated protein kinase 

(MAPK) proteins (MAPKp42 and MAPKp44) in HUVECs (Wen et al., 2008). A warm 

water extract of cranberry presscake (material remaining after pressing cranberries to 

collect its juice) inhibits proliferation of human androgen-dependent prostate (LNCaP), 

skin (SK-MEL-5), colon (HT-29), lung (DMS114), brain (U87), estrogen-independent 

breast (MDA-MB-435, MCF-7) and androgen-independent prostate (DU145) cancer cells 

(Ferguson et al., 2004). It also blocks cell cycle progression of MDA-MB-435 in a dose-

dependent manner (Ferguson et al., 2004). Aqueous leaf extract (ALE) of Nelumbo 
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nucifera L. contains gallic acid, rutin, and quercetin as main flavonoid constituents. N. 

nucifera L. ALE inhibits human breast cancer cell proliferation (MCF-7) arresting cell 

cycle progression at gap 0 (G0) / gap 1 (G1) phase (Yang et al., 2011a). Apple is one of the 

primary sources of flavonoids in North American diet. A flavonoid enriched fraction (AF4) 

of apple peel induces cell cycle arrest, Deoxyribonucleic acid (DNA) topoisomerase II 

inhibition and apoptosis in human liver cancer cells (HepG2) (Sudan and Rupasinghe, 2014 

(in press)). An apple pomace ethanol extract rich with flavonoids shows a dose-dependent 

reduction in cell number at 72 hr post treatment in human colon cancer cells (HCT116) 

(Morton et al., 2013). Further, flavonoids play a crucial role in inducing synergistic effect 

in vitro in combination with other cytotoxic drugs as well (Achanta, 2012; Aksamitiene, 

2012; Xu et al., 2011). 
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Figure 1.4: Flavonoids inhibit carcinogenesis at cellular level  

(Regenerated from figures adapted from (Kale et al., 2008; Surh, 1999)) 

Carcinogenesis is a collection of series of processes taking place when a normal healthy 

cell becomes a cancer cell. Carcinogenesis can be divided into main three stages namely, 

tumor initiation, tumor promotion and tumor progression. 

EGCG: Epigallocatechin gallate; ECG: (-)-Epicatechin gallate; EGC: (-)-

Epigallocatechin. 

 

1.8.3 In Vivo Tumor Suppressor Activity of Flavonoids 

In vivo tumor suppressor activities of naturally-occurring flavonoids have been studied in 

different animal models. Tumor suppressor activities of flavonoids in experimental animal 

models include inhibition of cell growth, protein kinase activities, matrix metalloproteinase 

(MMP) secretion, tumor cell invasion, adhesion and spreading (Kandaswami et al., 2005). 

These suppressor activities eventually lead to induction of apoptosis and prevention of 
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angiogenesis and metastasis (Kandaswami et al., 2005). MDA-MB-435 human breast 

tumor growth is inhibited when tumor bearing mice are fed with cranberry presscake 

(Guthrie, 2000). Oral administration of cranberry concentrate reduces the growth of N-

butyl-N-(4-hydroxybutyl)-nitrosamine- (OH-BBN) induced urinary bladder tumors in 

female Fisher-344 rats (Prasain et al., 2008). However, the reduction in tumor growth and 

the decrease in the number of urinary bladder papillomas in the cranberry concentrate-

treated rats is not statistically significant (Prasain et al., 2008). Dietary supplementation of 

quercetin significantly suppresses growth of orthotopically transplanted MIA PaCa-2 

human pancreatic cells in nude mice (Angst et al., 2014). Oral administration of EGCG 

inhibits the growth of orthotopically implanted human pancreatic cancer cells (PANC-1) 

in the pancreas of Balb C nude mice (Shankar et al., 2013). Growth of subcutaneously 

transplanted human non-small-cell lung cancer (NSCLC) (A549) cells in Nrf2-/- mice is 

reduced significantly when luteolin is orally administered either in the presence or absence 

of cisplatin (Chian et al., 2014). Human prostate (PC-3) tumor bearing BALB/cA male 

nude mice show significant reduction in tumor volume and weight when tumors are treated 

with luteolin (Fang et al., 2007a; Pratheeshkumar et al., 2012a) and quercetin 

(Pratheeshkumar et al., 2012b) intraperitoneally. Intraperitoneal administration of luteonin 

inhibits the growth of subcutaneously implanted Lewis lung carcinoma (LLC) cells in 

C57BL/6 mice (Kim et al., 2007) as well. Melanoma is the most common skin cancer in 

North America. Galangin, a flavonol, shows inhibitory effects on metastasis of human 

melanoma cells (B16F10) in vitro and in vivo (Zhang et al., 2013). Galangin shows 

antimetastatic properties in vivo in a mouse model of metastasis (Zhang et al., 2013). 

Intraperitoneal administration of fisetin (a flavonol) to LLC bearing C57BL/6J female mice 
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decreases the tumor size by 50% and reduces vascularization as well (Touil et al., 2011). 

Some flavonoids have shown antiangiogenic and antimetastatic properties in in vivo 

models as well. Oral administration of xanthohumol, a flavonoid from Humulus lupulus L. 

(Cannabaceae) inhibits angiogenesis induced by kaposi’s sarcoma cells (KS-IMM) 

implanted in nude mice in a dose-dependent manner (Albini et al., 2006). Xanthohumol 

also shows antiangiogenic properties in vivo in C57/b16N male mice (Albini et al., 2006). 

In vivo antiproliferative properties of flavonoids as well as extracts rich with flavonoids 

have been reported. However, despite of the extensive in vitro evaluations being carried 

out to investigate the antiproliferative properties of flavonoids, not many have been 

preceeded to the level of clinical trials due to the lack of promising in vivo data. Therefore, 

there is a need for further in vivo investigations to validate the in vitro antiproliferative 

properties of flavonoids. 

1.8.4 Mechanisms of Action of Flavonoids-induced Anticancer Activity 

Flavonoids are a large group of plant secondary metabolites and their well-recognized 

effectiveness as antiproliferative agents is exerted through regulation of a number of cell 

signaling pathways (Figure 1.5). Phosphoinositide 3-Kinase (PI-3K)/Protein Kinase B 

(AKT)/mammalian target of rapamycin (mTOR) (PI-3K/AKT/mTOR), rat sarcoma 

(RAS)/Mitogen-activated protein kinase (MAPK) (RAS/MAPK), Janus kinase (JAK)/ 

signal transducers and activators of transcription (STAT) (JAK/STAT) and AKT/hypoxia-

inducible factor-1α (HIF-1α) (AKT/HIF-1α) are common cell signaling pathways that are 

subject to flavonoid-induced suppression/activation. AKT plays a significant role in 

regulating apoptosis, cell growth and proliferation, protein synthesis and angiogenesis. 

Apigenin, baicalein, baicalin and fisetin inhibit PI-3K/AKT/mTOR pathway in various 
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human cancer cell lines and also at different sites. Apigenin, a flavone, is involved  in the 

suppression of AKT signaling of human ovarian cancer cells (OVCAR-3 and A2780/CP70) 

and thereby inhibits vascular endothelial growth factor (VEGF) at its transcriptional level 

(Fang et al., 2005, 2007b; Patel et al., 2007). Treatment DU-145 human prostate cancer 

cells with chrysin, a natural flavone, reduces the stability of HIF-1α by promoting its 

ubiquitination and prolyl hydroxylation (Fu et al., 2007). In addition, fisetin (a flavonol) 

(Adhami et al., 2012) and baicalin (a flavone) (Zhang et al., 2014a) suppress the PI-

3K/AKT/mTOR pathway. Galangin, serves as a flavonol affecting multiple points of cell 

signaling cascades such as RAS/MAPK and JAK/STAT. In addition galangin (Ansó et al., 

2010) and quercetin (Ansó et al., 2010; Triantafyllou et al., 2007) prevent stabilization and 

phosphorylation of HIF-1α; thus, block activation of HIF-1α targeted genes, regulating cell 

proliferation and angiogenesis. Quercetin (Muthian and Bright, 2004; Senggunprai et al., 

2014), EGCG (Senggunprai et al., 2014) and icaritin (a flavonol glycoside) (Li et al., 2013) 

inhibit activation of STAT-induced cell proliferation and angiogenesis. Acacetin inhibits 

tyrosine phosphorylation of STAT1 and 3 and blocks nuclear translocation of 

phosphorylated STAT3 in human umbilical vein endothelial cells (HUVEC) (Bhat et al., 

2013). As a result of this STAT suppression and nuclear translocation of phosphorylated 

STAT, STAT-induced VEGF activation is reduced (Bhat et al., 2013). 
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Figure 1.5: Flavonoids inhibit PI-3K/AKT/mTOR, RAS/MAPK, JAK/STAT and HIF-1α pathways in a hypothetical cancer 

cell 
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1: Acacetin; 2: Apigenin; 3: Baicalein; 4: Chrysin; 5: Galangin; 6: Hesperetin; 7: 

Isorhamnetin; 8: Kaempferol; 9: Luteolin; 10: Myricetin; 11: Quercetin; 12: 

Epigallocatechin gallate; 13: Icaritin; 14: Fisetin; 15: Baicalin;  

AKT: Protein Kinase B; AP: Activator Protein; BAD: Bcl-2-Associated Death Promoter; 

Bcl-2: B-Cell Lymphoma 2; CR: Cytokine Receptor; ELK1: ETS domain-containing 

protein; ERK: Extracellular Signal Regulated Kinase; FOXO: Forkhead box O3; GRB2: 

Growth factor Receptor-Bound protein 2; HIF-1α: Hypoxia-Inducible Factor 1-α; HRE: 

Hypoxia Response Element; JAK: Janus kinase; MAPK: Mitogen Activated Protein 

Kinase; MEK: MAPK/ERK Kinase; mTOR: Mammalian Target of Rapamycin; PHD: 

Prolyl Hydroxylase Enzyme; PI-3K:Phosphatidylinositol-3-kinase; PIP2: 

Phosphatidylinositol (4,5)-bisphosphate; PIP3: Phosphatidylinositol(3,4,5)-trisphosphate; 

Pr: Proline; pVHL: Von Hippel–Lindau protein; RAS: a family of related proteins “Rat 

sarcoma”; RTK: Receptor Tyrosine Kinase; SOS: Son Of Sevenless;  STAT: Signal 

Transducer and Activator of Transcription; Ub: Ubiquitin; VHL: Von Hippel–Lindau 

Tumor Suppressor.  

 

1.8.5 Acylation of Flavonoids 

Flavonoids exert protective properties against many chronic diseases such as cancers, 

neurodegenerative disorders, cardiovascular diseases and diabetes. However, low cellular 

uptake and reduced stability are major drawbacks of naturally occurring flavonoid 

glycosides, which restrict their successful applications in treating diseases. This will 

eventually lead to poor bioavailability. Therefore, many attempts have been made to 

improve the bioavailability of flavonoids while protecting or improving their biological 

properties. The modifications made to achieve high systemic bioavailability include 

incorporation into microemulsions to enhance the intestinal absorbance (Shen et al., 2011; 

Shikov and Pozharitskaya, 2008), methylation of flavonoids to increase the hepatic 
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metabolic stability and intestinal absorption (Walle et al., 2007) and enzymatic 

modification to increase cellular uptake (Nielsen et al., 2006; Ziaullah et al., 2013). The 

most commonly used enzymatic modification of flavonoids is acylation with saturated or 

mono/poly-unsaturated fatty acids catalyzed by immobilized lipase from Candida 

antarctica (Mellou et al., 2006; De Oliveira et al., 2009; Stevenson et al., 2006; Ziaullah 

et al., 2013). Generally, the regioselective acylation of flavonoids is carried out in non-

toxic organic solvents (e.g.: 2-methyl-2-butanol, 2-methyl-2-propanol and acetone) 

(Mellou et al., 2006; De Oliveira et al., 2009; Stevenson et al., 2006; Ziaullah et al., 2013). 

