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Abstract 

Breast cancer is currently the primary cause of cancer-related death in women 

worldwide. Conventional treatments such as radiation and chemotherapy have many 

deleterious and long lasting side-effects, some of which are permanent, such as 

infertility. As certain tumour cells can also acquire resistance to chemotherapy, the 

need for the development of a less severe, yet more effective, targeted anti-cancer 

treatment exists. Curcumin, a plant polyphenol from Curcuma longa, has long been 

thought to possess antitumour, antioxidant, anti-arthritic, anti-amyloid, anti-ischemic 

and anti-inflammatory properties. Numerous studies conducted over the past sixty 

years confirm this. We aimed at examining the effect of curcumin on cell viability and 

the different modes of cell death, namely apoptosis, necrosis and autophagy, in the 

MCF-12A (non-tumorigenic mammary epithelial) and MCF-7 (mammary 

adenocarcinoma) cell lines.  

Cells were incubated with different doses of curcumin to evaluate the dose response 

through a MTT assay. Thereafter, cells were incubated with 200 µM curcumin for  

48 hrs and stained with markers and DNA stains for apoptosis (Hoechst, Caspase-3, 

PARP), necrosis (Propidium Iodide) and autophagy (LC3B and Beclin-1). Cells were 

examined via fluorescence microscopy, Western Blot- and FACS analyses. MTT 

results showed no significant decrease in viability in the MCF-12A cell line after 

curcumin treatment. However, a significant decrease in viability was observed in 

MCF-7 cells after treatment with 200 µM curcumin (p < 0.05). Treated MCF-7 cells 

also show clear LC3B expression. FACS results show a significant difference in 

Hoechst mean fluorescence intensity in MCF-7 cells after curcumin treatment (p < 

0.05). This study provides evidence that MCF-7 cells respond to a 200 µM dose of 
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curcumin treatment through metabolic change and induction of the autophagic 

pathway. The model system used in this study provides groundwork for further cell 

culture based studies regarding breast cancer and curcumin.  
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Opsomming 

Borskanker is tans wêrelwyd die hoofoorsaak van kankerverwante sterftes onder 

vroue. Konvensionele behandeling soos bestraling en chemoterapie het verskeie en 

ook blywende newe-effekte, soos byvoorbeeld onvrugbaarheid. Aangesien sekere 

tumorselle ook weerstand teen chemoterapeutiese middels kan ontwikkel, bestaan `n 

behoefte aan die ontwikkeling van `n minder skadelike, dog meer effektiewe, 

geteikende antikanker behandeling. Curcumin is `n plant polifenol afkomstig van 

Curcuma longa, wat beweerlik antitumor, antioksidant, anti-aritmiese, anti-ameloïede, 

anti-iskemiese, en anti-inflammatoriese eienskappe besit. Verskeie studies wat in die 

afgelope 60 jaar gedoen is, bevestig dit. Ons mikpunt was om die effek van curcumin 

op sellewensvatbaarheid en die verskillende modusse van seldood, naamlik 

apoptose, nekrose, en outofagie in die MCF-12A (nie-tumorigeniese borsepiteel) en 

MCF-7 (mamma-adenokarsinoom) sellyne, te ondersoek. Selle is met verskillende 

dosisse curcumin behandel om sodoende die dosisrespons via `n MTT essai te 

evalueer. Daarna is selle vir `n tydperk van 48 h met 200 µM curcumin geïnkubeer, 

en met fluorochroom-gekoppelde merkers en DNA kleurmiddels vir apoptose 

(Hoechst, Caspase-3 en PARP), nekrose (PI) en outofagie (LC3B en Beclin), 

gekleur. Selle is via fluoresensie mikroskopie, Western klad en vloeisitometriese 

tegnieke ondersoek. MTT resultate het geen betekenisvolle afname in 

lewensvatbaarheid in MCF-12 selle tot gevolg gehad nie, terwyl dit wel `n 

betekenisvolle afname in lewensvatbaarheid in MCF-7 selle, na behandeling met 200 

µM curcumin, teweeg gebring het (p < 0.05). Fluoresensie mikroskoopbeelde toon 

duidelike uitdrukking van LC3B in MCF-7 selle na 48 h inkubasie met 200 µM 

curcumin, wat op die induksie van die outofagie padweg dui. Vloeisitometrie resultate 
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toon ook `n verskil in Hoechst gemiddelde flouresensie intensiteit, ‘n merker vir 

apoptose, in MCF-7 selle na curcumin behandeling (p < 0.05). Die betrokke studie 

verskaf bewyse dat die MCF-7 sellyn deur middel van metaboliese verandering en 

induksie van die outofagie pad op `n 200 µM dosis curcumin reageer. Die 

modelsisteem wat in hierdie studie gebruik is, lê die grondslag vir verdere selkultuur 

gebaseerde studies aangaande borskanker en curcumin.  
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Chapter 1: Motivation for study 

The importance of diet-derived agents in the maintenance of health and in the 

prevention and treatment of disease should not be underestimated. Based on 

published mortality data, one of the leading causes of death worldwide is malignant 

neoplasms. Over the past decade, a significant increase has been noted in public 

and scientific interest in the beneficial effects of chemicals derived from plants, 

known as phytochemicals, and their role in the maintenance of health and the 

prevention of disease. The term nutraceutical was coined in 1989 by Dr Stephen 

DeFelice, founder and chairman of the Foundation for Innovation in Medicine, 

Cranford, New Jersey, as a substance that is either a food, or is part of a food that 

provides medical or health benefits, including the prevention and treatment of 

disease.  

By focusing on the development of targeted therapies for cancer, the possibility of 

high therapeutic efficacy, with minimal side effects, could be achieved. One of the 

major, yet still elusive ideals in contemporary anti-cancer drug development is to 

achieve therapeutic selectivity, or the preferential killing of cancer cells without 

noteworthy toxicity to normal cells. To achieve this, tumour cell-specific molecular 

pathways that are agreeable to drug development has to be identified, and the 

targeting of these pathways should lead to therapeutic response. An intangible goal 

in oncology thus far has been to advance the identification of such targets, preceding 

clinical testing (Polyak, 2007). Also, the limited progress achieved by cancer therapy 

in the last thirty years has shifted the focus to cancer chemoprevention through the 

use of orally administered chemicals with no or very low toxicity, aimed at healthy or 

predisposed populations (Parkin et al., 2002; Jemal et al., 2008).  
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Polyphenols are among the leading chemical substances that fulfil this definition. 

They are derived from many components of the human diet, including dark 

chocolate, peanuts, green and black tea, red wine, olive oil, and the spice turmeric. 

Curcumin, a natural occurring compound derived from turmeric, has long been 

suggested to have strong therapeutic or preventative potential against several major 

human diseases because of its anti-oxidative, anti-inflammatory and anti-cancerous 

effects.  

In the past years it has become clear that, in addition to apoptosis and necrosis, 

autophagy also serves as a major role player in therapy-induced cell death. Given 

the wide variety of defects that can suppress cell death in most cancers, 

understanding the regulation and significance of the different forms of cell death, is of 

utmost importance. 

Therefore, using cultured MCF-12 (normal breast epithelial cells) and MCF-7 cells 

(breast carcinoma cells) as a model, the aims of this study were: 

  To determine the effect of curcumin on cell viability in MCF-12 and MCF-7 

cells 

  To establish the concentration of curcumin which will effectively kill cancer 

cells without harming normal cells. 

  To determine the effect of curcumin on the cell cycle of MCF-12 and MCF-7 

cells 

  To determine the effects of curcumin on apoptosis, necrosis and autophagy  

Before a study of this nature can be attempted, a thorough knowledge and insight 

into the processes of apoptosis, necrosis and autophagy are required. The current 
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understanding and knowledge of these aspects will now be addressed in the 

literature review. 
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Chapter 2: Literature Review 

2.1 Introduction 

Malignant neoplasms have afflicted people for numerous centuries. The oldest 

documented case of cancer dates back to ancient Egypt, 1500 b.C., and consists of 

a papyrus document in which eight cases of tumours occurring in the breast were 

described. Before techniques existed to unravel the molecular and cellular 

mechanisms behind the cause of cancer, it was believed that the disease was 

caused by the gods, and the method of tumour excision described does not differ 

greatly from current day practice - a cauterizing instrument termed "The Fire Drill" 

was used to remove the tissue. Notably, it was also recorded that no remedy for the 

disease existed, and that palliative management was the only option. Many years 

later, the term carcinos was composed from the Greek terms carcinos and carcinoma 

by the Greek physician Hippokrates - words used to describe a crab or crayfish, the 

legs of which he thought to resemble the veins stretching over the cut surface of a 

malignant tumour. The word oncos, first used to describe malignant tumours, and 

later all tumours, is the root for the currently used term "oncology" (Karpozilos & 

Pavlidis, 2004). 

Hippokrates and other early Greek physicians also believed that cancer was caused 

by an excess of black bile in any specific area of the body - black bile being the fourth 

of the fluids they thought the human body to consist of, the other three being blood, 

phlegm and yellow bile. Thereafter, the dogma of black bile being the source of 

cancer triumphed for more than 2000 years. Only as recently as the 18th century, as 

extensive use of the microscope became imminent, the process of metastasis was 



5 
 

observed and described between 1871 and 1874 by the British surgeon, Campbell 

De Morgan (Grange et al., 2002).  

Besides being largely ineffective and leading to many deaths due to sepsis, the use 

of surgery to remove tumours was still the most used form of treatment at this time. 

At the end of the 19th century, the foremost effective form of non-surgical treatment 

for cancer was discovered by Marie and Pierre Curie. This discovery had 

considerable repercussions in the sense that it lead to patients having to be admitted 

to a hospital in order to receive treatment, which in turn lead to the documentation of 

patient data and statistics in the form of hospital files. This contributed immensely to 

the scientific research effort to understand the processes of the disease and progress 

in the development of potential therapies. Advances made in research in 1975, 

concerning the proto-oncogene, was a profound step towards gaining insight into the 

molecular and cellular mechanisms implicated in the causation of human cancer 

(Jemal et al., 2008). 