The synthesis is followed by the chromatographic purification and 1H and 13C nuclear 

magnetic resonance (NMR) analyses. NMR analysis confirms the single-targeted product 

synthesis (Ardhaoui et al., 2004a; Mellou et al., 2005; Stevenson et al., 2006; Ziaullah et 

al., 2013). The acylation of flavonoid glycosides such as naringin (naringenin-7-O-

rhamnoglucoside) and isoquercetin (quercetin-3-O-glucopyranoside) is done using 

carboxylic acids (palmitic, cinnamic and phenylpropionic (PPA) acids and hydroxylated 

derivatives of PPA) as acyl donors. This results in major mono-acylated products but also 

with minor mono-acylated products (Stevenson et al., 2006). However, esterification of 

apple and blueberry extracts using lipase B shows specificity for acylation of glycosides 

with a primary aliphatic hydroxyl group on the sugar moiety (Ardhaoui et al., 2004a; 

Stevenson et al., 2006; Ziaullah et al., 2013). This feature is found in flavonoids such as 

phloridzin (phloretin-2-glucoside) (PZ) and anthocyanidin glucosides and galactosides 

(Ardhaoui et al., 2004a; Stevenson et al., 2006). Both conversion yield and initial rate 

measure the rate of an acylation reaction. The rate of an acylation reaction depends on 

various factors such as the water content in the medium, length and degree of unsaturation 
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of the acylating donor carbon chain (Ardhaoui et al., 2004a, 2004b). The conversion yield 

maintains high when aliphatic acids having high carbon chain length are used as acylation 

donors to esterify the glycosides, rutin (also known as quercetin-3-O-rutinoside) and 

esculin (Ardhaoui et al., 2004b). However, the efficiency of isoquercitrin acylation 

decreases with the increase of length of the carbon chain of the acyl donor (Salem et al., 

2010). Acylated flavonoids have shown a significant improvement in biological effects as 

well. Acylated derivatives of a monosaccharidic flavonoid chrysoeriol-7-O-β-D-(3’’-E-p-

coumaroyl)- glucopyranoside as well as of a disaccharidic flavonoid chrysoeriol-7- [6’’’-

O-acetyl-β-D-allosyl- (1→2) -β-D-glucopyranoside], isolated from Stachys swainsonii ssp. 

argolica (Lamiaceae) and St. swainsonii ssp. swainsonii (Lamiaceae) respectively, show 

enhanced antimicrobial and antioxidant activity towards both LDL and serum model in 

vitro (Mellou et al., 2005). Oleic, linoleic and γ-linolenic acid acylated rutin decreases 

VEGF secretion significantly in K562 (human chronic myelogenous leukemia) cells 

(Mellou et al., 2006). Fatty acid esters of isoquercitrin results in higher xanthine oxidase 

inhibition activities and antiproliferative effects on Caco-2 (human colorectal 

adenocarcinoma) cells than isoquercitrin. In addition, the lipophilicity of the derivative 

esters exhibits positive correlation with the inhibition capacity of xanthine oxidase and 

superoxide radical scavenging activity (Salem et al., 2010). 
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1.9 Phloretin and Phloridzin 
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Figure 1.6: Structure of A) Phloretin and B) Phloridzin 

Phloretin: 3-(4-hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)propan-1-one; (Molecular 

Formula: C15H14O5 and Formula Weight: 274.27 g/mol); Phloridzin: 1-[2,4-dihydroxy-6-

[(2S,3R,4R,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydropyran-2-yl]oxy-phenyl] 

-3-(4-hydroxyphenyl)propan-1-one (Molecular Formula = C21H24O10 and Formula Weight 

= 436.41 g/mol) 

A 
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1.9.1 Biological Properties of Phloretin and Phloridzin 

Phloretin (PT) (3-(4-hydroxyphenyl)-1-(2,4,6-trihydroxypropiophenone)), (Figure 1.6-A) 

is a naturally occurring dihydrochalcone compound (a type of flavonoid in the polyphenol 

family) abundantly found in leaves, bark and seed of Malus domestica L. (Rosaceae) and 

seeds of Prunus mandshurica L. (Rosaceae) Phloretin-induced antioxidant properties and 

the inhibition of lipid peroxidation have been shown in the peroxynitrite scavenging assay 

and lipid peroxidation assay, respectively (Rezk et al., 2002). The pharmacophore of PT, 

which is required for its antioxidant activity is 2, 6-dihydroxyacetophenone (Rezk et al., 

2002). Antioxidant activity of PT has also been shown in the DPPH free radical-scavenging 

capacity and the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) free 

radical-scavenging capacity (Zuo et al., 2011). Favorable effects of PT in the management 

of cardiovascular diseases have been shown in human umbilical vein endothelial cells 

(HUVECs). PT prevents TNFα-stimulated up-regulation of the cytokine-induced 

expression of intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion 

molecule-1 (VCAM-1) and endothelial leukocyte adhesion molecule-1 (E-selectin) (Stangl 

et al., 2005). PT inhibits TNFα-stimulated adhesion of monocytic THP-1 cells to HUVECs 

and human aortic endothelial cells with no effect on TNFα-stimulated activation of nuclear 

factor κB (NF-κB) (Stangl et al., 2005). PT suppresses adenosine diphosphate (ADP)-

stimulated platelet aggregation as well (Stangl et al., 2005). Both PT (a GLUT-2 inhibitor) 

and PZ (1-[2,4-dihydroxy-6-[(2S,3R,4R,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl) 

tetrahydropyran-2-yl]oxy-phenyl]-3-(4-hydroxyphenyl)propan-1-one) (Figure 1.6-B) 

(SGLT1 inhibitor) suppress the glucose uptake of intestinal cell lines, Caco-2, RIE-1, and 

IEC-6 (Zheng et al., 2012). PT inhibits the growth of both Gram positive (Staphylococcus 
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aureus, Listeria monocytogenes and methicillin-resistant Staphylococcus aureus) and 

Gram negative bacteria (Salmonella typhimurium). Glycosylated derivatives show 

diminished antimicrobial activity in comparison to PT, suggesting that glycosyl moiety 

reduces the antimicrobial efficacy of PT (Barreca et al., 2014). PT inhibits the growth of 

Gram positive and Gram negative bacteria by inhibiting the phosphorus uptake by bacterial 

cells. Though PT is effective against both Gram negative and positive bacteria, the 

inhibitory effects are shown to be more promising toward Gram positive bacteria than 

Gram negative bacteria (MacDonald and Bishop, 1952). 

1.9.2 Anticancer Properties of Phloretin and Phloridzin 

Anticancer properties of PT and PZ are reported less frequently. PT suppresses protein 

kinase C activity and cause apoptosis of B16 melanoma 4A5 cells as shown by DNA 

fragmentation (Kobori et al., 1997). Reversal of PT-induced apoptosis of B16 melanoma 

4A5 cells by addition of extracellular glucose suggests the involvement of PT in inhibition 

of glucose transmembrane transport (Kobori et al., 1997). Significant in vivo 

antiproliferative efficacy of PT and PZ has been shown on Fischer 344 male rats 

subcutaneous transplanted with FBC cells (methylcholanthrene induced stage 3 transitional 

cell bladder carcinoma). This model is known as Fischer bladder carcinoma in vivo tumor 

model. PT and PZ also inhibit mammary adenocarcinoma (also known as mammary 

adenocarcinoma in vivo tumor model) subcutaneously transplanted into Fischer 344 female 

rats (Nelson and Falk, 1993a). PT and PZ block glucose transport (measured using 2-

deoxy-D-glucose uptake by brain, liver, spleen and tumor tissue) into viable tumor cells 

both in vitro and in vivo (Nelson and Falk, 1993b).   
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1.10 Docosahexaenoic Acid 
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Figure 1.7: Structure of Docosahexaenoic acid 

Docosahexaenoic acid: (4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-hexaenoic acid 

(Molecular Formula = C22H32O2 and Formula Weight = 328.57 g/mol).  

 

1.10.1 Biological Properties of Docosahexaenoic Acid 

Docosahexaenoic acid (22:6 n-3 DHA), ((4Z,7Z,10Z,13Z,16Z,19Z)-docosa-

4,7,10,13,16,19-hexaenoic acid) (Figure 1.7) is an omega-3 polyunsaturated fatty acid (ω-

3 PUFAs), abundantly found in fish oil. It is considered as an essential PUFA required for 

the normal function (McCann and Ames, 2005) of adult brain and growth and functional 

development of infant brain (Morse, 2012). Hence, DHA helps to prevent 

neurodegenerative diseases through maintaining the proper functionality of brain (Cunnane 

et al., 2009; Hashimoto et al., 2002; Horrocks and Yeo, 1999). Favorable protective 

activities of DHA on reducing the incidence risk of Alzheimer’s disease have been shown 

in a human clinical trial (Connor and Connor, 2007). This emphasizes the link of fish oil 

and ω-3 PUFAs (DHA is one of the major constituents) consumption with reduced 

Alzheimer’s disease incidence risk (Connor and Connor, 2007; Morris et al., 2003). DHA 

has shown a wide variety of biological properties proven in vitro as well as in vivo. 

Antinociceptive properties of orally administered DHA on the thermal (tail flick test) and 

chemical nociception (writhing test and formalin test) models indicate dose-dependent 
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antinociceptive capacity in male ddY mice (Nakamoto et al., 2010). Showing 

cardiovascular protective properties, DHA reduces the development of hypertension in 

spontaneously hypertensive rats (SHR) in vivo (McLennan et al., 1996). In a double-blind, 

placebo-controlled human clinical trial DHA significantly reduces 24-hour, daytime and 

nighttime heart rates and daytime ambulatory blood pressure relative to the placebo group 

(Mori et al., 1999). It also reduces ambulatory heart rate and blood pressure in mildly 

hyperlipidemic men (Mori et al., 1999).  

1.10.2 Anticancer Properties of Docosahexaenoic Acid 

DHA is a well-tested PUFA for its antiproliferative properties on different cancer cell lines 

in vitro and in vivo. DHA induces apoptosis and cell death of MDA-MB-231 breast 

adenocarcinoma cells detected by mitochondrial membrane potential loss, caspase 

activation and DNA fragmentation (Schley et al., 2005). DHA treatment also reduces AKT 

phosphorylation and NF-κB DNA binding activity of MDA-MB-231 cells suggesting 

DHA-induced decrease in signal transduction of AKT/NF-κB pathway (Schley et al., 

2005). Dose-dependent antiproliferative properties of DHA on human metastatic 

hepatocellular carcinoma cells (MHCC97L) indicates the effectiveness of DHA in treating 

metastatic liver cancer and this cytotoxicity is associated with the suppression of cyclin A/ 

cyclin-dependent kinases (Cdk2) protein and cell cycle arrest at S phase (Lee et al., 2010) 

as well. DHA-induced cellular death of human hepatocellular carcinoma cells (Bel-7402) 

is associated with less suppression of Bcl-2 and Bim messenger ribonucleic acid (mRNA) 

levels, and caspase-3 and Bax activation (Sun et al., 2013). Pretreatment of human B-cell 

lymphoma cells (DHL-4) with vitamin E prevents DHA-induced death exhibiting the 

involvement of lipid peroxidation in cell death of DHL-4 (Ding et al., 2004). DHA down 
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regulates the expression of key antioxidant enzyme, superoxide dismutase (SOD) as well 

indicating the sensitivity of DHL-4 to DHA-mediated SOD regulation (Ding et al., 2004). 

DHA inhibits the proliferation of mouse mammary cancer cells (FM3A), by arresting the 

cell cycle at G1 and suppressing cell cycle-associated proteins such as cyclin E 

phosphorylation, Cdk2 activity (Khan et al., 2006). DHA induces the cell growth inhibition 

of human lung adenocarcinoma (Mv1Lu mink, A549) and human lung squamous 

carcinoma cells (BEN) (Serini et al., 2008). This involves DHA-induced specificity toward 

inhibition of phosphatase activity and Mitogen-Activated Protein Kinase Phosphatase-1 

(MKP-1) (Serini et al., 2008).  Treatment of Mv1Lu mink and A549 cells with a 

phosphatase inhibitor, Sodium orthovanadate (Na3VO4), and by silencing the MKP-1 gene 

with the specific Small Interfering RNA (siRNA), indicates these activities are important 

for cancer cell growth (Serini et al., 2008). 

These in vitro antiproliferative capabilities of DHA have been demonstrated on animal 

models as well. Oral administration of DHA suppresses the growth of MDA-MB-231 cells 

transplanted into thoracic mammary fat pad of female nude mice (Connolly et al., 1999). 

Incorporation of DHA in a rodent fat diet containing linoleic acid enhances the total tumor 

suppressor activity showing significant inhibition in proliferation of metastatic breast 

cancer cells in athymic nude mice (Connolly et al., 1999; Rose et al., 1995). Furthermore, 

reduced expression of the Ki-67 associated proliferation marker and Terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of DNA 

fragmentation in vivo suggests DHA-induced antiproliferative and apoptosis, respectively 

(Rose and Connolly, 1993). Feeding of Balb/c mice bearing mouse mammary carcinoma 

cell (4T1) tumors shows significant in vivo reduction in tumor growth due to inhibition of 
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cell proliferation and induction of apoptosis (Xue et al., 2014). In vivo tumor suppressor 

activity of DHA has been shown on estrogen-dependent cells as well. Athymic nude mice 

bearing MCF-7 human breast cancer cells, fed with rodent diet containing fish oil shows 

significant reduction in tumor volume (Kang et al., 2010). Oral administration of high fat 

diet containing DHA reduces the growth of human colon carcinoma cells (COLO 205), 

carrying wild type p53, transplanted subcutaneously in athymic mice (Kato et al., 2007). 

1.11 Research Hypothesis 

Structurally modified phloridzin docosahexaenoate (PZ-DHA), a fatty acid ester derivative 

of PZ, exhibits enhanced antiproliferative properties in vitro and breast tumor suppressor 

activity in vivo, possibly due to increased ability of PZ-DHA to penetrate the plasma 

membrane than its precursor PZ. 

1.12 Objectives and Research Approach 

The overall objective of this research was to determine the in vitro and in vivo cytotoxic 

and antiproliferative properties of PT, PZ, DHA and PZ-DHA using human triple negative 

breast adenocarcinoma cells (MDA-MB-231), human mammary epithelial cells 

(HMEpiCs) and non-obese diabetic severe combined immunodeficient (NOD-SCID) mice 

model xenografted with MDA-MB-231 cells.  

Fruits, vegetables, tea and wine are well known sources rich with dietary flavonoids having 

tremendous disease-fighting abilities including prevention of cancers, so have been studied 

for their health benefits widely (Kandaswami et al., 2005; Ren et al., 2003; Yao et al., 

2011). Flavonoids, being a large group of plant secondary metabolites have shown 

anticancer properties on a range of in vitro cell culture systems and also in animal models. 
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Interestingly, flavonoids exert their antiproliferative activity by manipulating many crucial 

sites of cell signaling cascades such as suppression of PI-3K/AKT/mTOR (Fang et al., 

2005; Hwang et al., 2008; Mirzoeva et al., 2008; Adhami et al., 2012;  Pratheeshkumar et 

al., 2012b), AKT/HIF (He et al., 2013; Liu et al., 2011), MAPK (Triantafyllou et al., 2007) 

and JAK/STAT (Li et al., 2013; Muthian and Bright, 2004; Senggunprai et al., 2014) 

leading to inhibition of protein synthesis, cell growth and proliferation, angiogenesis, 

metastasis and induction of apoptosis. However, poor bioavailability and diminished 

stability of flavonoids restrict its use in the treatment of many ailments and various 

approaches have been practiced to overcome these limitations. (Nielsen et al., 2006; Shen 

et al., 2011; Shikov and Pozharitskaya, 2008; Walle et al., 2007). Enzymatic modification 

of flavonoids, especially lipase catalyzed esterification of flavonoids with fatty acids 

(saturated and unsaturated), is a novel approach to increase membrane permeability and 

eventually their biological activities (Chebil et al., 2006; Mellou et al., 2005, 2006; 

Viskupicova et al., 2010; Zhao et al., 2011). In the current study, the antiproliferative 

properties of PZ-DHA (Figure 1.8) which was synthesized in an attempt to increase 

lipophilicity and cellular uptake of PZ was investigated. Furthermore, this activity was 

evaluated with comparison to its parent compounds, PZ and DHA, using MDA-MB-231, 

a triple negative breast cancer cell line and HMEpiC, human mammary epithelial cells. PZ-

DHA is reported for its antioxidant properties and tyrosinase inhibition activity (Ziaullah 

et al., 2013), and my research team has previously shown its promising antiproliferative 

properties on HepG2 and THP-1 cells (data not published yet). To the best of my 

knowledge, the antiproliferative efficacy of PZ-DHA on triple negative breast cancer cells 

has not yet been recorded. Therefore, a research gap, which is not fully understood due to 
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the lack of resources on the cytotoxic efficacy of a novel PZ fatty acid ester on killing triple 

negative breast cancer cells, is expected to be filled through the findings of current study. 

Dose- and time-dependent cytotoxic properties of PT, PZ, DHA and PZ-DHA were 

measured in 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt (MTS) and acid phosphatase assays with 

doxorubicin (DOX) and docetaxel (DOC) in place as positive controls. Assays to evaluate 

the involvement of PZ-DHA-induced ROS in cell death, apoptosis and cell cycle arrest 

were also carried out. In vitro findings were confirmed in a NOD-SCID mice model 

xenografted with MDA-MB-231 breast cancer cells. 
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Figure 1.8: Chemical structures of phloridzin docosahexaenoate 

(Molecular Formula = C43H54O11 and Formula Weight = 746.88 g/mol) 
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CHAPTER 2 : MATERIALS AND METHODS 

2.1 Chemicals and Reagents 

Trypsin-EDTA (Trypsin- Ethylenediaminetetraacetic acid) (0.25% trypsin/0.53 mM 

EDTA in HBSS (Hank's Balanced Salt Solution) without calcium and magnesium for in 

vitro work, phosphate buffered saline (PBS) with Ca2+ and Mg2+, phosphate buffered saline 

(PBS) without Ca2+ and Mg2+ and dimethylsulfoxide (DMSO) were purchased from ATCC 

(American Type Culture Collection) through Cedarlane labs (Burlington, ON). Sterile 

irrigation water was from Baxter (Mississauga, ON, Canada) and methanol and ethanol 

were purchased from BDH chemicals, VWR International (Mississauga, ON, Canada). 

Magnesium chloride and paraformaldehyde was from Bioshop® Canada Inc. (Burlington, 

ON, Canada). Staurosporine and docetaxel were purchased from Biovision Incorporated, 

Milpitas, CA, USA) and Cayman Chemicals (Ann Arbor, MI, USA) respectively. Fetal 

bovine serum (FBS), N-2- hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), L-

glutamine, penicillin-streptomycin (Pen-strep), trypsin (0.25% with EDTA (1×)) for in vivo 

work, TryPLE express were from Gibco® by Life Technologies Inc. (Burlington, ON, 

Canada). Docosahexaenoic acid was purchased from Nuchek (Elysian, MN, USA) and 

both 5-[3-(carboxymethoxy) phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-sulfophenyl)-2H-

tetrazolium inner salt (MTS) and caspase-Glo® 3/7 assay kit were from Promega 

(Madison, WI, USA). Annexin-V-FLUOS and propidium iodide (PI) were purchased from 

Roche Diagnostics (Laval, QC, Canada) and saline was from Hospira Healthcare 

Corporation (Montreal, QC, Canada). Serum-free, HEPES and bicarbonate buffered 

mammary epithelial cell medium, mammary epithelial cell growth supplement, 
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penicillin/streptomycin solution and poly-L-lysine was purchased from ScienCell 

(Carlsbad, CA, USA). Doxorubicin, phloretin, phloridzin, phenazine methosulfate (PMS), 

Dulbecco’s Modified Eagle’s Medium (DMEM), phenol red-free Dulbecco’s Modified 

Eagle’s Medium (DMEM), phosphatase substrate, Triton X-100, sodium acetate 

(CH3COO-Na+), sodium hydroxide (NaOH), sodium chloride (NaCl), calcium chloride 

(CaCl2) and hydrogen peroxide (H2O2) were all ordered from Sigma-Aldrich (Oakville, 

ON, Canada). 

2.2 Animals 

Ethical approval for animal use was obtained from the Dalhousie University Committee on 

Laboratory Animals (UCLA) (Protocol number: 13-077). Six to eight weeks old female 

non-obese diabetic severe combined immunodeficient (NOD-SCID) mice were purchased 

from Charles River Canada (Lasalle, QC, Canada). Animals were housed under sterile 

conditions in the Carleton Animal Care Facility, Tupper Building of Dalhousie University 

and fed on a sterilized rodent diet and water was supplied ad libitum. 

2.3 Stock Solutions 

Unless otherwise stated all the stock solutions for in vitro assays were stored at – 80 ◦C in 

50 µL aliquots. Stock solutions of PT, PZ, DHA and PZ-DHA (40 mM) were prepared in 

sterile DMSO. Stock solutions (8.33 mM, 40 mM and 107.17 µM) of DOX, DOC and 

staurosporine (STS) were prepared respectively and stored in – 80 ◦C in 50 µL aliquots. 

The highest concentration of working solution prepared was 200 µM except for STS and 

it was 1 µM.  DMSO was used as the vehicle control for all the test compounds. All the 

test compounds were prepared in complete DMEM immediately before use and a serial 
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dilution method was used to prepare the working solution series. In the same way vehicle 

controls were also diluted to compare the working test compound solutions with their 

respective vehicle controls. All the stocks of test compounds for in vivo work were made 

in sterile DMSO at 200 mM concentration and stored at – 80 ◦C. Working concentration 

of 1.33 mM of test compounds was achieved by an appropriate dilution of stocks in sterile 

saline.  DMSO (0.6% v/v) in sterile saline was used as the control. 

2.4 MDA-MB-231 Cell Culture System 

MDA-MB-231 is adherent, epithelial like cell line derived from the metastatic site (pleural 

effusion) of human breast (mammary gland) tissue of 51 year old female Caucasian 

(Cailleau et al., 1978) (MDA-MB-231: ATCC catalogue number HTB 26, Manassas, VA, 

USA). It is an estrogen independent cell line which serves as a useful in vitro model for 

human breast adenocarcinoma studies and express epidermal growth factor (EGF) and 

transforming growth factor alpha (TGF-α) (Bates et al., 1988, 1990; Ciardiello et al., 1991) 

2.5 HMEpiC Cell Culture System 

Human mammary epithelial cells (HMEpiC) are isolated from normal human breast tissue 

(HMEpiC: ScienCell catalogue number 7610, Carlsbad, CA, USA) and described by 

immunofluorescence staining of antibodies specific to cytokeratine 14, 18 and 19. 

2.6 Cell Culture Conditions 

MDA-MB-231 and HMEpiC are generous gifts from Dr. David W. Hoskin, Department of 

Pathology, Faculty of Medicine, Dalhousie University. The base medium for MDA-MB-

231 cell line is Dulbecco’s Modified Eagle’s Medium (Cat no. D5796: Sigma-Aldrich 
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Canada Ltd., Oakville, ON) was supplemented with 10% heat-inactivated (56 °C for 30 

min) fetal bovine serum (Cat no. 12483: Life Technologies Inc. Burlington, ON), 5 mM 

N-2- hydroxyethylpiperazine-N’-2-ethanesulfonic acid (7.4 pH: Cat no. 15630-080: Life 

Technologies Inc. Burlington, ON), 2 mM L-glutamine (Cat no. 25030-081: Life 

Technologies Inc. Burlington, ON), 100 U/mL penicillin, and 100 µg/mL streptomycin 

(Cat no. 15140-122: Life Technologies Inc. Burlington, ON). DMEM was supplied with 

4500 mg glucose/L, sodium bicarbonate, L-glutamine and cells were maintained at 37 °C 

in a humidified incubator (VWR International, Mississauga, ON) supplied with 5 % CO2. 

T-75 tissue culture flasks (Falcon™ Fisher Scientific, Ottawa, ON) with 10-12 mL of 

media were used for regular culturing. Sub-culturing was performed in 1:1, 1:2, 1:3, 1:4 or 

1:5 ratio (cell cultures were maintained at a cell density between 5×104 - 5×105 cells/cm2) 

every 3 to 4 days or at 70-90% confluency. For splitting, the culture medium was removed. 

The adhered cell monolayers were lift up using 3 mL of 0.25% (w/v) Trypsin - 0.53 mM 

EDTA (from Life Technologies Inc. Burlington, ON) solution as the dissociation solution. 

Trypsinization was done for 3-5 min and was followed by addition of 7 mL of complete 

DMEM to inactive the dissociation solution. Cells were aspirated by gently pipetting and 

the cell suspension was aliquot suitably into new culture vessels. For cryopreservation, 

complete growth medium supplemented with 5% v/v DMSO and 5% heat inactivated FBS 

were used and cells were stored in liquid nitrogen. HMEpiC were grown in serum-free, 

HEPES and bicarbonate buffered mammary epithelial cell medium (MEpiCM, Cat no. 

7611: ScienCell, Carlsbad, CA, USA) supplemented with 5 mL of mammary epithelial cell 

growth supplement (MEpiCGS, Cat no. 7652: ScienCell, Carlsbad, CA, USA) and 5 mL 

of penicillin/streptomycin solution (P/S, Cat. No. 0503: ScienCell, Carlsbad, CA, USA). 
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Cells were maintained at 37 °C in a humidified incubator supplied with 5 % CO2. Tissue 

culture flasks (T-75) with 9-10 mL of media were used for regular culturing. Sub-culturing 

was performed in 1:1 ratio every 4 days at 90% confluency. Medium was changed 2 days 

after splitting. Ten milliliter of sterile double distilled water and 15 μL of poly-L-lysine 

stock solution (10 mg/mL, Cat No. 0413: ScienCell, Carlsbad, CA, USA) was directly 

added to a T-75 flask to prepare poly-L-lysine-coated culture flask (2 μg/cm2, T-75 flask). 

The flask was incubated in 5% CO2 incubator at 37 °C for 3 hr. At the end of incubation, 

poly-L-lysine coated culture flask was rinsed with 10 mL of sterile double distilled water 

twice. For splitting, complete MEpiCM, 1 × sterile PBS, and trypsin EDTA was warmed 

in a 37 °C water bath. The adhered cell monolayers were rinsed with 5 mL warm PBS and 

lift up using 3 mL of 0.25% (w/v) Trypsin - 0.53 mM EDTA solution in 3 mL PBS. 

Trypsinization was done for 3-5 min in a 37 °C incubator and detached cells were 

transferred to a 50 mL tube containing 5 mL FBS. Cells were spun down at 500 ×g for 5 

min and washed with 5 mL warm MEpiCM and cell pellet was resuspended in 5 mL warm 

MEpiCM. Cell suspension (200 µL) was seeded into poly-L-lysine coated T-75 containing 

9 mL complete growth medium.  

Unless otherwise stated, 96-well and 6-well plates were seeded with 5 × 103 and 5 × 104 

cells/well, respectively. All the centrifugations were performed at 500 gravity (g) for 5 min, 

except for acid phosphatase assay. Tryphan blue (0.1% v/v) in 1 × PBS was used to test 

cell viability. Cells were stained with trypan blue and dead cells turned blue when viewed 

under the microscope. Live cells extruded the dye as their cell membrane integrity was not 

damaged. Cells used for all the in vitro and in vivo assays were 95-100% viable on trypan 

blue staining. 