However, over 3500 years after the first documented cases of cancer, the prevention, 

diagnosis and cure of human cancers still does not seem to be imminent. Doctrines 

have been clarified over the decades and have been applied to make headway, but 

with marginal success rates. In 2003 it was established that approximately one third 

of women with breast cancer eventually die from dissemination of the disease 

through metastasis. In the United States, cancer was responsible for approximately 

25% of all deaths in 2005, with a total of 1 437 180 new cases of cancer and 565 650 

mortalities from cancer projected to occur in 2008 (Jemal et al., 2008). 
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Currently, breast cancer is the principal cause of cancer-related death in women 

globally (Kamangar et al., 2006). Regardless of noteworthy progress being made in 

the diagnosing and treating of breast cancer, several major unresolved clinical and 

scientific challenges remain. Problems include: identifying suitable candidates for 

education regarding prevention, finding more specific and sensitive means of 

identification of the disease, pinpointing the cause of, and unravelling the 

mechanisms behind tumour progression and recurrence, selecting the right type of 

treatment per individual, and essentially, how to overcome therapeutic resistance. 

However, posing the largest problem is the fact that breast cancer is highly 

heterogenous at the molecular and clinical level (Perou et al., 2000; Sorlie et al., 

2001). Although the precise aetiology of breast cancer still remains unspecified, 

family history is one of the strongest determinants of risk, which implies that the 

cause could also be hereditary (Polyak, 2007).  

Recently, there has been noteworthy progress in the development of targeted 

therapy drugs that act exclusively on measurable molecular abnormalities in certain 

tumours, and minimizes injury to normal cells. The compound curcumin from 

Curcuma longa is believed to be such a substance. Curcumin, or diferuloylmethane, 

is a natural phytochemical and is presently under a great deal of inspection from 

cancer investigators because of its chemopreventative properties against human 

malignancies. Epidemiological data show that the incidence of cancers of the colon, 

breast, prostate and lungs are higher in Western countries than in countries such as 

India, where curcumin is exceedingly consumed (Aggarwal et al., 2003; Parkin et al., 

2002). Furthermore, studies done on rodent models showed the preventative 

properties of curcumin against colon, lung, breast, liver, stomach, esophagus and 
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skin cancers. In a clinical trial done in persons with precancerous lesions, the oral 

administration of curcumin over a 3 month period led to histological improvement of 

lesions in seven of the 25 subjects (Cheng et al., 2001). However, no literature exists 

regarding the effect of curcumin on the induction of different forms of cell death 

(apoptosis, autophagy and necrosis) in a model of breast cancer. 

2.2 Modes of Cell Death 

2.2.1 Introduction 

Cell death constitutes one of the key events in medical research. Cellular 

homeostasis is maintained by a balance between cell proliferation and cell death. 

Our understanding of the mechanisms of cell death has vastly increased in the last 

decades with advances in molecular- and cell biology. Three main types of cellular 

catabolism can be defined according to morphological criteria, namely apoptosis 

(Type I, which is a form of programmed cell death), cell death associated with 

autophagy (Type II) and necrosis or oncosis (Type III).  

Cells undergoing apoptosis show typical, well-defined morphological changes, 

including plasma membrane blebbing, chromatin condensation with margination of 

chromatin to the nuclear membrane, karyorhexis (nuclear fragmentation), and 

formation of apoptotic bodies (Kerr et al., 1972). Apoptosis has been characterized 

by several biochemical criteria, including exposure of phosphatidylserine (PS) on the 

outer leaflet of the plasma membrane (Fadok et al., 1992; Denecker et al., 2001), 

changes in mitochondrial membrane permeability (Kroemer & Reed, 2000), the 

release of mitochondrial proteins from the intermembrane space (Van Loo et al., 

2002), and internucleosomal DNA cleavage (Enari et al., 1998). Identification of 
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these morphological and biochemical markers of apoptosis makes it possible to 

distinguish it from other forms of cell death. 

Cells undergoing death associated with autophagy are characterized by the presence 

of double membrane autophagic vacuoles. Autophagy is foremost a survival 

mechanism that is activated in cells subjected to nutrient or growth factor deprivation. 

When cell stress continues, cell death may continue by autophagy alone, or else it 

often becomes associated with features of apoptotic and necrotic cell death (Maiuri et 

al., 2007). Specific biochemical markers have been developed to determine cell 

death associated with autophagy, such as the lipidation of LC3, as detected by band 

shift in western blots (Tanida et al., 2004; Mizushima & Yoshimori, 2007), or 

delocalization of GFP-LC3 to the autophagosomes (Krysko et al., 2008).  

In contrast, necrosis is characterized by irreversible changes in the nucleus 

(karyolysis and pyknosis), and in the cytoplasm (condensation and intense 

eosinophilia, loss of structure and fragmentation). It culminates in rupture of the 

plasma membrane and organelle breakdown (Majno & Joris, 1995). Necrosis has 

long been described as a consequence of extreme stress on the cell, and therefore 

the cell death process has been described as accidental and uncontrolled. However, 

many different cellular stimuli (TNF-α, ATP depletion, ischemia) have been shown to 

induce a necrotic process that follows defined steps and signalling events 

reminiscent of a true death program (Vanden Berghe et al., 2007). 
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2.2.2 Apoptosis 

The ground breaking publication by Kerr et al in 1972, regarding a then obscure 

mode of programmed cell death they termed apoptosis, paved the way for one of the 

most rigorously studied topics in contemporary biology. They concluded that 

apoptosis is not only restricted to embryos as a mechanism for successful 

organogenesis and the development of multicellular tissues, as was previously 

believed, but that it also occurs in adult cells, and, moreover, that unsuccessful 

apoptosis contributes to a assortment of diseases, including cancer (Lockshin & 

Zakeri, 2001). The introduction of differentiated cell types as a result of evolution may 

have created a requirement for managing death as well as division in order to keep 

neighbouring cells co-dependent and insure the suitable stability of each cell lineage 

(Danial & Korsemeyer, 2004). 

Apoptosis is defined as a discrete sequence of morphological changes including cell 

shrinkage, membrane blebbing, cleavage of chromosomal DNA into 

internucleosomal fragments and chromatin condensing into heterochromatin in one 

or more bodies in the nucleus (Furth, 1999; Edinger & Thompson, 2004). Condensed 

chromatin typically settles alongside the nuclear membrane in a process called 

chromatin margination. As opposed to necrosis, cell membranes remain intact – 

apoptotic cells do not liberate their contents or influence the behaviour of adjacent 

cells, as is found during necrosis. Immune activation is avoided by packaged cell 

fragments being phagocytosed by surrounding cells (Boulares, 1999; Edinger & 

Thompson, 2003).  



10 
 

The molecular events of apoptosis can be separated into three processes or stages. 

Firstly, there is the initiation by an apoptosis-inducing agent. Secondly, a signal 

transduction cascade causes activation of the fundamental 'assassin' family of 

proteins, the caspases. Thirdly, proteolytic cleavage of cellular compartments occurs. 

Numerous death and survival genes managed by extracellular factors are engaged in 

the process, and different apoptosis-inducing agents activate different apoptosis-

inducing pathways. For the purpose of this study, we shall focus on the role of the 

caspases in apoptosis. 

Apoptosis occurs through two discrete cellular pathways, namely the extrinsic and 

the intrinsic pathways, respectively. The extrinsic pathway is activated by the binding 

of death activator proteins to the cell surface. The intrinsic pathway is instigated by 

signals originating from inside the cell, such as injury caused by ionizing radiation, 

toxins, the withdrawal of survival factors, such as growth factors and hormones, or by 

aberrations in the cell cycle. Both pathways come together inside the cell, triggering 

the caspases. These enzymes cut up proteins inside the cell and digest the cell from 

within (Edinger & Thompson, 2003).  

2.2.2 (a) Role of caspases in apoptosis 

Caspases are characterized by a cysteine active site with an aspartate substrate 

specificity. They subsist as proenzymes which consist of a prodomain and a catalytic 

protease domain. Caspases are classified as initiator, which cleave other caspases, 

or executioner caspases, which cleave a range of cellular proteins. Initiator caspases 

are caspases-3, -6 and -7, while caspases-8, -9, -10 and –12 are the executioner 

caspases. 
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The caspase cascade is activated by either two of the known aforementioned 

pathways. The intrinsic pathway engages the Bcl-2 family of proteins and the release 

of cytochrome c, a small heme protein which is a member of the cytochrome c family 

of proteins, found slackly associated with the inside of the mitochondrial membrane. 

However, the actions leading to the release of cytochrome c from the mitochondria 

are still poorly comprehended. 

Nonetheless, it is known that the release of this protein initiates an interaction with 

the Inositol Triphosphate 3 receptor (IP3R) on the endoplasmic reticulum (ER), 

triggering ER calcium liberation. This increase in calcium sets off a vast release of 

cytochrome c, in turn taking effect in the positive feedback loop to sustain ER calcium 

release via the IP3Rs. In this manner, ER calcium release can reach cytotoxic levels. 

This release of cytochrome c sequentially activates caspase 9, a cysteine protease. 

Caspase 9 then proceeds to activate caspase 3 and caspase 7, which are 

accountable for dismantling the cell from within (Herr & Debatin, 2001).  

The extrinsic pathway does not involve mitochondria, but is provoked by death 

receptor-protein complexes that cleave procaspase-8. Cleavage and activation of 

caspase-8 leads to launching of the caspase cascade. Following initial induction, the 

intrinsic and extrinsic pathways amalgamate at the level of the effector caspases. 

The effector caspases cleave DNA repair enzymes (eg. poly-ADP-ribose polymerase: 

PARP), nuclear and cytoskeletal proteins, as well as intracellular signalling 

molecules. The receptor pathway is connected to the mitochondrial pathway through 

cross-talk that takes place between the two pathways; caspase-8 cleaves the 

proapoptotic cytosolic protein Bid, which then translocates to the mitochondria and 
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binds to bad, an additional proapoptotic protein, ensuing in the release of cytochrome 

c and the activation of Apaf-1 (Poulaki et al., 2001; Kasibhatla & Tseng, 2003).  

2.2.2 (b) Role of PARP in apoptosis 

Poly (ADP-ribose) polymerase-1 or PARP-1 is a nuclear enzyme which is copiously 

expressed in the nucleus and prompts the release of potent mitochondrial cytotoxins 

that promote apoptosis. Approximately one molecule of PARP-1 is expressed per 

1000 DNA base pairs. PARP-1 catalyzes the transformation of β-nicotinamide 

adenine dinucleotide (NAD+) into nicotinamide and poly (ADP-ribose). Under 

homeostatic conditions, PARP-1 partakes in genome repair, DNA replication, and the 

management of transcription (Germain, 1999). In response to stress that are lethal to 

the genome, PARP-1 activity increases substantially, a fundamental event for 

maintaining genomic integrity (Shall & de Murcia, 2000). However, massive PARP-1 

activation can deplete the cell of NAD+ and ATP, ultimately leading to energy 

malfunction and cell death (Ha & Snyder, 2000). The discovery that cell death may 

be stifled by PARP-1 inhibitors, or by deletion of the parp-1 gene, prompted an 

upsurge of interest in the process of poly (ADP-ribosyl)ation. That PARP-1 might 

directly trigger apoptosis is supported by the observations of poly(ADP-ribose) 

production early in apoptotic cell death, and the increase in cell survival after deletion 

of the parp-1 gene (Boulares et al., 1999). PARP-1 action also triggers release of the 

mitochondrial pro-apoptotic protein called apoptosis-inducing factor (AIF) that 

promotes programmed cell death via a caspase independent pathway (Yu et al., 

2002.)  
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2.2.2 (c) Regulatory proteins involved in apoptosis 

In apoptosis, protein-protein interactions are the underlying theme in both 

mitochondria and death receptor pathways. A sophisticated and tightly controlled 

network of protein-protein interactions exists to ensure the accuracy of the cell-death 

machinery.  

The IAP (Inhibitor of apoptosis protein) family is another family of proteins that 

inhibits apoptosis through physically interacting with caspases and thereby directly 

inhibiting their function. The Bcl-2 family is a large key group of apoptosis regulators 

which, through the diverse interactions among themselves and with other proteins, 

control the release of apoptogenic factors needed for caspase activation (Adams & 

Cory, 1998; Chao & Korsmeyer, 1998). The Bcl-2 and IAP families are regulators of 

caspases at two different levels: the Bcl-2 family controls signalling events upstream 

of caspases, while the IAP family directly binds and inhibits caspases. The human 

IAP family contains eight distinct cellular members that were just discovered in the 

past 5-6 years, including X-IAP (X-linked IAP), c-IAP1, c-IAP2, and survivin 

(Devereaux et al., 1999). In humans, IAPs such as X-IAP, c-IAP1, and c-IAP2 

selectively inhibit caspase-3, -7 and –9 through direct molecular interactions but not 

caspase-1, -6, -8, -10. In addition, IAPs can interact with Smac/DIABLO, which is 

released from the mitochondria together with cytochrome c upon death stimuli. The 

binding of Smac/DIABLO removes IAPs from their association with caspases and 

thus relieves their caspase-inhibiting function (Devereaux et al., 1997; Roy et al., 

1997). 

Members of the Bcl-2 family include both anti-apoptotic proteins, exemplified by Bcl-

2, Bcl-XL, Mcl-1, Bcl-w and A-1, and pro-apoptotic proteins exemplified by Bax, Bak, 
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Bik, Bad and Bid. In terms of sequence, Bcl-2 family proteins share at least one of 

four homologous regions termed Bcl homology (BH1 to BH4). Based on sequence 

homology, a subclass of pro-apoptotic proteins termed “BH3-only” can be classified 

that share sequence homology only in the BH3 domain. While all of the pro-apoptotic 

members use the BH3 domain to interact with anti-apoptotic proteins, BH3-only 

proteins, including Bad and Bid, appear to act mainly as antagonists of anti-apoptotic 

members such as Bcl-2 and Bcl-XL. In contrast to the opposing biological functions 

and wide differences in amino-acid sequences, experimentally determined crystal 

structures of Bcl-2 (Petros et al., 2001) and  Bcl-XL (Muchmore et al., 1996; Aritomi et 

al., 1997), vs Bax (Suzuki et al., 2000) and Bid (McDonnel et al., 1999; Chou et al., 

1999) are surprisingly similar. 

The mechanism by which Bcl-2 family proteins regulate apoptosis has been a subject 

of intensive research. Currently it remains controversial and several models have 

been proposed. An attractive mode of action is the heterotrimerization between anti-

apoptotic and pro-apoptotic Bcl-2 family members (Reed, 1996; Yang et al., 1995; 

Oltvai et al., 1993). Some information about the structural basis of these interactions 

is provided by the three-dimensional structure of Bcl-XL in complex with a peptide 

derived from the BH3 domain of Bak (Sattler et al., 1997). The structure reveals a 

hydrophobic surface pocket on Bcl-XL formed by the BH1-3 domains bound by the 

Bak BH3 domain peptide in helical conformation. Since the BH3 domain is buried in 

the structure of pro-apoptotic proteins Bid (McDonnel et al., 1999; Chou et al., 1999) 

and Bax (Suzuki et al., 2000), this raises the speculation that conformational changes 

are necessary for the exposure of the BH3 domain of a pro-apoptotic protein and its 

inhibition of the functional pocket on the anti-apoptotic partner. In the cell 
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environment, pro-apoptotic Bcl-2 family members are suggested to undergo such 

conformational changes (Desagher et al., 1999) triggered by dephosphorylation (Zha 

et al., 1996) or proteolytic cleavage by caspases (such as the cleavage of Bid to 

generate tBid) (Slee et al., 2000; Li et al., 1998; Luo et al., 1998).  
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Figure 1.1 Schematic representation of steps in the intrinsic and extrinsic pathways of apoptosis, 

leading to substrate cleavage and cell death (original diagram). See text for details.  
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2.2.2 (d) Markers of apoptosis 

Acridine Orange (AO) is a metachromatic dye which differentially stains double-

stranded (ds) and single stranded (ss) nucleic acids. When AO intercalates into 

dsDNA it emits green fluorescence upon excitation at 480-490 nm. On the contrary, it 

emits red fluorescence when it interacts with ssDNA or RNA. Chromatin 

condensation is an early event of apoptosis and the condensed chromatin is more 

sensitive to DNA denaturation than normal chromatin. Therefore, if RNA is removed 

by pre-incubation with RNase A and DNA is denatured in situ by exposure to HCl 

shortly before AO staining, apoptotic cells (which have a larger fraction of DNA in the 

denatured form) display an intense red fluorescence and a reduced green emission 

when compared to non-apoptotic interphase cells (Hotz et al., 1992; Gorman et al., 

1994).  

Apoptotic cells, due to a change in membrane permeability, also show an increased 

up-take of the vital dye Hoechst 3334, compared to live cells. Propidium iodide (PI) is 

added to discriminate late apoptotic or necrotic cells which have lost membrane 

integrity from early apoptotic cells which still have intact membranes by dye exclusion 

(Ormerod et al., 1992; Schmid et al., 1994) 

2.2.3 Necrosis 

Necrosis is morphologically categorized by vacuolization of the cytoplasm, 

breakdown of the plasma membrane and the introduction of inflammation around the 

cell. These manifestations are ascribed to the release of pro-inflammatory molecules 

and the contents of the cell. Necrotic cells recurrently display modifications in nuclear 

morphology, but nothing resembling the organized chromatin condensation and 
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fragmentation of DNA as is seen in apoptotic cell death. Necrosis is also 

characterized by irrevocable changes in the nucleus, including karyolysis, pyknosis 

and karyorrhexis. Condensation and severe eosinophilia, loss of structure and 

disintegration of the cytoplasm also take place (Majno & Joris, 1995).  

Recent studies imply that necrosis, which has always been thought of as an 

accidental form of cell death, might be programmed. When caspases were initially 

recognized as mediators of apoptosis, it was proposed that several of their 

substrates were crucial proteins whose obliteration made cell death inevitable. 

However, caspase-independent cell death is observed in many systems, which 

shows that cells could still die in the absence of their executioner. After an apoptotic 

stimulus, such as Bax expression, tumour necrosis factor (TNF) or Fas ligand 

treatment, cells die even in the presence of non-specific caspase inhibitors such as 

zVAD-fmk or anti-apoptotic molecules like Bcl-XL that prevent caspase activation 

(Lockshin & Zakeri, 2004; Jaattela & Tschopp, 2003). Under these circumstances, 

cells that would normally die by apoptosis, show all the hallmarks of necrosis.  

In some cases, caspase-independent necrotic cell death can be averted by 

antioxidant treatment, or by eradicating the activity of the protein kinase receptor 

interacting protein (RIP). These results led to the idea that necrosis could be 

'programmed' - cellular signalling events initiated necrotic destruction could be 

blocked by inhibiting discrete cellular processes. A criticism of this concept of 

necrosis as a programmed event has been that this form of cell death is only 

observed when apoptosis is inhibited - either genetically or chemically. In fact, recent 

evidence suggests that the initiation of apoptosis might actively suppress necrosis 

because activated caspases cleave and inactivate proteins required for programmed 
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necrosis (RIP and PARP) (Holler et al., 2000; Ha & Snyder, 1999; Vercammen et al., 

Zong et al., 2004).  

Moreover, the poor understanding of the definite mechanism(s) for necrotic cell death 

has contributed to denounce the notion of programmed necrosis as a tissue culture 

phenomenon.  

Programmed necrosis could also be important in defending multicellular organisms 

from cells that have protracted DNA damage. It appears that an intact apoptotic 

pathway is not essential for the elimination of proliferating cells that acquire DNA 

damage, although this type of damage can initiate apoptosis (Zong et al., 2004). In 

consequence, even cells that have a weakened apoptotic response can still be 

removed when confronted with attaining fixed mutations. 