38 

 

2.7 MTS Assay  

The cytotoxic activity of the test compounds was measured using MTS assay, which is a 

non-radioactive colorimetric assay used to measure the cell viability and cytotoxicity 

(Hoskins et al., 2012). Mitochondrial succinate dehydrogenase and NADH-dependent 

oxidoreductases catalyze the intracellular reduction of water insoluble 3-(4, 5-dimethyl-2-

thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT) to water insoluble formazan 

product (Berridge et al., 2005; Lau et al., 2004). Reduction of second generation 

tetrazolium, 5-[3-(carboxymethoxy)phenyl] -3-(4,5-dimethyl-2-thiazolyl) -2-(4-

sulfophenyl)-2H-tetrazolium inner salt (MTS), a weakly acidic inner salt closely related to 

MTT into its water soluble formazan is indicated by the conversion of yellow color into 

brown. This reduction is also associated with the requirement to employ an intermediate 

electron acceptor (IEA) (phenazine methosulfate: PMS) to facilitate the cellular reduction 

of MTS. Increased negative charge on MTS reduces cell permeability and therefore the 

reduction takes place extracellularly or at the level of cell membrane (Figure 2.1) (Berridge 

et al., 2005). Therefore, the principle of this assay was to measure the reduction of MTS to 

a water soluble formazan and then quantifying the absorbance at 490 nm using a 

spectrophotometer or micro plate reader.  
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Figure 2.1: Succinate dehydrogenase catalyzed conversion of tetrazolium (MTS) into 

aqueous formazan in MTS assay 

The assay was performed using commercially available MTS assay kit (Promega, Madison, 

WI, USA). MDA-MB-231 cells (100 μL) were seeded in 96-well flat-bottom cell culture 

plates at a density of 5 × 103 cells per well and were incubated overnight to facilitate cell 

adhesion. Adhered cells were treated with PT, PZ, DHA, PZ-DHA, DOX and DOC (10, 

50, 100, 150 and 200 µmol/L) and incubated for 3, 6, 12, 18 and 24 hr at 37 ◦C. Vehicle 

controls were used for all the treatment concentrations separately and untreated control 

(cells treated with cDMEM without any treatment) was also used. Treatment blank 

(cDMEM with treatment) and vehicle control (cDMEM with vehicle) were used to 

compensate the background absorbance. After the incubation of cells with treatments, 20 

µL of combined MTS/PMS reagent (final concentrations of 333 μg/mL MTS and 25 μM 

PMS (Sigma Aldrich, Oakville, ON)) was added to all the experimental wells in the plate 

and incubated for 3 hr at 37 ◦C. To determine the percentage inhibition of metabolic 

activity, the absorbance of the colored product was measured at 490 nm using a micro-

plate reader (BMG-LABTECH) (Ortenberg, Germany). Percentage relative metabolic 

activity was calculated as shown in the following equation, where AT: absorbance of test 
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compound treated cells; ATB: absorbance of treatment blanks; AC: absorbance of vehicle 

treated cells; ACB: absorbance of vehicle blanks. 

% Relative metabolic activity   =  
(A𝑇 − 𝐴𝑇𝐵)

(𝐴𝐶 − 𝐴𝐶𝐵)
 × 100 

2.8 Acid Phosphatase Assay 

Acid phosphatase assay measures the metabolic activity of live cells in terms of cytosolic 

acid phosphatase activity by hydrolyzing the phosphatase substrate, p-nitrophenyl 

phosphatase at acidic pH levels (Yang et al., 1996). The hydrolyzed product, p-nitrophenol 

produces the yellow-colored end product, p-nitrophenolate under alkaline conditions which 

could be read at 405 nm in a microplate reader and the absorbance is directly proportional 

to viable cell count. In alkaline pH, the acid phosphatase activity is ceased marking the end 

point of reaction (Figure 2.2).  

 

 

 

 

Figure 2.2: Acid phosphatase catalyzed conversion of pNPP into p-nitrophenol and 

end point conversion of p-nitrophenol into p-nitrophenolate under 

alkaline conditions in acid phosphatase assay 
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Acid phosphatase assay was performed as described in Yang et al., (1996) with minor 

modifications. MDA-MB-231 cells (in 100 μL cDMEM) were seeded in 96-well flat-

bottom cell culture plates at a density of 5 × 103 cells per well and were incubated overnight 

to promote cell adhesion. Adhered cells were treated with PT, PZ, DHA, PZ-DHA, DOX 

and DOC (10, 50, 100, 150 and 200 µmol/L) and incubated for 3, 6, 12, 18 and 24 hr at 37 

◦C. Vehicle controls were used for all the treatment concentrations separately and untreated 

control (cells treated with cDMEM without any treatment) was also included. At the end 

of the incubation period the plates were centrifuged at 405 × g for 10 min and supernatant 

was discarded. Cell monolayers were then washed with 200 µL 1 × sterile PBS. Assay 

buffer (100 µL) (0.1 M sodium acetate; pH 5.5, 0.1% v/v Triton X-100 and 4 mg/mL 

phosphatase substrate) was added to each well and incubated for 2 hr at 37 ◦C.  Ten 

microliter of 1N NaOH was added to each well to cease the reaction and to develop the 

color of the end product. The absorbance of the colored product was measured at 405 nm 

using a micro-plate reader (BMG-LABTECH) (Ortenberg, Germany) and percentage 

relative phosphatase activity was calculated as given in the following equation where AT: 

absorbance of test compound treated cells; AC: absorbance of vehicle treated cells; AB: 

absorbance of blanks. Blank (100 µL of assay buffer with 10 µL of 1N NaOH) was used 

to compensate the background absorbance.  

% Relative phosphatase activity =  
(A𝑇 − 𝐴𝐵)

(𝐴𝐶 − 𝐴𝐵)
 × 100 

2.9 Amplex Red Assay 

The Amplex Red assay was carried out in a cell-free environment with H2O2 as the positive 

control and with comparison to 100 µM of EGCG in phenol red-free cDMEM. This assay 
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was performed to assess whether test compounds (PT, PZ, DHA and PZ-DHA) reacted 

with sodium bicarbonate in cell culture medium to produce hydrogen peroxide (H2O2). In 

the presence of horseradish peroxidase (HRP) Amplex red (10-acetyl-3, 7-

dihydroxyphenoxazine) is oxidized by H2O2 to an intensely red fluorescent product, 

resorufin (Figure 2.3) (Reszka et al., 2005). The color of this oxidized product can be 

measured using a spectrophotometer and the absorbance readings measured at 570 nm are 

directly proportional to the amount of H2O2 produced. 
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Figure 2.3: Horseradish peroxidase catalyzed conversion of Amplex red into 

resorufin in Amplex red assay 

Amplex Red assay was performed in a 96-well flat-bottom plate in quadruplicates and the 

final concentration of PT, PZ, DHA, PZ-DHA and positive control was kept at 100 µmol/L. 

Standard curve of H2O2 was generated using a standard series (0.1, 0.056, 0.032, 0.018, 

0.01 and 0.006 mM) of H2O2. In the dark, 100 μL/well of master mix (at a final 

concentration of 25 μM Amplex red and 0.005 U/mL HRP in phenol red-free cDMEM) 

was added on top of the treatments and incubated for 2 and 24 hr at 37 ◦C. Absorbance was 

measured at 570 nm on an Expert 96-well microplate reader (Admiral Place, Guelph, ON) 

at 2 and 24 hr post-treatment. 
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2.10 7-AAD Staining 

7-AAD (7-Aminoactinomycin) assay was carried out to confirm the reduction in metabolic 

activity measured in MTS and acid phosphatase assays was due to the death of cells and 

not false positive results given by cell growth inhibition. 7-AAD discriminate dead cells 

from viable cells by intercalating between cytosine and guanine bases of DNA of dead cells 

that allow 7-AAD uptake (Philpott et al., 1996; Schmid et al., 1992). 

For 7-AAD staining, MDA-MB-231 cells were plated at a density of 1 × 105 cells per well 

in 6-well plates. The cells were incubated overnight at 37 ◦C to support cell adhesion. 

Adhered cells were treated with 50 and 100 µmol/L of PT, PZ, DHA, PZ-DHA, vehicle or 

medium and incubated for 24 hr at 37 ◦C. At the end of incubation period, cells were 

harvested using TrypLE Express and combined with its respective media. Cells were 

centrifuged at 500 × g and resuspended in 1 × PBS. Cells were incubated with 5 µL of 7-

AAD viability staining solution (eBioscience Inc. San Diego, CA, USA) at room 

temperature. Flow cytometric analysis was performed using a FACS Calibur instrument 

(BD Bioscience, Mississauga, ON) on detector, FL3. Cells (1 × 104) were counted per 

sample and both live and dead cells were included in counts. 

2.11 Annexin V and Propidium Iodide Staining 

The Annexin-V-FLUOS/propidium iodide (PI) assay was used to determine whether test 

compounds induced cell death by apoptosis and/or necrosis. The assay was modified to 

incorporate an extra incubation step with NAC to determine the involvement of ROS in 

cell death. During apoptosis, phosphatidylserine residues, an anionic phospholipid shift 

from the inner leaflet to the outer leaflet of the cell membrane marking the loss of cell 
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membrane integrity (Lee et al., 2013). In normal healthy cells these residues are found in 

the inner leaflet of cell membrane and during apoptosis it is translocated to the outer leaflet 

as a result of decreased aminophospholipid translocase activity and activation of a calcium-

dependent scramblase (Fadok et al., 1998; Lee et al., 2013; Vermes et al., 1995). Annexin-

V-FLUOS is a calcium-dependent phospholipid-binding protein, with high affinity for 

phosphatidylserine, and cell surface expression of phosphatidylserine is encountered as an 

important part of the apoptotic membrane dynamics (Fadok et al., 1998; Kenis et al., 2004; 

Vermes et al., 1995). During necrosis/late apoptosis, the fluorochrome PI, a DNA 

intercalating agent enters the cells when the cell membrane becomes permeable (Nicoletti 

et al., 1991; Riccardi and Nicoletti, 2006; Vitale et al., 1993). 

MDA-MB-231 cells were plated at a density of 1 × 105 cells per well in 6-well plates. The 

cells were incubated overnight at 37 ◦C to promote cell adhesion. Adhered cells were 

treated with 100 µmol/L of PT, PZ, DHA, PZ-DHA, vehicle or medium either in the 

presence or absence of NAC and incubated for 6 hr at 37 ◦C. At the end of incubation period 

cells harvested using TrypLE express were combined with its respective media. Cells were 

centrifuged at 500 × g and rinsed with 1 × PBS and incubated with Annexin-V-FLUOS/PI 

prepared according to the manufacturer’s instructions (Roche Diagnostics, Laval, QC) and 

PI (1 μg/mL) in staining buffer (10 mM HEPES, 10 mM NaCl, and 5 mM CaCl2) for 15 

min at room temperature. Flow cytometric analysis was performed using a FACSCalibur 

instrument (BD Bioscience, Mississauga, ON) on detectors, FL1 and FL2. Cells (1 × 104) 

were counted per sample and both live and dead cells were included in counts. 
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2.12 Luminescent Assay of Caspase-3/7 Activation 

Activation of caspase 3 and 7 enzymes were tested using caspase-Glo® 3/7 assay kit 

(Promega, Madison, WI, USA). Caspase (cysteine-dependent aspartate-directed protease) 

(Nicholson and Thornberry, 1997) enzymes are the central components of apoptosis and 

caspase 3 is the most frequently activated protease in mammalian cell apoptosis (Porter 

and Jänicke, 1999). Since caspase 7 is comparable to caspase 3 in in vitro substrate 

preference (toward substrate Ac-DEVD-pNA) this assay measures activation of both 

caspase 3 and 7 (Talanian et al., 1997) (Figure 2.4).  
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Figure 2.4: Caspase-3/7 cleavage of the luminogenic substrate 

The assay was performed in triplicate according to the manufacturer’s instructions. MDA-

MB-231 cells (in 100 μL cDMEM) were seeded in 96-well, flat-bottom white-walled cell 

culture plates at a density of 5×103 cells per well and were incubated overnight to activate 

cell adhesion. Adhered cells were treated with 100 µmol/L of PT, PZ, DHA or PZ-DHA 

and incubated for 6 and 12 hr at 37 ◦C. Doxorubicin, docetaxel (100 µmol/L) and 

staurosporine (1 µmol/L) were used as positive controls. Vehicle controls and medium 

controls were also included in triplicates. At the end of the incubation period, contents of 

Caspase-Glo® 3/7 buffer vial was transferred into Caspase-Glo® 3/7 substrate and mixed 

by swirling. The 96-well plates incubated at 37 ◦C were equilibrated to room temperature 
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before adding Caspase-Glo® 3/7 assay buffer mixture. Assay mixture (100 µL) was added 

to each well taking extreme care to avoid cross contamination and incubated for 2 hr at 37 

◦C.  Luminescence (RLU: Relative luminescence units) was measured on a microplate 

reader (BMG-LABTECH) (Ortenberg, Germany) using a blank (cDMEM with DMSO and 

assay buffer mixture in the absence of cells) to compensate for the background 

luminescence. 

2.13 TUNEL Staining of DNA Fragmentation 

Apoptosis is characterized by a series of morphological and biochemical changes taking 

place in a cell and DNA fragmentation is considered a hallmark. TUNEL staining was 

carried out using commercially available In Situ Cell Death Detection Kit, POD (Roche 

Applied Science, Laval, QC, Canada) according to the manufacturer’s instructions. The 

assay consisted of mainly two stages. In the first stage, double stranded DNA fragments 

were labeled with terminal deoxynucleotidyl transferase (TdT) and in the second stage 

stained cells were detected under fluorescent microscope [AxioPlan 11MOT AxioCam 

HRc, Carl Zeiss Canada Ltd] (Thornwood, NY, USA) in the range of 515-565 nm (green 

fluorescence). 