The DNA repair protein PARP was found to initiate programmed necrosis in 

response to DNA damage, but unexpectedly this form of cell death only occurred in 

actively proliferating cells. This discernment was accredited to the fact that PARP 

activation leads to the speedy exhaustion of nuclear and cytoplasmic NAD and 

consequently the inhibition of glycolysis. As a result, cells relying on glycolysis for 

ATP production rapidly become depleted of ATP after PARP activation and then die 

by necrosis. Proliferating, and in particular, transformed cells, are reliant on glucose 

metabolism for ATP production as they make use of amino acids and lipids for 

protein- and membrane synthesis, respectively. Conversely, quiescent cells can 

maintain ATP levels by means of oxidative phosphorylation by catabolising amino 

acids and lipids. In this case, PARP activation can endorse DNA repair and amend 

the damage without lethally depleting cellular ATP. Thus, PARP activation might 

administer a metabolic test on cells that have sustained DNA damage to determine 
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the degree of DNA damage and the possibility that mutations could be amplified by 

replication without repair. Therefore, acute and massive DNA damage induces hyper-

activation of PARP leading to NAD+/ATP depletion, which eventually causes 

necrosis (Zong et al., 2004). 
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Figure1.2 Schematic representation of the steps in necrosis leading to cell death (original diagram). 

The process starts with receptor damage or signalling, after which excessive Ca2+ flux into the cell 

takes place. This leads to mitochondrial uncoupling, causing an increase in oxygen consumption, ATP 

depletion, and ROS generation. Perinuclear clustering of mitochondria take place, followed by calpain 

and cathepsin activation. The plasma membrane ruptures, leading to cell death.  
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2.2.3 (a) Marker of necrosis 

A PI (Propidium Iodide) exclusion technique is used as an indication of changes in 

membrane integrity, and is based on the principle that PI can only enter the nucleus 

of a cell once the membrane integrity has been compromised (Vindelov et al., 1983). 

2.2.4 Autophagy 

The process of autophagy was first described in the 1960's, whereafter Schweichel 

and Merker documented similar observations in embryonic and foetal tissues of 

rodents, in 1973. However, their findings where largely ignored and only once their 

classification was reassessed and expanded by Clarke in 1990, autophagy was 

recognized as a form of cell death (Gozuacik & Kimchi, 2004).  

Autophagy, or 'self-eating' is defined as a catabolic process involving the degradation 

of a cell's own components through the lysosomal machinery. It is a tightly regulated 

process that plays a role in cell growth, homeostasis and development, and assisting 

to maintain a balance between the synthesis, break-down, and ensuing recycling of 

cellular products. It is a key mechanism through which a near-dying cell reorders 

nutrients from unnecessary processes to critical processes. A variety of autophagic 

processes exist, all sharing the same trait - the degradation of the intracellular 

components via the lysosome.  

Three types of autophagy exist. Firstly, chaperone-mediated autophagy (CMA), 

which is a mechanism that allows the degradation of cystolic proteins that contain a 

particular pentapeptide consensus motif. The cystolic proteins are recognized by the 

binding of a heat shock protein 70 (hsc70) -containing chaperone/co-chaperone 

complex. The CMA substrate-chaperone complex then shifts to the lysosomes, 
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where it is recognized by the CMA receptor lysosome-associated membrane protein 

type-2A. The protein is unfolded and translocates across the lysosome membrane 

supported by the lysosomal hsc70 on the other side.  

Secondly, microautophagy, which occurs when lysosomes directly swallow up 

cytoplasm by invagination, protrusion and/or septation of the lysosomal limiting 

membrane.  

The third type, namely macroautophagy, is the autophagic process of interest in this 

study. Macroautophagy is the requisition of organelles and long-lived proteins in a 

double-membrane vesicle, called an autophagosome, inside the cell. Small 

membrane structures known as autophagosome precursors elongate to form 

autophagosomes. The formation of autophagosomes is initiated by class III PI3-

kinase and autophagy-related gene Atg6, more commonly known as Beclin-1. In 

addition, two further structures are engaged, composed of the ubiquitin-like protein 

Atg8, more commonly known as light chain 3 (LC3), and the Atg4 protease on the 

one hand and the Atg12-Atg5-Atg-16 complex on the other (Schmid & Muenz, 2007). 

The outer membrane of the autophagosome fuses with a lysosome in the cytoplasm, 

forming an autolysosome or autophagolysosome where their contents are degraded 

via acidic lysosomal hydrolases (Gozuacik & Kimchi, 2004; Rubinsztein et al., 2005). 

2.2.4 (a) Markers of autophagy 

Beclin-1 initiates the formation of autophagosomes and is therefore critical to the 

process of autophagy. Beclin-1 is generally ubiquitously expressed, but is mono-

allelically deleted in the MCF-7 cell line. The presence of Beclin-1 in MCF-7 cells is 

therefore considered to be indicative of autophagy (Liang et al., 1999). 
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LC3 is cleaved during autophagy to produce a cytosolic form, LC3-1. During 

autophagy, LC3-1 is converted to LC3-II through lipidation by an ubiquitin-like system 

involving Atg7 and Atg3 that allows for LC3 to become associated with autophagic 

vesicles. Thus, the presence of LC3 in autophagosomes as well as the conversion of 

LC3 to the lower migrating form LC3-II is considered to be indicative of autophagy.  
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(Reference: Abcam website: www.abcam.com) 

Figure 1.3 The autophagic pathway. In the presence of adequate nutrients, growth factors are able 

to activate the class I PI3K proteins, which in turn signal via the AKT pathway to activate mTOR. This 

leads to an inhibition of ATG1 - the key signal in autophagy induction. If there are inadequate nutrients 

or in the presence of mTOR inhibitors, e.g. Rapamycin, mTOR is not activated and ATG1 is able to 

recruit ATG11, ATG13 and ATG17, to form a complex which signals induction of autophagy. 

Formation of the autophagosome is dependent on the formation of two complexes - ATG6 (Beclin-1), 

which interacts with the class III PI3K protein complexes with ATG14, and the second complex, which 

involves ATG12, ATG16, ATG5 and ATG7.  

This complex is critical for the recruitment of ATG8 (LC3). Upon induction of autophagy, cytosolic LC3-

1 (ATG8) is cleaved, and lipidated to form LC3-II. LC3 is a marker for the autophagosome membrane.  
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Figure 1.4 Schematic representation of chronological events in apoptosis, necrosis and autophagy, 

ending in cell death (original diagram). 
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2.3 The initiation of cell death in cancer 

2.3.1 Apoptosis and cancer 

In 1988, Vaux et al. verified that the bcl-2 gene specifically impedes death of B cells 

in follicular lymphoma – therewith founding the relationship between apoptosis and 

cancer. Furthermore, in 1990, Korsmeyer and co-workers categorized bcl-2 as a 

gene that inhibits suicide by producing a protein that hinders apoptosis. These 

findings established that tumours did not only develop from increased cell division, 

but also as a result of avoiding programmed cell death. Shortly thereafter, it also 

came to light that bcl-2 hampers apoptosis by acting before cytochrome c is released 

from the mitochondria.  

Evidence that this attained ability to resist apoptosis is a hallmark of possibly all 

forms of cancer, is increasing. Newly developed apoptosis-inducing drugs include 

Genasense™, which renders cancer cells more susceptible to apoptosis-inducing 

chemotherapies by barring the bcl-2 protein, and Velcade™, which impedes activity 

of the cell's proteosome. Seeing that the proteosome acts as the exclusion agent for 

irregular, old or injured proteins, protein accumulates within the cell as a result of the 

inactivated proteosome. One of the accumulating proteins is BAX, which normally 

upholds apoptosis by obstructing the activity of bcl-2. As BAX concentrations amplify 

in reaction to Velcade, BAX inhibition of bcl-2 also increases and the cell undergoes 

apoptosis in due course (Adams & Kauffman, 2004). 
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2.3.2 Necrosis and cancer 

Many, if not all, human tumours harbour mutations that inactivate apoptotic 

pathways, granting tumour cells the opportunity to endure, despite of growing past 

homeostatic limits. Accordingly, the suggestion that tumour cells might be especially 

sensitive to programmed necrosis, could partly explain how certain targeted 

chemotherapeutics induce tumour cell death. For example, Okada et al. (2001) 

showed that BCR-ABL-positive leukaemia cells can undergo caspase-independent 

cell death in response to treatment with the Abl kinase inhibitor, Gleevec™ (Imatinib). 

This drug has been gratefully received as it is the first logically designed, effective 

cancer chemotherapeutic. Imatinib-induced necrotic cell death draws a parallel with 

the release of HtrA2/Omi, a serine protease, which is a known potential mediator of 

caspase independent necrotic cell death (Suzuki et al., 2001). This type of cell death 

was blocked by treatment with serine protease inhibitors. The inflammatory 

constituent of necrotic death has the potential benefit of fuelling an immune response 

that could increase the effectiveness of Gleevec™ therapy. Whether Gleevec's™ 

efficacy is enhanced in vivo by an inflammatory reaction is not yet clear. Adjusting 

the balance between necrotic and apoptotic cell death, could possibly be a 

mechanism to enhance the eradication of tumour cells. 

2.3.3 Autophagy and cancer 

Autophagy was first linked to cancer by Levine and co-workers through their work on 

the identification and description of the beclin 1 gene (Liang et al., 1999). Poor 

vascularisation in solid tumours brings about nutrient, growth factor and oxygen 

deprivation, which in turn exerts severe metabolic stress on the tumour. Solid 
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tumours with defects in apoptosis have the ability to survive this, and autophagy 

localizes to the central and most metabolically deprived hypoxic tumour domain (Jin, 

2006; Qu et al., 2003; Tsukada & Ohsumi, 1993).  

Negotiating autophagy in apoptosis-defective tumour cells considerably lessens the 

chance of survival in metabolic stress conditions in vitro and in vivo, establishing that 

autophagy is a survival pathway exploited to uphold viability during stages of nutrient 

limitation (Qu et al., 2003). It has been shown that autophagy functions to sustain 

metabolism during times of growth factor deprivation of hematopoietic cells and 

during nutrient deprivation in normal mouse development (Balsara et al., 2001; 

Bando et al., 2000).  

However, flaws in autophagy are associated with amplified tumourigenesis: human 

breast, ovarian and prostate tumours have allelic loss of the essential autophagy 

gene beclin1 with high frequency and it was also observed that beclin1 heterozygous 

mutant mice are tumour prone (Chen et al., 1996; Cleton-Jansen et al., 2001; Elo et 

al., 1997). Moreover, beclin1+/- immortal epithelial cells that exhibit heightened 

susceptibility to metabolic stress are also more tumorigenic than their beclin1+/+ 

equivalent, and this tumourigenicity is greatly intensified by an apoptosis defect (Qu 

et al., 2003).  