MDA-MB-231 cells were seeded in 6-well plates containing sterile cover slips, at a density 

of 4 × 105 cells per well and incubated overnight at 37 ◦C to induce cell adhesion. Adhered 

cells were incubated with 100 µmol/L of PT, PZ, DHA, PZ-DHA, vehicle or medium and 

incubated for 12 hours at 37 ◦C. of DOX, DOC (100 µmol/L) and 1 µmol/L staurosporine 

were used as the positive control to induce DNA fragmentation. MgCl2 (2 mM ) in 1 × PBS 

was used as the washing buffer in all the steps. At the end of incubation cells attached on 
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cover slips were washed with washing buffer and fixed in freshly prepared 4% w/v 

paraformaldehyde (PFA) in 1 × PBS for 1 hr at room temperature. Cells were rinsed with 

washing buffer and incubated in blocking solution (freshly prepared 3% v/v H2O2 in 

methanol) at room temperature for 10 min. Then, cells were rinsed with washing buffer 

and incubated in permeabilization solution (0.1% v/v Triton X-100 in 1 × PBS) for 8 min 

at -20 ◦C. Cells were again thoroughly washed with washing buffer and area around the 

sample was dried for staining. The TUNEL reaction mixture (50 µL) (50 µL, enzyme 

solution and 450 µL label solution) was placed carefully and spread homogeneously on the 

sample. Cells were incubated for 1 hr at 37 ◦C in humidified atmosphere in the dark. At the 

end of incubation, cells were washed with washing buffer, dried and mounted on a glass 

slide for viewing under the fluorescence microscope at the excitation wavelength in the 

range of 450-500 nm and detected in the range of 515-565 nm. 

2.14 Cell Cycle Analysis 

Cell cycle analysis was performed to determine the effect of PZ-DHA on arresting cell 

cycle. DNA binding dyes used in cell cycle analysis proportionately stain DNA present in 

cells (Hang and Fox, 2004). This stoichiometric staining of cellular DNA distinguishes 

cells in different phases of cell cycle according to a fluorescent signal given in the 

histogram of cell number on FL2-A of flow cytometer analysis. Cells in G2/M phase give 

the highest fluorescent signal as they carry two copies of DNA and cells in G0/G1 phase 

give approximately a half of the fluorescent signal as given in G2/M. S phase cells lie in a 

valley between G0/G1 and G2/M peaks since they have varying amounts of DNA (Hang 

and Fox, 2004) (Figure 2.5). 
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Figure 2.5: Progression of a cell through cell cycle  

(Regenerated from figure adapted from (Rabinovitch, 1994)) 

MDA-MB-231 cells were synchronized into G0 phase of cell cycle by incubating cells in 

FBS-free cDMEM for 24 hr in 75 cm2 tissue culture flask. Synchronized cells were plated 

at a density of 1 × 104 cells per well in 6-well plates. The cells were incubated overnight 

37◦C to stimulate cell adhesion. Adhered cells were treated with 40 µM PZ-DHA, vehicle 

or medium and incubated for 48 hr at 37 ◦C for 60% cell viability that was expected. At the 

end of incubation period, cells harvested using TrypLE Express (Gibco® by Life 

Technologies Inc. (Burlington, ON, Canada)) were combined with its respective media. 

Cells were centrifuged at 500 × g and rinsed with ice-cold 1 × PBS and resuspended in ice-

cold 1 × PBS. While vortexing, ice-cold 70% ethanol was flowed slowly, drop-by-drop 

and incubated for at least 24 hr at -20 ◦C for fixing. Fixed cells were washed with 1 × PBS 

and resuspended in cell cycle solution containing PI [0.1% v/v Triton X-100; 2 µL/mL 

DNA-free Rnase A (Qiagen Inc., Mississauga, ON); 20 µL/mL 1 mg/mL PI in 1 × PBS] 

and incubated for 30 min at room temperature. Flow cytometric analysis was performed 

G0

G2/M G0/G1

S
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using a FACSCalibur instrument (BD Bioscience, Mississauga, ON) on FL2A and FL2W. 

Cells (1 × 104) were counted per sample and counts were gated on the live cell population. 

2.15 MDA-MB-231 cell xenografted NOD-SCID mice model  

Six to eight weeks old NOD-SCID mice were acclimatized for 1 week. MDA-MB-231 

cells for injection were mouse-pathogen tested and freshly thawed from liquid nitrogen. 

They were grown in T-75 and only cells in 3-4 flasks were harvested at a time. To maintain 

cells at maximum viability, cells were maintained at ice cold temperature throughout the 

procedure preparing them for injection. Injections were prepared in 1 mL syringes (BD 

PrecisionGlideTM, Franklin Lakes, NJ, USA) and not more than 4 injections were prepared 

at a time. Cells (5 × 105) were subcutaneously injected into right hind flank in 100 µL plain 

DMEM (without supplements) using 26G needles (BD PrecisionGlideTM, Franklin Lakes, 

NJ, USA) and body weights were recorded. Two weeks after xenografting, tumor sizes and 

body weights were started to record every other day till the last day (day 15) of the 

experiment. Tumor volume was calculated according to the equation, ((L×P^2))⁄2 where, 

L: longest tumor diameter and P: diameter perpendicular to the longest diameter. Once the 

tumor volume reached 100 mm3 in size (recorded as day one), mice were randomly 

assigned into three treatment groups and vehicle control group and intratumoral injections 

were started to achieve estimated 200 µM drug concentration in the tumor. Altogether, five 

intratumoral injections of each test compound (PT: 0.27 mg/kg; DHA: 0.327 mg/kg and 

PZ-DHA: 0.75 mg/kg) or vehicle control (0.6 % v/v DMSO in saline) were given every 

other day (day 1, 3, 5, 7 and 9) for nine days. Mice were monitored for one more week (day 

11, 13 and 15) and their tumor sizes and body weights were recorded. Tumor bearing mice 

were euthanized by isofluorane inhalation followed by CO2 inhalation at day-15 (at the end 
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of experimental period) or earlier if they show any signs of tumor ulceration or distress. 

Euthanized mice were photographed and the tumors were excised. Excised tumors were 

weighed, photographed and fixed in 10% v/v acetate buffered formalin (0.2 L, 37% 

formaldehyde, 1.8 L, distilled water and 46.1 g sodium acetate.3H2O) (Fisher Scientific, 

ON, Canada).  

2.16 Mycoplasma test 

Mycoplasma test was performed a day before subcutaneous injection of cells using 

MycoAlert® Mycoplasma detection kit (Lonza, Rockland, ME, USA), with use of positive 

and negative controls. Test was performed in sterile 1.5 mL eppendorf tubes. Fifty 

microliters of culture medium was incubated with 50 µL of reagent for 5 min at room 

temperature and read on luminator and recorded the reading as “A”. The reaction mixture 

was incubated with 50 µL of substrate again for 5 min at room temperature and recorded 

the second reading, “B” on laminator. Ratio of B⁄A>1.2 considered to indicate mycoplasma 

contamination. 

2.17 Histological analysis of excised tumors 

Fixation solution was replaced with 70% ethanol after 48-72 hr and embedded in paraffin. 

Paraffin embedded tumors were cut into 5 µm thick sections using microtome (Leica Rm 

2255, Leica Biosystems, ON, Canada) and mounted on glass slides for staining. Slides 

were dried overnight and stained with haemotoxylin and eosin. Stained slides were 

mounted (Cytoseal™ XYL, Richard-Alan Scientific, Thermo Scientific, Walldorf, 

Germany) and photographed under bright field microscope [AxioPlan 11MOT AxioCam 

HRc, Carl Zeiss Canada Ltd] at × 100 magnification. 
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2.18 Statistical Analysis 

All the data were analyzed statistically using Minitab 16 or Instat softwares at 5%, 1% or 

0.1% significance level. Results were expressed as mean ± SEM of three independent 

experiments conducted in quadruplicate. Differences among means were analysed using 

one way ANOVA using Tukey’s test as the multiple means comparison method. 

Differences were considered statistically significant at P < 0.05 in all in vitro assays and at 

P < 0.05, 0.01 or 0.001 in in vivo assays. 
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CHAPTER 3 : PT, DHA AND PZ-DHA BUT NOT PZ INHIBIT 

PROLIFERATION OF MDA-MB-231 BREAST CANCER CELLS IN 

VITRO AND IN VIVO IN NOD-SCID MICE 

3.1 PT, DOX and DOC Inhibit Metabolic Activity of MDA-MB-231 Cells in both 

Time- and Dose-Dependent Manner 

Metabolism is a key feature of live cells, hence the effect of PT, PZ, DHA and PZ-DHA 

on metabolic activity of MDA-MB-231 cells was measured in MTS assays, in which the 

live cell population is characterized by detecting formazan produced by the reduction of a 

tetrazolium salt which indicates the involvement of cellular enzymes of live cells. As 

measured by the MTS assay, PT, DHA and PZ-DHA but not PZ showed a time- and dose-

dependent inhibition of metabolic activity (Figure 3.1 and 3.3). PT-induced metabolic 

activity inhibition was both time- and dose-dependent. Dose dependency was observed for 

PT through 3-24 hr (Figure 3.1). DOX and DOC were used as positive controls and both 

the positive control showed time- and dose-dependency.  
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Figure 3.1: Dose- and time-dependent reduction in metabolic activity of PT, DOX and 

DOC on MDA-MB-231 triple negative breast cancer cells 

The reduction in metabolic activity induced by PT, DOX and DOC was evaluated using 

MTS assay. MDA-MB-231 cells were seeded at 5 × 103 cells/well density in flat-bottom 

96 well plated and incubated over night for cell adhesion. Cells were then treated with 10, 

50, 100, 150 and 200 µM concentrations of test compounds and the enzyme activity  was 

determined at the end of incubation at 37 ◦C for 3, 6, 12, 18 and 24 hr. Data expressed 

above as mean ± SEM (n=12) are averaged results of three independent experiments 

conducted in quadruplicates. Differences among means were compared using Tukey’s test. 

Values with different letters (A-D: Time-dependency, a-e: Dose-dependency) are 

significantly different at α = 0.05 (P<0.05). 
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3.2 DOX and DOC but not PT Inhibit Cytosolic Acid Phosphatase Activity of 

MDA-MB-231 Cells in both Time- and Dose- Dependent Manner 

Cytosolic acid phosphatase activity of MDA-MB-231 cells was inhibited by all the test 

compounds as in MTS assay except for PT and PZ. Both PT and PZ did not inhibit 

phosphatase activity significantly (Figure 3.2 and 3.4). However, the inhibitory effects of 

DHA and PZ-DHA on the phosphatase activity were more prominent than their effect on 

metabolic activity measured in MTS assay. Dose-dependent phosphatase activity inhibition 

showed by DHA was started at a relatively early time point (12 hr) (Figure 3.4). PZ-DHA 

showed a unique consistency in inhibiting phosphatase activity in a time- and dose-

dependent manner throughout the experimental period (Figure 3.4). 
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Figure 3.2: Dose- and time-dependent phosphatase activity inhibition by PT, DOX, 

and DOC on MDA-MB-231 triple negative breast cancer cells 

Inhibitory effects of PT, DOX and DOC on cytosolic phosphatase activity were evaluated 

using acid phosphatase assay. MDA-MB-231 cells were seeded at 5 × 103 cells/well density 

in flat-bottom 96 well plated and incubated over night for cell adhesion. Cells were then 

treated with 10, 50, 100, 150 and 200 µM concentrations of test compounds and 

phosphatase activity inhibition was determined at the end of incubation at 37 ◦C for 3, 6, 

12, 18 and 24 hr. Data expressed above as mean ± SEM (n=12) are averaged results of 

three independent experiments conducted in quadruplicates. Differences among means 

were compared using Tukey’s test. Values with different letters (A-D: Time-dependency, 

a-e: Dose-dependency) are significantly different at α = 0.05 (P<0.05). 
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3.3 PZ-DHA Significantly Inhibits Metabolic Activity of MDA-MB-231 Cells in 

Comparison to Parent Compounds, PZ and DHA 

PZ did not show inhibition of the metabolism of MDA-MB-231 cells (Figure 3.3). DHA 

started showing dose-dependent activity at 12 hr (Figure 3.3). The ester, PZ-DHA showed 

dose dependency starting at an early time point of treatment (3 hr). At and above 50 µM 

concentration of PZ-DHA, effect of time-dependency was observed through 3-24 hr 

treatment duration. It was interesting to evaluate the PZ-DHA-induced metabolic inhibition 

shown in MTS assay in comparison to its parent compounds PZ and DHA. Significant 

reduction in metabolic activity was showed almost at an early stage (3 hr) (Figure 3.3-A) 

and also at relatively low concentrations (50 µM) (Figure 3.3-D and E) of PZ-DHA. 
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Figure 3.3: Significant metabolic inhibition of MDA-MB-231 cells by PZ-DHA at 

early hours of treatment and low concentrations in comparison to parent 

compounds 

Inhibition of metabolic activity of MDA-MB-231 cells by PZ-DHA was compared to its 

parent compounds at A) 3, B) 6, C) 12, D) 18 and E) 24 hr of treatment at 10, 50, 100, 150 

and 200 µM concentrations. Data expressed above as mean ± SEM (n=12) are averaged 

results of three independent experiments conducted in quadruplicates. Differences among 

means were compared using Tukey’s test. Values with different letters for each concentration 

level are significantly different at α = 0.05 (P<0.05). 
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3.4 PZ-DHA Significantly Inhibits Phosphatase Activity of MDA-MB-231 Cells in 