There is evidence for a role for autophagy in the eradication of damaged or faulty 

organelles, predominantly the mitochondria (Komatsu et al., 2005; Feng et al., 2005). 

Mitochondrial quality control may be crucial for preventing oxidative damage via the 

generation of reactive oxygen species. This could suggest that autophagy is needed 

not only as an alternate process of generating ATP during times of starvation, but 

that it also serves a function in maintaining homeostasis through protein and 
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organelle quality control. These functions may be especially vital in periods of 

metabolic stress, where ATP is limited and cellular damage accumulates rapidly. 

Autophagy might be particularly critical in tumours which are frequently subjected to 

stress (Li et al., 1997). Tumours frequently lack the means for the complete 

elimination of damaged cells, which then ensures the safeguarding of damaged cells 

that could further contribute to tumour progression (Jin, 2005). 

2.4 Curcumin as a treatment modality in cancer 

One of the fundamental goals of cancer research should be to identify therapies that 

induce selective cancer cell death without harming normal cells. Understanding the 

processes that contribute to cell death and survival is critical in reducing morbidity 

and mortality from cancer. The extensive characterization of the regulatory factors 

involved in cell death will allow the development of targeted therapies and 

biomarkers. 

 
 
 
 
 
 
 
 
Figure 2.1. The structure of curcumin, its natural analogs and its most important metabolites in rodents and 

humans. Curcumin, when administered orally, undergoes glucuronidation and sulfation; when administered 

intravenously (i.v.) or intraperitoneally (i.p) it undergoes reduction that leads to the formation of 

tetrahydrocurcumin, hexahydrocurcumin and octahydrocurcumin (also known as hexahydrocurcuminol) (Aggarwal 

& Sung, 2008). 
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2.4.1 Apoptosis and Curcumin 

Apoptotic cell death machinery in melanoma cells is modulated by curcumin through 

activation of caspases-3 and -8, but not caspase-9. Curcumin also stimulates the Fas 

receptor accumulation in a FasL-independent way, and expression of dominant 

negative Fas-Associated protein with Death Domain (FADD), the adaptor molecule, 

significantly inhibited curcumin-induced cell death (Bush et al., 2001).  

Curcumin also stimulates UV irradiation-induced and photosensitization-related 

apoptotic changes, including c-Jun N-terminal kinase (JNK) activation, loss of 

mitochondrial membrane potential (MMP), mitochondrial release of cytochrome c, 

caspase-3 activation, and cleavage/activation of PAK2 in human epidermoid 

carcinoma A431 cells (Chan et al., 2003). The role of the NF-κΒ signalling pathway in 

curcumin-mediated apoptosis has been clarified in studies in head and neck 

squamous cell carcinoma (Aggarwal et al., 2004), mantle cell lymphoma (Shishodia 

et al., 2005), lung cancer (Shishodia et al., 2003), melanoma cells (Siwak et al., 

2005), cardiomyocytes (Yeh et al., 2005; Yeh et al., 2005), and liver cancer 

(Notarbartolo et al., 2005). Parallel observations were also made in animal model 

systems - curcumin was found to have both pro- apoptotic and anti-angiogenic 

effects, implying its value as a capable chemotherapeutic agent (Belakavadi et al., 

2005). Mechanisms of curcumin-induced apoptotic effects were also seen in T-cell 

acute lymphoblastic leukaemia malignant cells in which curcumin repressed 

constitutively activated targets of the PI3-kinase (AKT, FOXO and GSK-3) pathway, 

causing reduced proliferation and induction of caspase-dependent apoptosis 

(Hussain et al., 2006).  
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The majority of recent studies have indicated that curcumin is an effective therapeutic 

agent which suppresses anti-apoptotic factors, and activate calpain and caspase 

proteolytic cascades for apoptosis in human malignant glioblastoma cells (Karmakar 

et al., 2006; Karmakar et al., 2007).  

In addition, p53 protein also plays an imperative role in mediating apoptosis through 

the activation of the death receptor and the mitochondrial apoptotic pathways (Shoba 

et al., 1998). Also, it has been proven that the serine phosphorylation of p53 is up-

regulated by curcumin in a concentration- and time-dependent manner (Song et al., 

2005; Tsvetkov et al., 2005). Together, all these studies demonstrated that curcumin 

mediates its effects through varied growth regulatory mechanisms in tumour cells, 

therefore, curcumin shows justifiable promise as a multi-targeted drug in the 

management of human cancers. 

2.4.2 Autophagy and curcumin 

Two well known pathways which regulate autophagy in response to starvation are: 

the class I phosphatidylinositol 3-phosphate kinase/Akt/mammalian target of 

rapamycin (mTOR)/p70 ribosomal S6 kinase (p70S6K) signalling pathway and the 

Ras/Raf-1/mitogen-activated protein kinase 1/2 (MEK1/2)/extracellular signal-

regulated kinase 1/2 (ERK 1/2) pathways (Codogno & Meijer, 2005; Meijer & 

Codogno, 2004). The Akt/mTOR pathway negatively regulates autophagy, whereas 

the ERK1/2 pathway positively regulates autophagy. Aoki and co-workers have 

demonstrated that curcumin inhibited the growth of human malignant glioma cells in 

vitro and in vivo by inducing autophagic cell death instead of apoptosis (Aoki et al., 

2007). They have demonstrated that curcumin induced autophagic cell death through 
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the inhibition of the Akt/mTOR/p70S6K pathway and through the simultaneous 

activation of the ERK 1/2 pathway.   

2.4.3  Necrosis and curcumin 

Although no direct evidence exists for the induction of necrosis by curcumin, it is 

known that within the same tumour necrosis, autophagy and apoptosis may co-exist, 

and the relative contribution of these three processes can dictate the trajectory of the 

tumour growth or regression as well as the host response. 
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Chapter 3: Materials and Methods 

3.1 Cell Culture 

3.1.1. Cell Lines 

The Michigan Cancer Foundation-7 (MCF-7) cell line was a gift from Dr. Anne Louw, 

Department of Biochemistry, University of Stellenbosch, Stellenbosch, South Africa. 

MCF-7 is an invasive ductal breast carcinoma cell line, derived from a pleural 

effusion performed on a 69 year old Caucasian female in 1973 (Burdall, et al., 2003). 

The Michigan Cancer Foundation-12A (MCF-12A) cell line was a gift from Dr. Virna 

Leaner, Department of Medical Biochemistry, University of Cape Town Medical 

School, Observatory, South Africa. MCF-12A is a non-tumorigenic epithelial cell line, 

established from tissue taken at reduction mammoplasty from a 60 year old 

Caucasian female.  

3.1.2 Cell culture procedure 

For standard maintenance of cultures, cells were seeded into tissue culture flasks at 

a density of 4000 per cm2 in the specified medium and incubated at 37ºC, 95% 

humidity and 5% CO2. Cultures were passaged at 70% confluency by washing with 

sterile DPBS, trypsinizing with 0.25% Trypsin-EDTA for 3 minutes at 37ºC and 

centrifuging at 1300 revolutions per minute in a digicen20-R centrifuge for 3 minutes. 

The supernatant was carefully decanted and the pellet thoroughly resuspended in 

warm medium to achieve a single cell suspension. Cells were then reseeded, and 

never passaged more than ten times. For experimental purposes, cells were seeded 

as follows:  
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Table 3.1. Seeding densities 

 

Type of Analysis Culture Dish MCF-7 MCF-12A 
    
MTT Assay 12-Well Plates 80 000 Per Well 40 000 Per Well 

12-Well Plates 80 000 Per Well 40 000 Per Well 

Immunocytochemistry 8-Chamber dishes 40 000 Per 

Chamber 

20 000 Per 

Chamber 

Western Blotting T25 Flasks 200 000 Per Flask 400 000 Per Flask 

FACS T75 Flasks 400 000 Per Flask 800 000 Per Flask 

    

3.1.3 Curcumin treatment 

Curcumin suspension was prepared directly before use by dissolving in 70% EtOH, 

stirring for 30 minutes and sterile filtering. Upon reaching 60% confluency, cells were 

treated with 0, 10, 50, 100 and 200 µM Curcumin suspension and incubated at 37ºC, 

95% humidity and 5% CO2 for 48h.  

3.2 MTT assay 

Cell viability was assessed via a modified (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) (MTT) assay, as described by Gomez et al in 1997. The 

reduction of MTT into blue formazan pigment by viable mitochondria in healthy cells 

is exploited in this assay. Directly after curcumin treatment, medium was drained 

carefully and 750 µl DPBS, warmed to 37ºC, was slowly added to each well. 250 µl 

MTT solution (0.01g/ml in DPBS, filtered before use) was then added to each well 

very carefully, plates were covered in foil and incubated at 37ºC, 95% humidity and 

5% CO2 for 2h. After incubation, the MTT solution was drained off and 1 ml of 50:1 

Isopropanol:Triton (1% Triton in Isopropanol containing 1% HCl) added to the wells. 
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In the case of cells loosening during the incubation step, the MTT solution was 

pipetted into centrifuge tubes and spun down for 2 minutes at 1000 rpm in a 

centrifuge. The supernatant was decanted and the previously mentioned 1 ml of 50:1 

Isopropanol:Triton solution was added to the pellet. The pellet was gently 

resuspended and added back to the original well. Plates were then covered with foil 

and shaken for 5 minutes on a shaker. Cells were then transferred to centrifuge 

tubes and spun down for 2 minutes at 1400 rpm. The supernatant was decanted into 

cuvettes and the absorbance was read at 540 nm on a UV-Visible 

spectrophotometer, using the 50:1 Isopropanol:Triton solution as a blank. 

3.3 Immunocytochemistry 

3.3.1 Sample preparation 

Staining was done in a darkened room to prevent premature fluorochrome bleaching; 

samples were stained directly after fixing to minimise background staining. Hoechst 

and propidium Iodide (pI) staining was performed on the same samples. For pI and 

Hoechst staining, cells were grown on 16 mm round, autoclaved coverslips, 

previously placed into the wells of 12-well plates. For anti Beclin-1, -PARP, -LC3B 

and –Caspase-3 staining, cells were grown in 8-chamber dishes. After incubation 

with curcumin, cells were washed with DPBS before fixing for 10 minutes at 4 ºC, on 

ice, with 500 µl of a 1:1 Methanol:Acetone solution per well (cells stained with pI were 

fixed after pI and before Hoechst staining). pI and Hoechst staining was done on the 

samples. 

After fixing, the methanol:acetone solution was pipetted off and the plates left to air 

dry at room temperature for 20 minutes. One set of DPBS controls was prepared for 
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each set of antibodies used; the control receiving no primary antibody, but the same 

volume of diluted DPBS (1/10 dilution prepared with dH2O; filtered before use; 

henceforth referred to as staining DPBS, or SDPBS. All antibodies, donkey serum, pI 

and Hoechst were diluted in SDPBS. 

Air-dried coverslips were rinsed with DPBS and transferred to microscope slides in 

light protected humidified staining boxes. Each coverslip was then circled with a 

DAKO wax pen to prevent solutions draining off cells during incubation steps. 

3.3.2 Propidium Iodide (PI) 

PI was obtained from SIGMA, dissolved in PBS to a 5 mg/ml solution, aliquoted and 

stored at -20 ºC. Aliquots were thawed on ice directly before staining and diluted with 

SDPBS to a 1:200 working solution. After coverslips were rinsed twice with SDPBS, 

50 µl of the PI working solution was carefully pipetted onto the coverslip, taking care 

that the solution covered the entire coverslip. Thereafter, plates were incubated at 

4ºC for 20 minutes. Cells were then rinsed twice with SDPBS, and fixed. Slides were 

stained with Hoechst directly after fixing. 

3.3.3 Hoechst 

Hoechst 33342 was obtained from SIGMA, dissolved in PBS to a 10 mg/ml solution, 

aliquoted and stored at -20 ºC. Aliquots were thawed on ice directly before staining 

and diluted with SDPBS to a 1:200 working solution. After coverslips were rinsed 

twice with SDPBS, 50 µl of the PI working solution was carefully pipetted onto the 

coverslip, taking care that the solution covered the entire coverslip. Thereafter, plates 

were incubated at 4ºC for 20 minutes. Cells were then rinsed twice with SDPBS and 

remaining drops of SDPBS were carefully absorbed using a paper towel. Microscope 
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cover slides were then mounted onto the stained slides using UNIVAR glycerol. 

Slides were protected from light and stored at -20ºC until analyzed for fluorescence. 

3.3.4 Anti Beclin-1, -PARP, -LC3B and –Caspase-3  

Table 3.2 Primary Antibodies used for Immunocytochemistry 

Antibody Source Dilution Manufacturer 

    
Anti Caspase-3 Rabbit 1:50 Cell Signalling 

Technology 

Anti PARP Rabbit 1:50 Cell Signalling 

Technology 

Anti LC3B Mouse 1:50 Nano Tools 

Anti Beclin-1 Rabbit 1:50 Assay Designs 

    
 

 

Table 3.3 Secondary Antibodies used for Immunocytochemistry 

Antibody Dilution Manufacturer 

   
FITC-linked Donkey Anti 

Mouse 

1:50 Vector Laboratories 

Texas Red linked Donkey 

Anti Rabbit 

1:50 Vector Laboratories 
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3.3.5 Immunocytochemistry procedures 

A 30 minute blocking step was performed on fixed cells at room temperature, using 

100 µl of a 5% dilution of donkey serum (per slide), to block non-specific binding 

sites. After the blocking step, serum was drained off and 50 µl of a 1:50 dilution of 

primary antibodies against Beclin-1, -PARP, -LC3B and –Caspase-3 were added to 

respective wells. Chamber dishes were covered with damp cloths, protected from 

light and incubated for 90 minutes at room temperature. Wells were then carefully 

washed twice with 200 µl SDPBS per slide, before adding 50 µl of a 1:200 dilution of 

secondary FITC or Texas Red-conjugated antibodies, directed against the animal 

species that the primary antibody was raised in. SDPBS control wells received both 

secondary antibodies. Diluted secondary antibodies were centrifuged briefly to allow 

crystals to collect at the bottom of the tube; only the supernatant was used for 

staining. Chamber dishes were again covered with damp cloths, protected from light 

and incubated for 30 minutes at room temperature. 50 µl of a 1:200 dilution of 

Hoechst 3334 was then added and wells were incubated for another 10 minutes as 

described above. Wells were then drained and carefully washed twice with 200 µl 

SDPBS per well, before adding one drop of Glycerol and analyzing for fluorescence. 

3.4 Fluorescence Microscopy 

3.4.1 PI and Hoechst 

Images of stained cells were captured on a NIKON Eclipse E400 fluorescence 

microscope equipped with a NIKON DXM 1200 digital camera, using the NIKON 

ACT-1 program. 12 Images per DNA stain per time point for treated and untreated 

cells, respectively, were captured.  
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3.4.2 Anti Beclin-1, -PARP, -LC3B and –Caspase-3 

Cells were observed on an Olympus Cell^R system attached to an IX-81 inverted 

fluorescence microscope equipped with a F-view-II cooled CCD camera (Soft 

Imaging Systems). Z-stack image frames were acquired with a 0.26 µm step width, 

using an Olympus Plan Apo N 60x/1.4 Oil objective and the Cell^R imaging software. 

Stack images were background subtracted and presented in a maximum intensity 

projection.  

3.5 Fluorescence Activated Cell Sorting (FACS) 

3.5.1 Sample preparation 

Staining was done in a darkened room to prevent premature fluorochrome bleaching. 

Hoechst and Acridine Orange staining was performed on the same samples. Cells 

were cultured in T75 tissue culture treated flasks, and harvested and fixed directly 

after curcumin incubation. Cells destined for Hoechst staining were fixed in the 

following manner: Cells were trypsinized and transferred to 15 ml centrifuge tubes. 

Thorough, yet gentle pipetting was done with a 100 -1000 µl pipet to obtain a single 

cell suspension. Thereafter, cells were centrifuged for 5 minutes at 1000 g where 

after the supernatant was pipetted off carefully to prevent cell loss. The cell pellet 

was washed in this manner twice, with a cell count being performed before the last 

wash. After the last centrifugation step the supernatant was pipetted off carefully, and 

the pellet resuspended in 500 µl PBS – once again care was taken to obtain a single 

cell suspension. Hereafter 5 ml cold EtOH was added drop wise (to prevent 

clumping) while vortexing. Samples were stored at 4ºC until stained.  
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Cells destined for Acridine Orange and CycleTEST™ PLUS staining, were fixed in 

the following manner: Cells were washed in PBS, diluted to 1 x 106 cells/ml and 

centrifuged at 200 g for 5 minutes. The cell pellet was then resuspended in 1 ml of 

PBS and fixed by incubating in 9 ml of 1% paraformaldehyde for 15 minutes, on ice. 

Cells were centrifuged at 200 g for 5 minutes, resuspended in 5 ml of PBS and 

centrifuged again. The pellet was then resuspended in 1 ml PBS and added to 9 ml 

70% EtOH, on ice. Cells were incubated for 4 hours on ice at 4ºC before storing at 

4ºC until stained. 

3.5.2 Hoechst staining 

Fixed cells were centrifuged at 200 g for 5 minutes and the supernatant was carefully 

pipetted off. The cell pellet was then vortexed and washed twice with 5 ml PBS + 

0.1% bovine serum albumin (henceforth referred to as Staining Buffer). A cell count 

was done before the last wash, and cells diluted to 1 x 106/ml Staining Buffer. An 

equal volume of 5 mM Hoechst 3334 in DMSO was added and incubated for 15 

minutes at 37ºC. Cells were protected from light and analyzed for fluorescence 

immediately after staining.  

3.5.3 Acridine Orange staining  

Fixed cells were centrifuged at 200 g for 5 minutes and the supernatant was carefully 

pipetted off. The pellet was resuspended in 200 µl PBS, before being incubated with 

500 µl of 0.1M HCl at room temperature. After 30-45 seconds incubation, 2 ml of 

Acridine Orange staining solution was added; cells were protected from light, 

transferred to ice and immediately analyzed for fluorescence.  
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3.6. Methods of Protein Analysis  

3.6.1 Bradford Protein Quantification 

Samples were prepared for protein quantification by draining medium off cells directly 

after curcumin incubation and placing the flasks on ice. Cells were rinsed with cold 

PBS, where after 1ml RIPA buffer, pH 7.4, thawed previously on ice, was pipetted 

onto cells. After approximately 1 minute, a cell scraper was used to thoroughly 

scrape cells from the bottom of the flasks, and cells were transferred to 

microcentrifuge tubes with a pipette. Samples were then sonicated for 3-5 seconds at 

power level three, using a Vir Sonic 300, (Virtis Gardiner). Samples were kept on ice 

throughout the procedure. Samples were then centrifuged for 10 minutes at 4ºC at 

1000 x g in a ALC-PK121R centrifuge. A dilution series of 0, 2, 4, 8, 12, 16 en 20 µl 

protein was prepared by adding 0, 10, 20, 40, 60, 80 and 100 µl 1:4 BSA: dH2O to 

100, 90, 80, 60, 40, 20, and 0 µl dH2O respectively in microcentrifuge tubes. Samples 

were prepared by adding 5 µl of each sample to 95 µl deionised water in 

microcentrifuge tubes. Tubes were then briefly vortexed, 900 µl Bradford working 

solution was added to each tube and briefly vortexed again. All samples were 

incubated at room temperature for 5 minutes, transferred to cuvettes, and the 

absorbance was read at a wavelength of 595 nm against the prepared blank of 100 

µl dH2O and 900 µl Bradford working solution. Absorbance was read twice per 

sample after which the weight of protein in µg/ml was plotted against absorbance and 

protein concentration was determined.  
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3.6.2 Sodium-dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)  

The previously calculated volume of sample buffer was added to microcentrifuge 

tubes in a fume cabinet; where after the correct volume of sample was added to each 

tube. One small hole was punched in the lid of each tube, where after samples were 

boiled for 5 minutes at 95º in a heating block. Samples were centrifuged for 

approximately 5 seconds in a centrifuge and stored at -80ºC until protein separation 

with SDS-PAGE. 