Comparison to Parent Compounds, PZ and DHA 

Effect of PZ-DHA on cytosolic acid phosphatase activity was measured in parallel to PZ 

and DHA in a time- and dose-dependent manner. PZ-DHA-induced metabolic inhibition 

demonstrated by acid phosphatase assay was compared to its parent compounds PZ and 

DHA at all five time points using five concentrations. Significant reduction in metabolic 

activity was showed almost at an early stage (3 hr) (Figure 3.4-A) and also at low 

concentrations (10 µM) (Figure 3.4-D and E) of PZ-DHA. 
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Figure 3.4: Significant phosphatase enzyme inhibition of MDA-MB-231 cells by PZ-

DHA at early hours of treatment and low concentrations in comparison 

to parent compounds 

Inhibition of phosphatase enzyme activity of MDA-MB-231 cells by PZ-DHA was 

compared to its parent compounds at A) 3, B) 6, C) 12, D) 18 and E) 24 hr of treatment at 

10, 50, 100, 150 and 200 µM concentrations of test compounds. Data expressed above as 

mean ± SEM (n=12) are averaged results of three independent experiments conducted in 

quadruplicates. Differences among means were compared using Tukey’s test. Values with 

different letters for each concentration level are significantly different at α = 0.05 (P<0.05). 
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3.5 PT, DHA and PZ-DHA but not PZ Cause Morphological Changes in MDA-

MB-231 Cells 

Apoptosis is associated with a series of biochemical and morphological (membrane 

blebbing, formation of apoptotic bodies) changes taking place in a dying cell. Cells 

undergoing morphological changes were observed at × 400 magnifications on a phase 

contrast microscope and the cells were photographed. Cell morphology of MDA-MB-231 

cells started to change within 3 hr of PZ-DHA treatment. Cells underwent gradual 

morphological changes over the experimental period (Figure 3.5). 
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Figure 3.5: Morphological changes caused by test compounds at 100 µM 

concentration on MDA-MB-231 triple negative breast cancer cells 

MDA-MB-231 cells were treated with 100 µM of PT, PZ, DHA, PZ-DHA and vehicle 

controls and incubated for 3, 6, 12, 18 and 24 hr. Cells were photographed using Nikon 

eclipse TS 100 phase contrast microscope equipped with Infinity 1 camera at × 400 

magnification. Representative photographs shown above are taken at 3, 12 and 24 hr of 

treatment of three independent experiments conducted in quadruplicates. Arrows indicate 

cells that have under gone morphological changes. 
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3.6 PT, DHA and PZ-DHA Induced Cytotoxicity cause MDA-MB-231 Cell Death 

not Cell Growth Inhibition 

Sometimes, cell viability studies are not able to distinguish between cell growth inhibition 

and cell death. Therefore, inhibition of metabolic (shown by MTS assay) and phosphatase 

(shown by acid phosphatase assay) activities, and morphological changes observed under 

phase contrast microscope were required to be confirmed by detecting cell death on an 

appropriate assay. 7-AAD, a DNA-intercalating agent was used to confirm the cell death 

caused by test compounds. Loss of cell membrane integrity at the late apoptosis/necrosis 

could be measured by 7-AAD, which could penetrate into the cells: once membrane 

becomes permeable. Upon 7-AAD staining, cell death (Figure 3.6) was detected on FL3 

after incubating cells at 50 µM and 100 µM concentrations of the test compounds for 24 

hr. The percentage of dead cells noticed in PT, DHA, PZ-DHA but not PZ treated cultures 

was notably different from both vehicle and medium treated cells. However, PT-, DHA- 

and PZ-DHA- induced cell death observed at 100 µM and 50 µM were comparable. 

 

 

 

 

 

 

 

 

 



66 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

0

20

40

60

80

100

%
 C

e
ll 

co
u

n
t

Test compound (50 µM)

0

20

40

60

80

100

Test compound (100 µM)

Live cells

Dead cells

 
 

 

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

11

22

32

43

M2M1

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

17

34

51

68

M2M1

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

10

21

31

41

M2M1

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

20

40

59

79

M2M1

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

22

45

67

89

M1 M2

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

20

41

61

81

M2M1

 
 FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

12

24

36

48

M1 M2

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

15

31

46

61

M1 M2

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

18

37

55

73

M1 M2

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

20

40

60

80

M1 M2

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

22

45

67

89

M1 M2

FL3-H

C
o

u
n

t

10
0

10
1

10
2

10
3

10
4

0

20

41

61

81

M2M1

7-aminoactinomycin D 

Cell count 
A 

B 

 PT  PZ  DHA  PZ-DHA  Vehicle  Medium 

50 µM 

100 µM 

6
6

 

 
a ab bc cd d cd a a b c c c 



67 

 

Figure 3.6: PT, DHA and PZ-DHA caused cell death detected in 7-AAD staining 

MDA-MB-231 cells were treated with 50 and 100 µM of PT, PZ, DHA, PZ-DHA, vehicle 

controls and medium and stained with 7-AAD at 24 hr post treatment. Stained cells were 

read on detector, FL3. Representative pictures of histograms of A) 50 µM and 100 µM 

treated cells (M1; Marker 1: Live cells and M2; Marker 2: Dead cells) and B) mean ± SEM 

of % cell counts of 50 µM and 100 µM treated cells from three independent experiments 

are shown. Percent cell death with different letters are significantly different at α = 0.05 

(P<0.05). 
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3.7 PT, DHA and PZ-DHA Induced Death of MDA-MB-231 Cells does not 

Require Reactive Oxygen Species Production 

Extensive morphological changes observed under phase contrast microscope and 

promising results given in 7-AAD staining confirmed PT, DHA and PZ-DHA-induced cell 

death. Then the possible mechanisms involved in the test compound induced cell death 

needed to be evaluated. Artifacts of oxidative stress due to extracellular H2O2 production 

in cell culture medium can give false positive results. Chemicals including some flavonoids 

trigger this phenomenon (Odiatou et al., 2013). Therefore, the involvement of ROS and the 

contribution of HCO3
- containing medium toward the production of H2O2 was conducted 

(Mohanty et al., 1997; Wagner et al., 2005), and the negative results demonstrated by the 

Amplex red assay indicated that PT, PZ, DHA and PZ-DHA (Figure 3.7-A) are not 

involved in H2O2 production in the absence of MDA-MB-231 cells. The standard curve 

(Figure 3.7-B) was generated using a log-fold diluted H2O2 concentration series. EGCG, 

the positive control, showed significant H2O2 production at P < 0.05 significance level. 

Involvement of ROS in PT, DHA and PZ-DHA-induced cell death was investigated by 

incorporating NAC in Annexin-V-FLUOS/PI staining. NAC is an antioxidant that 

scavenges the ROS produced in the cells which could be involved in the induction of cell 

apoptosis (Kang et al., 2010). The cell death caused by the test compounds was measured 

by Annexin-V-FLUOS/PI staining at 6 hr of post treatment. Apoptosis and late 

apoptosis/necrosis was detected by analyzing cells at FL1 and FL2 for Annexin-V-FLUOS 

and PI, respectively. Incorporation of NAC in the culture medium did not alter the 

cytotoxicity induced by the test compounds (Figure 3.8). Hence, NAC failed to protect 

breast cancer cells from cell death induced by the test compounds. When the anticipated 



69 

 

background indicated by DMSO vehicle control treated cells is considered, late 

apoptosis/necrosis noticed in PZ-treated cells was minimal, while all the other test 

compounds showed more substantial cell death on Annexin-V-FLUOS/PI staining. 
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Figure 3.7: None of the test compounds caused substantial H2O2 production in cell 

culture medium in the absence of breast cancer cells 

PT, PZ, DHA, PZ-DHA and EGCG-induced H2O2 production at 100 µM concentration in 

a HCO3
- containing cell culture medium was measured in Amplex red assay. H2O2 

generation induced by A) test compounds prepared in phenol red free DMEM and B) 

standard curve of H2O2 was measured by incubating compounds/H2O2 standards with 

Amplex red master mix in dark at 37 °C for 2 and 24 hr. The product was detected at 570 

nm on a microplate reader. Data shown are the mean of 3 independent experiments ± SEM. 

Values considered significant at * p < 0.05. 
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Figure 3.8: N-Acetylcysteine fails to protect MDA-MB-231 breast cancer cells from 

apoptosis/necrosis induced by PT, DHA and PZ-DHA 

MDA-MB-231 cells were treated with test compounds or vehicle control at 100 µM 

concentration either in the presence or absence of 10 mM N-Acetylcystein. All the samples 

were stained with Annexin-V-FLUOS/PI at 6 hr post treatment and analyzed by Flow 

Cytometry. A) Representative dot plots were extracted from three independent experiments 

incubated without antioxidant and with antioxidant. Data shown in B) are the mean 

percentages of cells in early apoptosis, late apoptosis/necrosis and live cells of 3 

independent experiments ± SEM. NAC (10 mM) was used as the antioxidant. Values 

considered significant at * p < 0.05. 
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3.8 PZ-DHA Activates Caspase 3/7-dependent Apoptosis of MDA-MB-231 Cells 

Activation of caspase 3/7 was shown by measuring caspase 3/7 cleavage of a luminogenic 

substrate, Ac-DEVD-pNA. Since this substrate is cleaved by both caspase 3 and 7 in in 

vitro environment, the activation did not distinguish between caspase 3 and 7. At 6 hr of 

post treatment except for STS, none of the other positive controls or test compounds 

demonstrated significant caspase 3/7 activation with compared to the vehicle control. With 

extended exposure of cells to the test compounds or positive controls (12 hr), PZ, DHA 

and PZ-DHA indicated a significant activation of caspase 3/7 compared to the control. PZ-

induced caspase 3/7 activation was comparable to as that of doxorubicin and docetaxel, 

and PZ-DHA induced activation measured was statistically equivalent to staurosporine. 

The highest caspase 3/7 activation was observed with DHA and this was also statistically 

equivalent to staurosporine, but not to PZ-DHA (Figure 3.9). 
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Figure 3.9: DHA and PZ-DHA activates caspase 3/7 

MDA-MB-231 cells were treated with test compounds at 100 µM concentration at 37 °C 

for 6 and 12 hr. Caspase-Glo® 3/7 assay buffer mixture (100 µL) was added to each well 

and incubated for 2 hr at 37 ◦C. Luminescence was measured on a micro plate reader. Data 

illustrated are the mean luminescence measured in three independent experiments ± SEM. 

Differences among means were compared using Tukey’s test. Values with different letters 

for each incubation period are significantly different at α = 0.05 (P<0.05). 
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3.9 PZ-DHA Causes DNA Fragmentation in MDA-MB-231 cells 

PZ-DHA-induced apoptosis detected in the caspase 3/7 activation assay was confirmed by 

TUNEL staining of MDA-MB-231 cells at 12 hr post treatment. DNA strand fragments 

labeled by terminal TdT, which catalyzes polymerization of labeled nucleotides to free 3’-

OH ends, was detected in fluorescent microscopy in the range of 515-565 nm excitation. 

Very few labeled DNA fragments were seen in PT-treated cells, however, PZ-DHA-treated 

cells showed extensive labeling of DNA fragments (Figure 3.10-D). In contrast, DHA-

treated cells did not show any TUNEL stained DNA fragments even though caspase 3/7 

activation was detected. Similarly, PZ-treated cells also did not show positive results on 

TUNEL staining (Figure 3.10). 
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Figure 3.10: PZ-DHA cause extensive DNA fragmentation within 12 hours 

MDA-MB-231 cells treated with test compounds at 100 µM concentration were incubated 

for 24 hr at 37 ◦C. The cells were then fixed and incubated with TUNEL reaction mixture 

in dark for 1 hr at 37 ◦C. Representative pictures of cells treated with A) PT, B) PZ C) 

DHA, D) PZ-DHA, E) DOX and F) DMSO vehicle control of two independent 

experiments are shown. Arrows indicate possible TUNEL staining of fragmented DNA. 
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3.10 PZ-DHA does not Affect Cell Cycle 

Involvement of PZ-DHA in the regulation of the cell cycle was also tested to identify 

possible PZ-DHA-induced cell cycle arrest at specific phase(s). MDA-MB-231 cells 

exposed to PZ-DHA at 40 µM concentration for 48 hr and stained with PI were analyzed 

in flow cytometer at FL2. PZ-DHA did not induce cell cycle arrest at any of the phases as 

shown by the histogram of cell count vs FL2-A (Figure 3.11). 
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Figure 3.11: PZ-DHA does not cause cell cycle arrest 

Synchronized MDA-MB-231 cells were treated with DMSO vehicle control, complete 

DMEM or PZ-DHA at 40 µM concentration and incubated for 48 hr. Then cells were 

harvested and fixed. Fixed cells were stained with PI and analyzed by Flow Cytometry on 

FL2. Data shown are representative histograms of cells treated with DMSO vehicle control, 

complete DMEM or PZ-DHA. 
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3.11 PZ-DHA Selectively Inhibits MDA-MB-231 Cell Growth 

Selectivity of antiproliferative properties of PZ-DHA on MDA-MB-231 triple negative 

breast cancer cells with minimum inhibitory effects on normal healthy epithelial cells was 

shown in MTS assay in terms of reduction of percentage metabolic activity. One hundred 

and 200 µM concentrations killed both MDA-MB-231 cells and HMEpiCs equally, but 

interestingly, PZ-DHA-induced cytotoxicity was selective toward MDA-MB-231 breast 

cancer cells at 50 µM concentration causing almost no toxicity to HMEpiCs (Figure 3.12). 
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Figure 3.12: Low PZ-DHA concentration selectively inhibits MDA-MB-231 triple 

negative breast cancer cells 

Selectivity of PZ-DHA-induced cytotoxicity was evaluated using MTS assay. MDA-MB-

231 cells and HMEpiC were seeded at 5 × 103 cells/well density in flat-bottom 96 well 

plated and incubated over night for cell adhesion. Cells were then treated with 50, 100 and 

200 µM concentrations of test compounds and the metabolic activity inhibition was 

determined at the end of incubation at 37 ◦C for 24 hr. Data expressed above as mean ± 

SEM (n=12) are averaged results of three independent experiments conducted in 

quadruplicates. Values considered significant at * p < 0.05. 
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3.12 DHA, PZ-DHA and to a lesser extent PT suppress tumor growth in NOD-SCID 

mice xenografted with MDA-MB-231 cells  

In vivo tumor suppression was shown in NOD-SCID mice xenografted with MDA-MB-

231 cells to the right hind flank. After five intratumoral injections mice were monitored for 

1 more wk and at the end of the experimental period tumor volumes were recorded as 

vehicle: 392.2651± 27.58, PT: 263.69± 21.32, DHA: 213.19 ± 12.11 and PZ-DHA: 

195.58± 11.91 mm3 (Figure 3.13-A). All test compound-treated tumors showed statistically 

significant reductions in the tumor volumes. (PT: p<0.01, DHA and PZ-DHA: p<0.001). 

Weights of excised tumors were noted at the day 15 as vehicle: 238.8±18.6, PT: 

170.4±20.5, DHA: 153.9±19.8 and PZ-DHA: 144.5±10.9 mg (Figure 3.13-C). Though PT-

induced in vivo tumor suppression was significant at p < 0.01 in terms of tumor volume, 

the difference in tumor weight was not statistically significant compared to the vehicle 

control. Mice were euthanized and their tumors were photographed and representative 

pictures of (Figure 3.13-B) mice and (Figure 3.13-D) tumors are shown. 
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Figure 3.13: PT, DHA and PZ-DHA suppress tumor growth in MDA-MB-231 cells 

xenografted into NOD SCID mice  

MDA-MB 231 breast cancer cells were injected into right hind flanks of NOD SCID mice 

and Saline+DMSO vehicle control, PT, DHA or PZ-DHA were injected intratumorally on 

days 1, 3, 5, 7 and 9. A) Caliper measurements of tumors were noted on days 1, 3, 5, 7, 9, 

11, 13 and 15 and tumor volumes were determined. B) On day 15, the mice were euthenized 

and photographed. After euthanization excised tumors were C) weighed and D) 

photographed. Data shown are averaged results of 5 independent experiments. Values 

considered significant at *** p < 0.001, ** p < 0.01, * p < 0.05. 
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3.13 Haemotoxylin and Eosine Stain Indicates Clear Necrotic Zones in PT, DHA 

and PZ-DHA Treated MDA-MB-231 Tumor Sections Excised from NOD-

SCID mice 

As shown in Figure 3.14 all test compound-treated tumor sections indicated clear necrotic 

zones on haematoxylin and eosin staining. Haematoxylin stains nuclear contents and its 

counter stain eosin stains cellular matrix. 
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Figure 3.14: PT, DHA and PZ-DHA show tumor necrosis on haematoxylin and 

eosin staining 

Excised tumors were fixed and cut into 5 µM thick sections and mounted on glass slides 

for staining. Specimens were dried and stained with haematoxylin and its counter stain 

eosine. Representative pictures of sections of tumors treated with A) Saline + DMSO 

vehicle control B) PT C) DHA and D) PZ-DHA are shown. Sections were photographed 

under the bright field microscope [AxioPlan 11MOT AxioCam HRc, Carl Zeiss Canada 

Ltd] at × 400 magnification. L: Live cells; N: Necrotic cells. 
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CHAPTER 4 : DISCUSSION 

4.1 PZ-DHA-Induced MDA-MB-231-Targeted Cytotoxic Effect is both Time- and 

Dose-Dependent 

The cytotoxic effects of PT, PZ, DHA and PZ-DHA were measured in terms of the 

reduction of metabolic activity and cytosolic phosphatase activity using MDA-MB-231 

cells (measured using MTS and acid phosphatase assays respectively) and HMEpiCs 

(measured using MTS assay) in both time- and dose-dependent manner. Both MTT 

(Mosmann, 1983) and MTS (Cory et al., 1991) assays are based on the principle of 

measuring metabolic activity of living cells. Hence, the assays identify living cells, but not 

dead cells. The MTS assay carries a major limitation, leading to false positive results as 

this method is unable to distinguish between cell cycle inhibition and cellular death (Smith 

et al., 2011). Fatty acids and formazan could also compete for the binding site of bovine 

serum albumin (BSA) (Huang et al., 2004). The acid phosphatase assay was conducted in 

addition to MTS assay. Acid phosphatase assay may overcome the principle limitation of 

MTS assay (instability of the substrate which degrades spontaneously to generate high 

background) and MTT assay (difficulty of the organic extraction step on quantifying 

formazan) (Yang et al., 1996). On the other hand, the acid phosphatase assay also carries 

the limitation of phosphatase activity being inhibited by some chemicals in cell culture 

systems. For example, PT and PZ are reported to exert inhibitory effects on kidney 

phosphatase (Kalckar, 1936) and seman acid phosphatase (Beling and Diczfalusy, 1958). 

A series of flavonols and isoflavone glycosides are hydrolysed at the small intestine by the 

brush border enzyme, lactase phlorizin hydrolase (LPH) (Day et al., 2000). The β-
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glucosidase activity of LPH hydrolyses PZ to PT and glucose in the microvillus membrane 

of small intestinal brush border (Malathi and Crane, 1969). Therefore, the efficacy of PZ-

DHA, killing breast cancer cells was compared to PT and PZ both in in vitro and in vivo 

studies. The antiproliferative efficacy of flavonoids such as apigenin (Fang et al., 2005; 

Chiang et al., 2006; Long et al., 2008), luteolin (Triantafyllou et al., 2008; Markaverich et 

al., 2011; Rao et al., 2012), quercetin (Triantafyllou et al., 2007; Wu et al., 2011; Mocanu 

et al., 2013) as well as flavonoid derivatives (Sudan and Rupasinghe, 2014; Ying et al., 

2008; Zhang et al., 2014b) have been studied widely in in vitro and in vivo experimental 

models. PT showed a consistent reduction in metabolic activity over the experimental 

period (3-24 hr) in a dose-dependent manner in the MTS assay, and no reduction in 

phosphatase activity in acid phosphatase assay in vitro. A possible explanation could be 

that the NADPH-dependent oxidoreductases and dehydrogenases involved in MTS 

reduction are more sensitive to PT than that of cytosolic acid phosphatase. PZ is known to 

possess anti-estrogen effects in the presence of excessive estrogen, and to inhibit cell 

proliferation induced by estradiol in estrogen sensitive human breast cancer cells (e.g.: 

MCF-7) (Wang et al., 2010). In agreement with the research findings of Wang et al. (2010), 

PZ did not show significant suppressive effects on the proliferation of MDA-MB-231 cells 

measured using the MTS and acid phosphatase assays in this study. Both DHA and PZ-

DHA-induced inhibition in metabolic activity and cytosolic acid phosphatase activity was 

time- and dose-dependent. However, PZ-DHA started to exhibit a significant reduction in 

metabolic activity and phosphatase activity at an early time point (within 3 hr) (Figure 3.3 

and 3.4). Further, phosphatase activity inhibition by PZ-DHA was significantly different 

from that of its parent compounds (PZ and DHA) at low concentrations (Figure 3.3). In 
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comparison, the metabolic activity reduction measured in the MTS assay is generally lower 

than the phosphatase activity inhibition measured by acid phosphatase assay for both DHA 

and PZ-DHA. When compared to PT, PZ-DHA-induced reduction of metabolic activity 

was less evident. However, PZ-DHA showed similar effects on acid phosphatase assay 

while PT was having no effect on acid phosphatase assay. This striking difference of results 

between MTS and acid phosphatase assays were not observed with any of the other test 

compounds except for PT. Facilitation of substrate diffusion into the cell interior, by Triton 

X-100 induced permeabilization of cell membrane, could be playing a significant role in 

measuring the cytosolic phosphatase enzyme activity. However, because of the associated 

high tendency of the MTS to reduce at the level of cell surface, MTS assay gives less 

information about the cellular uptake of drug molecules.  

4.2 PZ-DHA-Induced MDA-MB-231 Cell Death does not Require ROS 

Production 

Certain (poly) phenolic compounds react with HCO3
- containing cell culture medium and 

produce H2O2. These chemicals exert antiproliferative properties are due to the artifacts of 

H2O2-induced oxidative stress. At micromolar range, EGCG, a polyphenolic catechin 

induces ROS production in ovarian (Chan et al., 2006) and Jurkat (Nakagawa et al., 2004) 

cells. Reversal of the cytotoxic effects of EGCG on ovarian cancer cells (SKOV3, CAOV3, 

OVCAR3, OVCAR10, A2780, CP70, C30, and C200) by the H2O2 scavenger sodium 

pyruvate suggests the involvement of H2O2 in EGCG-induced cell death (Chan et al., 

2006). Hydroxytyrosol (3,4-dihydroxyphenylethanol (3,4-DHPEA)), a phenolic 

compound from olive oil, induces extracellular H2O2 production by human promyelocytic 

leukemia cells (HL60) in RPMI medium (Fabiani et al., 2009). The Amplex red assay in a 
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cell-free system and Annexin-V-FLUOS/PI staining of PT-, PZ-, DHA- and PZ-DHA-

treated cells were carried out to investigate the possible involvement of ROS production.  

The Amplex red assay was performed in colourless (phenol red-free) DMEM and EGCG 

was used as the positive control. The test compound-induced H2O2 production was further 

quantified on a standard curve generated using a log-fold diluted-H2O2 concentration 

series. EGCG-induced extracellular H2O2 production was significantly higher when 

compared to the vehicle control in the Amplex red assay. None of the test compounds 

showed significant H2O2 production (Figure 3.7) in the absence of MDA-MB-231 cells 

suggesting that H2O2-induced oxidative stress is not the mechanism of PT- DHA- and PZ-

DHA-induced cell death of MDA-MB-231 cells. Annexin-V-FLUOS/PI assay of test 

compounds-treated cells was slightly modified to incorporate an additional step to incubate 

cells either in the presence or absence of NAC. NAC, an antioxidant, is capable of 

minimizing the oxidative stress and down regulating the effects associated with the 

oxidative stress (Kerksick and Willoughby, 2005). Therefore, NAC is widely used to 

inhibit ROS-induced apoptosis (Halasi et al., 2013). Its cytoprotective properties against 

ROS-induced cytotoxicity in vitro  have been studied extensively (Halasi et al., 2013; Oh 

and Lim, 2006; Zhang et al., 2011). NAC is an artificial precursor of intracellular cysteine 

and glutathione (Sun, 2010) as well. Glutathione, a non-protein thiol serves as a substrate 

for number of ROS scavenging enzymes (Circu and Aw, 2012). In the current study, NAC 

was used at 10 mM concentration to detect the involvement of ROS in cell death caused 

by the test compounds. None of the test compounds showed significant H2O2 production 

as measured by Amplex red assay and these negative results were confirmed in Annexin-

V-FLUOS/PI staining of cells incubated with test compounds in the presence of NAC 
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(Figure 3.8-A). The Annexin-V-FLUOS/PI staining of PT-, PZ- and DHA- and PZ-DHA-

treated MDA-MB-231 cells were performed after incubating cells either in the presence or 

absence of NAC. Consistent with Amplex red assay results, NAC failed to protect MDA-

MB-231 cells from the cytotoxic effects and cell death caused by test compounds 

suggesting that ROS generation is not likely involved in the PT-, DHA- and PZ-DHA-

mediated cell death. 