After a 10%, 1 mm separating gel was prepared a 4% stacking gel was poured on 

and 1 mm combs inserted. While setting, samples were thawed, briefly vortexed and 

boiled at 95ºC for 5 minutes, before being briefly vortexed again. The Bio-Rad mini 

protean II™ gel loading system was assembled, running buffer poured into the 

compartment between the gel plates, and 7 µl of peqLab peqGOLD protein marker 

was added into the first well on the left of each gel. 20 µg Protein was loaded into 

each well, with Sample Buffer loaded into empty wells to prevent wells from bending 

during protein separation. The loading system was then placed into the outer running 

chamber, running buffer added, the system closed and the correct electrodes 

attached. An initial 10 minute run at 100V and 400 mA was performed to allow 

proteins to migrate from the stacking gel into the separating gel. Hereafter a ~50 

minute run at 200V was performed. 

Directly after protein separation, the gel was removed from the separating system for 

electrotransfer of proteins onto a polyvinylidene fluoride (PVDF) (Immobilon™ P, 

Millipore) membrane. Semi-dry transfer was performed in a BIO RAD trans-blot SD 

system. Eight pieces of chromatography/filter paper (Whatman Chr 3030917) were 

cut to the size of the gel, of which three were soaked in Anode Buffer 1 and placed 
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onto the anode plate. One paper was then soaked in Anode Buffer 2, and carefully 

placed on top of the other three papers. The paper stack was then rolled with a wet 

test tube to remove air bubbles. A piece of PVDF membrane cut to the size of the gel 

was then soaked in methanol for 15 seconds, rinsed in dH2O, and then soaked in 

Anode Buffer 2. The membrane was placed onto the paper stack and rolled with a 

wet test tube to remove air bubbles. The gel was then carefully removed from 

between the glass plates of the loading system, placed onto the membrane and 

rolled with a wet test tube to remove air bubbles. Four papers were soaked in 

Cathode Buffer and placed onto the gel, after which the system was closed and a 60 

minute run at 0.5 A and 15 V was performed. Hereafter, the membrane was washed 

in TBS-T (Tris Buffered Saline + 0.1% Tween 20) on a Labnet Gyro Twister for a total 

of 3 times for 5 minutes each.  

A blocking step, consisting of incubating the membrane in 50 ml of 5% fat free 

powdered milk in TBS-T, on a shaker for 2 hours, was then performed. After blocking, 

the membrane was rinsed with TBS-T and incubated overnight on a DYNAL sample 

mixer at 4ºC with the primary antibody of choice. 

Table 3.4 Primary Antibodies Used For Protein detection 

Antibody Source Molecular Weight 

(kDa) 

Dilution Manufacturer 

     
Anti Caspase-3 Rabbit 17, 19, 35 1:1000 Cell Signalling 

Technology 

Anti PARP Rabbit 24, 89, 116 1:1000 Cell Signalling 

Technology 

Anti Beclin-1 Rabbit 60 1:1250 Cell Signalling 

Technology 

Anti β-Actin Mouse 75 1:1000 Cell Signalling 

Technology 
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A KPL LumiGLO Reserve™ Chemiluminescent Substrate Kit was used for detection 

purposes. After incubation with primary antibody, the membrane was thoroughly 

washed with large volumes of Lumiglo Wash Solution on a Labnet Gyro Twister for a 

total of 3 times, 5 minutes each. Thereafter, the membrane was incubated for 60 

minutes on a DYNAL sample mixer at room temperature with a 1:4000 dilution of 

HRP (Horseradish Peroxidase) conjugated secondary antibody (Amersham Life 

Sciences), directed against the species the primary antibody was raised in. After 

secondary antibody incubation, the membrane was thoroughly washed with TBS-T 

for a total of 3 times, 5 minutes each and thereafter incubated at room temperature 

for 5 minutes in Lumiglo detection reagents. Excess moisture was removed by 

dabbing the edges of the membrane on a paper towel, before transferring to an 

Amersham Biosciences Hypercasette™. The Membrane was exposed to an 

autoradiography film (Hyperfilm™) for a few seconds, before being developed and 

fixed in AXIM fixer and developer, all in a dark room.  

Membranes were stripped by performing twice 5-minute washes in dH2O, followed by 

one 5 minute wash in 0.2 M NaOH, followed by twice 5-minute washes in dH2O. 

Thereafter membranes were reprobed up to two times with alternate antibodies and 

exposed and developed as previously explained.  

3.6.3 Film Analysis 

Densitometry was done by firstly scanning films and thereafter analyzing it with UN-

SCAN-IT, Silkscience software. Corrections were made for background noise.  
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3.7 Statistical methods 

Results are presented as mean values ± standard error of the mean (SEM). A one-

way ANOVA (analysis of variance) with a Bonferroni type correction was performed, 

where a P-value of < 0.05 was considered as significant. All statistical analyses were 

conducted with the aid of GraphPadPRISM® version 4 software.  
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Chapter 4: Results 

4.1 MTT  

Dose response using 10-200 µM curcumin in MCF-12A and MCF-7 cells 

In order to investigate the effect of curcimin on the viability of MCF-7 and MCF-12A 

cells, a dose response over a time period of 48 hrs was performed. An MTT assay 

was executed after treating cells with 0, 10, 50, 100 and 200 µM curcumin. No 

significant decrease in MCF-12A cell viability after curcumin treatment was found. 

However, the results indicate a significant decrease in MCF-7 cell viability when 

using 200 µM curcumin [Mean ±SEM% (p<0.05)], compared to the control viability. A 

further significant drop in MCF-7 cell viability was seen between 10 and 200 µM and 

50 and 200 µM treatment (Figure 4.1.2.).  
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Figure 4.1.1 Viability in % showing control and treatment with curcumin of MCF-12A 

cells for a time period of 48 hrs using 10, 50, 100 and 200 µM concentrations, n = 9.  
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Figure 4.1.2 Viability in % showing control and treatment with curcumin of MCF-7 

cells for a time period of 48 hrs using 10, 50, 100 and 200 µM concentrations. 

*p<0.05 vs Control, #p<0.05 vs 200 µM, n=9.  
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4.2. Fluorescence Microscopy 

4.2.1 Antibody staining 

In order to investigate the expression of LC3, Beclin-1, Caspase-3 and PARP, 

immunocytochemistry was performed after treating MCF-12A and MCF-7 cells with 0, 

10, 50, 100 and 200µM curcumin for 48 hrs. The nuclear stain Hoechst was 

employed to indicate the nuclear region. Except for a clear LC3 expression in treated 

MCF-7 cells, no other visible difference was noted between experimental groups.  
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 Figure 4.2.1.1 MCF-12A cells labelled with LC3/FITC displayed in green (B), 

 Beclin/TexRed displayed in red (C), the nuclear indicator Hoechst, displayed in blue (A), and 

 an image overlay (D). The figure shows MCF-12A cells untreated, n = 3. 

 

 

 

 
 

 

 

 

 

 

 

 
 Figure 4.2.1.2 MCF-12A cells labelled with LC3/FITC displayed in green (B), 

 Beclin/TexRed displayed in red (C), and the nuclear indicator Hoechst (A), displayed in blue, 

 and an image overlay (D). The figure shows MCF-12A cells treated with 200 µM curcumin, n = 

 3. 
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 Figure 4.2.1.3 MCF-12A cells labelled with caspase-3/TexRed displayed in red , and the 

 nuclear  indicator Hoechst, displayed in blue. The figure shows MCF-12A cells untreated (A-C) 

 and treated (D-F), n = 3.  

 
 

 

 

 

 

 

 

 

 

 

 Figure 4.2.1.4 MCF-12A cells labelled with PARP/TexRed displayed in red and the nuclear 

 indicator Hoechst, displayed in blue. The figure shows MCF-12A cells untreated (A-C) and 

 treated (D-F), n = 3. 
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 Figure 4.2.1.5 MCF-7 cells labelled with LC3/FITC displayed in green (B), 

 Beclin/TexRed displayed in red (C), the nuclear indicator Hoechst, displayed in blue (A), and 

 an image overlay (D). The figure shows MCF-7 cells untreated, n = 3. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 Figure 4.2.1.6 MCF-7 cells labeled with LC3/FITC displayed in green (B), 

 Beclin/TexRed displayed in red (C), the nuclear indicator Hoechst, displayed in blue (A) and 

 an image overlay (D). The figure shows MCF-7 cells treated, n = 3. 
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Figure 4.2.1.7 MCF-12A cells labelled caspase-3/TexRed displayed in red and the nuclear indicator 

Hoechst, displayed in blue. The figure shows MCF-12A cells untreated (A-C) and treated (D-F), n = 3. 
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 Figure 4.2.1.8 MCF-7 cells labelled with PARP/TexRed displayed in red and the nuclear 

 indicator Hoechst, displayed in blue. The figure shows MCF-7 cells untreated (A-C) and 

 treated (D-F), n = 3. 
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4.2.2. Propidium iodide exclusion technique 

In order to assess the effect of the Curcumin treatment on membrane permeability, 

as indication for a leaking cell membrane and necrotic cell death, the propidium 

iodide exclusion method was performed. The results indicate that neither in the MCF-

12A nor MCF-7 cells, a diffusion of propidium iodide into the cell was detected 

(Figure 4.2.2.1). 
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Figure 4.2.2.1 MCF-12A cells (left panel) and MCF-7 cells (right panel) incubated 

with Hoechst, displayed in blue, and Propidium iodide, displayed in red. Shown are 

untreated cells (A and B), vehicle controls (C and D) and treated cells (E and F),  

n = 3. 
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4.3 Western Blots 

In order to evaluate Beclin-1, Caspase-3 and PARP expression, Western Blotting 

was performed after treating MCF-12A and MCF-7 cells with 0, 10, 50, 100 and 

200µM curcumin for 48 hrs. No significant differences were observed in any of the 

groups.  
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Figure 4.3.1 Schematic representation of Beclin-1 expression, in % of control in 