4.3 PZ-DHA-Induced MDA-MB-231 Cell Death is Caspase Activation Dependent 

The reduction of cellular enzyme activities of MDA-MB-231 cells treated with PT, DHA 

and PZ-DHA observed in MTS and acid phosphatase assays were confirmed to be a result 

of cell death as shown in 7-AAD staining. In 7-AAD staining, MDA-MB-231 cells were 

incubated with test compounds for 6 or 12 hr and stained with 7-AAD, a DNA intercalating 

dye, and dead cells were detected on the flow cytometer. Caspase activation and DNA 

fragmentation are hallmarks of apoptosis. Flavonoids-induced activation of caspase 

enzymes have been shown on human leukemia (U937: (Monasterio et al., 2004); HL-60: 

(Wang et al., 1999)), human breast cancer cells (MCF-7: (Wang et al., 2010)) and human 

hepatoma cells (HepG2: (Granado-Serrano et al., 2006)). The effect of PZ-DHA on the 

activation of caspase family enzymes and DNA fragmentation was detected in caspase 3/7 

luminescence assay and TUNEL staining respectively. Caspase 3/7 activation was tested 

using DOX, DOC and STS as positive controls at 6 and 12 hr post treatment. Both DHA 

and PZ-DHA but not PT and PZ activated caspase 3/7 in MDA-MB-231 cells as compared 

to the control (Figure 3.9) and DHA-induced caspase 3/7 expression was significantly high  

(p<0.05) as that of PZ-DHA as well. However, PZ-DHA (Figure 3.10-D) treated MDA-

MB-231 cells showed extensive TUNEL staining of fragmented DNA but not in DHA 
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(Figure 3.10-C) treated cells. PT and PZ did not show fragmented DNA (within 12 hr post 

treatment) on TUNEL assay. DHA-induced caspase activation is started at an early stage 

of post treatment but possibly, further incubation is necessary for the detection of 

fragmented DNA in DHA-treated cells since extensive DNA fragmentation is a late event 

of apoptosis (Collins et al., 1997). However, PZ-DHA induced caspase activation and DNA 

fragmentation were detected at comparatively same stage of post treatment suggesting PZ-

DHA-induced effects initiate within a short period as compared to the parent compounds. 

4.4 PZ-DHA does not cause Cell Cycle Arrest 

Arrest at cell cycle check points (G1, G2 and M) is a well-recognized target of cancer 

chemotherapy. Flavonoids (Haddad et al., 2006), such as quercetin (Choi et al., 1999; 

Vidya et al., 2010), genistein (Zhao et al., 2009) and flavonoid extracts of Nelumbo 

nucifera L. (Yang et al., 2011) have shown antiproliferative properties by  arresting cell 

cycle of various cell types including breast cancer cells. The effectiveness of PZ-DHA in 

the suppression of cell cycle was evaluated using 40 µM concentration and no significant 

cell cycle arrest was observed when compared to the medium control and vehicle (DMSO) 

control. However, significant caspase 3/7 activation was noted within 12 hr post-treatment 

of PZ-DHA and TUNEL staining for DNA fragmentation carried out at the same time point 

confirmed PZ-DHA-induced apoptosis. These findings were not reflected in the results of 

cell cycle analysis. A possibility could be the suppression of all phases of cell cycle to the 

same extent, or the antiproliferative property induced by PZ-DHA is not associated with 

cell cycle arrest. This uncertainty needs to be confirmed with Western blot analysis of cell 

cycle proteins (Clyclin A, B, D and C), Cdk 1, 2 and 4 and anaphase-promoting complex 

(APC) to detect their activation.  
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4.5 PZ-DHA Suppresses MDA-MB-231 Xenograft Growth in NOD-SCID Mice 

In in vivo studies conducted to test the tumor suppressor properties of antiproliferative 

agents, tumor growth has been induced in several different ways and these methods are 

targeted at the activation of indigenous tumor initiation mechanisms such as DNA damage, 

activating oncogenic pathways and induction of inflammation. Commonly used methods 

to induce tumor growth in rodent models for experimental purposes include topical 

application of (7,12-dimethyl benz[a]anthracene (DMBA) and 12-O-tetradecanoyl 

phorbol-13-acetate (TPA)) (Chung et al., 2007; Wheeler et al., 2003), oral (urethane) 

(Berenblum and Haran-Ghera, 1957), intraperitoneal (Azoxymethane (AOX) dextran 

sodium sulfate (DSS)) (Tanaka et al., 2003) and  subcutaneous Azoxymethane (AOX) 

(Pereira et al., 1996) and 1,2-dimethylhydrazine (DMH)) (Tsunoda et al., 1998) 

administration of carcinogens, radiation (Cheo et al., 2000; Mantena et al., 2005; Shuryak 

et al., 2009) and xenografting (Fan et al., 1993; Hilchie et al., 2011; Lundy et al., 1986; 

Singh et al., 2003; Verschraegen et al., 2003). In vitro cytotoxic properties of flavonoids 

on cell culture systems are investigated extensively but are proven on suitable animal 

models less frequently. Flavonoids (Kamei et al., 1996) such as EGCG (Shankar et al., 

2013), rutin (Alonso-Castro et al., 2013), liquiritigenin (Liu et al., 2012), myricetin (Jung 

et al., 2010) and apigenin (Wang et al., 2011) inhibit the tumor growth in vivo in various 

mice models. In the current study, tumor growth was induced by xenografting MDA-MB-

231 human breast cancer cells into NOD-SCID female mice. Considering the fact that PZ 

did not show significant cytotoxic properties in vitro, it was excluded from the in vivo 

experiments. After five intratumoral injections of saline, PT, DHA or PZ-DHA, PT showed 

a significant tumor growth inhibition at the 1% significance level (p<0.01) analyzed using 
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one-way ANOVA (Figure 3.13-A). Both DHA- and PZ-DHA-induced suppression of 

MDA-MB-231 xenografts was significant at 0.01% significant level (p<0.001) (Figure 

3.13-A). Intratumoral injections of test compounds into MDA-MB-231 xenograft bearing 

mice were started when tumor volume reached 100 mm3. Tumor volume was reduced after 

the first injection of PZ-DHA (87.45 mm3) and DHA (99.15 mm3). Tumors were controlled 

below/at initial tumor volume up to four injections of PZ-DHA and three injection of DHA 

and then started to increase gradually up to 195.59 mm3 (PZ-DHA) and 213.19 mm3 

(DHA). PT-treated tumors were maintained at its initial tumor volume after two injections 

and then tumors continued to grow up to 263.69 mm3 in volume. Interestingly, PZ-DHA 

induced a significant growth suppression (p<0.001) of xenografts throughout the 

experimental period. However, the average volume of PZ-DHA treated tumors recorded at 

the end of the study period was significantly (p<0.05) less compared to PT-treated tumors 

but not to DHA-treated tumors. The drug concentration within the tumor was maintained 

at 200 µM and it was the highest concentration used for in vitro studies. This concentration 

did not cause significant differences in the cytotoxic properties induced by DHA and PZ-

DHA as measured using MTS assay and acid phosphatase assays. Therefore, this could be 

a potential explanation for the non-significant tumor growth inhibition of PZ-DHA when 

compared to DHA. None of the test compounds showed adverse side effects in mice during 

the experimental period. Specially, it is interesting to note that the novel phloridzin ester 

did not cause adverse effects on intratumoral administration, while showing remarkable 

inhibition in the MDA-MB-231 xenograft growth. Further, both DHA and PZ-DHA, but 

not PT, treatment reduced the tumor weights significantly (p<0.05) but not PT. Distinct 

necrotic zones were identified in all the three treatment groups when the tumor sections 
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were subjected to haematoxylin and eosin staining suggesting that PT, DHA and PZ-DHA 

have effective antiproliferative properties in vivo. 
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CHAPTER 5 : CONCLUSION 

5.1 Summary of the research 

Despite of the development of advanced methods to detect breast cancer at an early stage 

and the introduction of new efficacious drugs to treat breast cancer, still this disease 

remains the top most health burden among women. This underlies the necessity of 

continuing further investigations to discover novel drugs with the aim of reducing the 

breast cancer mortality rate. The major limitation of current chemotherapy is the lack of 

selectivity, i.e., the considerable amount of adverse side effects on normal healthy cells 

(Chidambaram et al., 2011; Marin et al., 2009; Zimmermann et al., 2014). Therefore, there 

is an increasing demand for anticancer agents derived from food since they are expected to 

have reduced adverse side effects on normal healthy cells due to their natural origin. 

However, some phytochemicals, such as flavonoids are associated with a poor 

bioavailability due to diminished cellular uptake. To facilitate the cellular uptake and there 

by biological activity, PZ-DHA, a novel long chain fatty acid derivative of phloridzin was 

synthesized in our laboratory by a regioselective acylation reaction catalyzed by Candida 

antarctica lipase B in our lab. In the present study the efficacy of PZ-DHA in killing TNBC 

cells was studied using MDA-MB-231 cells. PZ-DHA showed significant cytotoxic 

properties when compared to its parent compounds, PZ and DHA measured using the MTS 

and acid phosphatase assays. Further, its cytotoxic properties did not depend on the 

generation of ROS as measured in in vitro cell culture systems. Instead caspase family 

enzyme activation and the presence of oligonucleosomal DNA fragments in the TUNEL 

staining showed that cell death occurred mainly via apoptosis and necrosis. PZ-DHA-

induced MDA-MB-231 cell growth inhibition was selective with less inhibitory effects on 
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HMEpiCs. However, PZ-DHA failed to arrest the cell cycle indicating that the death of 

MDA-MB-231 cells caused by PZ-DHA is not associated with the cell cycle arrest.  In 

vitro antiproliferative properties were needed to be conformed on a suitable animal model 

to understand the efficacy and safety in a physiological environment. As an effective 

approach to initiate the preliminary in vivo studies to demonstrate PZ-DHA-induced tumor 

suppressor activities, NOD-SCID mice xenografted with MDA-MB-231 human breast 

cancer cells and intratumoral injections of PZ-DHA were selected. Interestingly, a 

remarkable suppression in the growth of MDA-MB-231 xenografts was observed after the 

first intratumoral administration of PZ-DHA and the tumor volume was maintained under 

control when compared to the vehicle control treated mice. Further, PZ-DHA did not 

induce any distress or adverse side effects on mice during the study period and necrotic 

tumor sections were observed after haematoxylin and eosin staining. Taken together, 

considering the in vitro and in vivo findings of this research it can be concluded that PZ-

DHA shows a promise to continue further studies to develop it into a potential anticancer 

drug candidate to treat triple negative breast cancer effectively and safely. 

5.2 Future Recommendations 

The current study was targeted at the evaluation of preliminary antiproliferative and 

cytotoxic effects of a novel phloridzin derivative in in vitro using MDA-MB-231 cells and 

in vivo using NOD-SCID female mice xenografted with MDA-MB-231 cells. The MTS 

assay and acid phosphatase assay demonstrated promising cytotoxic effects, further needed 

to be confirmed on assays such as clonogenic assay (to determine the IC50) and oregon 

green assay (to confirm the effect on proliferation). It was found that, the PZ-DHA induced 

cell death of MDA-MB-231 cells is ROS production-independent. Involvement of PZ-
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DHA-induced caspase activation in the death of in the death of MDA-MB-231 cells need 

to be confirmed by blocking caspase activity using suitable caspase inhibitor or a cell line 

lacking caspase expression. However, PZ-DHA did not arrest cell cycle at any phase and 

this is remained to be confirmed using Western blot analysis of cyclins and Cdks. Since 

tumor suppressor properties of intratumorally administered PZ-DHA has been confirmed 

in a mouse model with no adverse side effects, further evaluations need to be started. 

Further studies should include investigation of the involvement of PZ-DHA in the 

inhibition of in vitro (using cell cultures) and in vivo metastasis to lung tissue (using a 

mouse model xenografted with mouse mammary carcinoma cells to mammary fat pad). 

Future research to investigate the ability of PZ-DHA to suppress angiogenesis would bring 

an added-advantage in developing PZ-DHA as a potential drug candidate to treat breast 

cancer. In order to proceed with human clinical trials of PZ-DHA to treat breast cancer, the 

tumor suppressor properties already demonstrated on intratumoral administration of PZ-

DHA should be re-validated by intraperitoneal and oral gavage mouse model since 

intratumoral route is not applicable or acceptable in a real clinical setup. However, when 

proceeding with oral administration of PZ-DHA, it would be challenging to predict the 

stability of PZ-DHA through the intestinal tract due to the susceptibility of hydrolysis of 

ester linkage. The bioavailability of PZ-DHA would be affected by lipase induced 

hydrolysis of ester linkage and conjugation due to the phase II enzymes in liver. Therefore, 

it is worthwhile to conduct bioavailability studies in future research. As a part of 

bioavailability studies, the availability, in terms of PZ-DHA concentration in blood should 

be measured in a time dependent manner to determine the t1/2, elimination half-life of PZ-

DHA.  Since PZ-DHA was tested only on one triple negative breast cancer cell line it 
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should also be tested on other estrogen negative cell lines such as MDA-MB-468 and 435, 

and estrogen-positive breast cancer cells (MCF-7) to understand the antiproliferative 

effects of PZ-DHA in a broad sense. Although, PZ-DHA was tested on HMEpiCs, further 

analysis should be conducted to understand the safety of PZ-DHA on normal healthy cells 

such as human fibroblasts and mouse mammary epithelial cells. Since PZ, the parent 

compound used to synthesize PZ-DHA has shown inhibitory properties on cellular glucose 

uptake, the efficacy of PZ-DHA in suppressing the cellular glucose uptake would also be 

important to investigate. Finally, since PZ-DHA is a flavonoid derivative it could suppress 

the cell survival pathways such as HIF-1α/AKT, PI-3K/AKT/mTOR and RAF/MAPK 

which are known to be inhibited by flavonoids. (Adhami et al., 2012; Ansó et al., 2010; 

Muthian and Bright, 2004; Senggunprai et al., 2014; Triantafyllou et al., 2007; Zhang et 

al., 2014a) Therefore, Western blot analysis to measure the inhibition/activation of 

expression of these proteins will also be important. 
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