MCF-12A and MCF-7 cells, after no treatment, vehicle treatment, or treatment with 

200 µM curcumin, all for 48 hrs, n = 3. 
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Figure 4.3.2 Schematic representation of total caspase-3 expression, in % of control 

in MCF-12A and MCF-7 cells, after no treatment, vehicle treatment, or treatment with 

200 µM curcumin, all for 48 hrs, n = 3. 
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Figure 4.3.3 Schematic representation of cleaved caspase-3 expression, in % of 

control in MCF-12A and MCF-7 cells, after no treatment, vehicle treatment, or 

treatment with 200 µM curcumin, all for 48 hrs, n = 3. 
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Figure 4.3.4 Schematic representation of Total PARP expression, in % of control in 

MCF-12A and MCF-7 cells, after no treatment, vehicle treatment, or treatment with 

200 µM curcumin, all for 48 hrs, n = 3. 
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Figure 4.3.5 Schematic representation of cleaved PARP expression, in % of control 

in MCF-12A and MCF-7 cells, after no treatment, vehicle treatment, or treatment with 

200 µM curcumin, all for 48 hrs, n = 3. 
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4.4 Flow cytometry:  

4.4.1 Acridine orange staining 

In order to asses Acridine orange mean fluorescence intensity, MCF-12A and MCF-7 

cells were stained with Acridine orange, after treatment with 0, 10, 50, 100 and 

200µM curcumin for 48 hrs. In both groups, a significant decrease is seen in mean 

fluorescence intensity between control and 200 µM treated groups, and between 

vehicle and 200 µM groups.  
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Figure 4.4.1.1 Acridine orange mean fluorescence intensity presented as a % of the 

control in MCF-12A cells, after no treatment, vehicle treatment, or treatment with 200 

µM curcumin, all for 48 hrs. *p<0.05 vs Control, #p<0.05 vs vehicle, n = 3. 
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Figure 4.4.1.2 Acridine orange mean fluorescence intensity presented as a % of the 

control in MCF-7 cells, after no treatment, vehicle treatment, or treatment with 200 

µM curcumin, all for 48 hrs. *p<0.05 vs Control, #p<0.05 vs vehicle, n = 3. 
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4.4.2 Hoechst staining 

In order to asses Hoechst mean fluorescence intensity, MCF-12A and MCF-7 cells 

were stained with Hoechst, after treatment with 0, 10, 50, 100 and 200 µM curcumin 

for 48 hrs. In both groups, a significant decrease is seen in mean fluorescence 

intensity between control and 200 µM treated groups, and between vehicle and 200 

µM groups.  
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Figure 4.4.2.1 Hoechst mean fluorescence intensity presented as a % of the control 

in MCF-12A cells, after no treatment, vehicle treatment, or treatment with 200 µM 

curcumin, all for 48 hrs.  
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Figure 4.4.2.2 Hoechst mean fluorescence intensity presented as a % of the control 

in MCF-12A cells, after no treatment, vehicle treatment, or treatment with 200 µM 

curcumin, all for 48 hrs. *p<0.05 vs Control, #p<0.05 vs 200 µM. 
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Chapter 5: Discussion and conclusions 

Curcumin has long been implicated in the modulation of several targets that have 

been linked to neoplastic, neurological, cardiovascular, pulmonary and metabolic 

illnesses. Due to the key role of inflammation in most chronic maladies, the interest 

lies particularly in the fact that curcumin exhibits anti-inflammatory properties 

(Aggarwal & Sung, 2008). Subsequent research has shown that it mediates this 

effect through down regulation of inflammatory enzymes (such as cyclooxygenase 2 

and 5-lipoxygenase), transcription factors (for instance nuclear factor κB) and 

cytokines (for example tumour necrosis factor and interleukins 1 and 6). The 

molecular properties that are believed to lend to curcumin it’s antiproliferative and 

anti-inflammatory effects, are the presence of bis-α,β-unsaturated β-diketone, two 

methoxy groups, two phenolic hydroxy groups and two double-conjugated bonds 

(Fig. 2.1.) (Aggarwal & Sung, 2008). Curcumin either binds directly to the target and 

modulates the activity, or has an indirect effect via consequent up- or down 

regulation of the target (Aggarwal & Sung, 2008). Curcumin has also been shown to 

impede proliferation and survival of most types of tumour cells studied to present. 

This effect is exerted via down regulation of AP-1, cyclins D1 and E, and upregulation 

of p21, p27 and p53 (Goel et al., 2008). Tumour cells also showed lower glutathione 

levels than normal cells, rendering the tumour cells more sensitive to curcumin 

treatment (Syng-Ai, 2004). Most tumour cells also express constitutively active NF-κΒ 

which mediates their survival (Shishoda et al., 2005). In addition, Garg et al., (2005) 

have shown that curcumin acts as a powerful chemo- and radio-sensitizer against 

tumour cells, via the down regulation of NF-κΒ and NF-κΒ-regulated gene products.  
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A major limitation of curcumin treatment studies is the poor bioavailability when 

administered orally (Anand et al., 2007). In studies done on rodents and humans, 

very low or nil curcumin metabolites was found in serum or tissue following treatment 

(Garcea et al., 2005; Ireson et al., 2002). Various approaches have since been taken 

to augment the bioavailability, which involve: a) the use of an adjuvant such as 

piperine, interfering with glucuronidation; b) the use of liposomal curcumin;  

c) employing curcumin nanoparticles; d) the use of a curcumin-phospholipid complex, 

and e) the use of structural analogs of curcumin. In a study done on rats, the use of 

piperine combined with curcumin showed an increase in the serum concentration 1-2 

hrs post treatment, and a 154% increase in bioavailability (Shoba et al., 1998). In 

another study, a curcumin-piperine combination was administered to humans, where 

much higher serum levels and a 2000 % increase in bioavailability was observed, 

compared to administering of curcumin alone. Both the rat and human subjects 

experienced no adverse effects.  

The present study was undertaken to evaluate the chemopreventative-

/antiproliferative potential of curcumin on a breast cancer cell line and to investigate 

the different types of cell death which were induced, namely apoptosis, necrosis and 

autophagy. Treatment with curcumin (200 μM for 48h) resulted in a significant 

decrease in the viability of cancer cells (MCF-7) while the viability of the normal cells 

(MCF-12A) was unaffected. 

The MTT assay which was used to assess viability is based upon the following 

principle: the reduction of MTT to blue formazan is catalyzed by mitochondrial 

dehydrogenases, and the intensity of MTT staining is therefore indicative of 

mitochondrial activity. The significant decrease in viability which was demonstrated 
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with 200 µM curcumin treatment in the MCF-7 cell line is indicative of decreased 

mitochondrial activity in response to cell stress induced by curcumin (Niv et al., 

2005). No significant decrease in viability was observed when cells were incubated 

with the lower concentrations (10 μM, 50 μM and 100 μM) of curcumin. This is in 

contrast with the results obtained by Weir and co-workers (2007) who reported that 

concentrations as low as 10-50 μM of curcumin inhibited cell proliferation in a dose-

dependent manner in an ovarian cancer cell line. This discrepancy may be due to 

differences in the model used, since the duration of the incubation period with 

curcumin was 48 h in both of the studies.  

In order to assess the induction of autophagy and autophagic cell death, cells were 

stained after treatment with fluorochromes linked to anti-LC3 and -Beclin-1 

antibodies. Treated MCF-7 cells respond to curcumin through the autophagic 

pathway, as microscope images showed clear changes in localization of LC3, 

manifesting as autophagic vesicles in a bright, punctuate pattern, which is indicative 

of an induction of autophagy. Treated MCF-12A cells did not show localization of LC3 

in this manner. The autophagy-promoting activity of beclin-1 in MCF-7 cells is usually 

associated with inhibition of MCF-7 cellular proliferation and tumorigenesis in nude 

mice. Furthermore, endogenous beclin-1 protein expression is frequently low in 

human breast epithelial carcinoma cell lines and tissue, but is expressed ubiquitously 

at high levels in normal breast epithelia (Liang et al., 1999). This is in contrast to our 

results where no significant differences were observed in beclin-1 expression 

between untreated and treated cells in both cell lines. This was also confirmed by 

western blot data where no changes in beclin-1 expression were observed. There 
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were also no significant differences in beclin-1 expression between the MCF-12A and 

MCF-7 cell lines.  

Another marker for autophagy, acridine orange, was utilized in this study. Both cell 

lines showed a significant decrease in acridine orange mean fluorescence intensity 

after curcumin treatment. This is in contrast with results reported by Katz and co-

workers who reported increased lysosomal activity after curcumin treatment in cancer 

cells (Katz et al., 1985). It may be that a change is introduced into lysosomal 

compartmental arrangement, but that needs to be further investigated. Also, a 

possible explanation for this decreased expression could be that the dye is rapidly 

fluxed out by the cells after uptake. However, this concept calls for further 

investigation. 

Various methods were used to assess apoptosis in the MCF-12A and MCF-7 cell 

lines after curcumin treatment. Hoechst nuclear stains revealed no significant 

differences in nuclear condensation or in formation of apoptotic bodies in microscope 

images in both cell lines. However, FACS analysis does show an increase in Hoechst 

mean fluorescence intensity. This could indicate a manifestation of early apoptosis, 

but the notion is ruled out by a lack of significant expression of caspase-3 and PARP 

in corresponding western blots. Also, when taking into consideration the 

chronological order of the apoptosis cascade, especially the fact that caspase-3 and 

PARP cleavage takes place upstream of induction of nuclear condensation and 

fragmentation, the possibility exists that the cells are in the earlier stages of 

apoptosis. 

Hallmarks of necrosis include karyolysis, pyknosis and karyorrhexis, chromatin 

condensation and severe cytoplasmic eosinophilia. Furthermore, breakdown of the 
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plasma membrane and compromised membrane integrity is followed by the 

introduction of inflammation around the cell (Majno & Joris, 1995). PI exclusion 

results show no indication of membrane integrity changes in both the MCF-12A and 

MCF-7 cell lines, and thus no indication for necrosis. This is beneficial in our model, 

since disruption of the plasma membrane that is characteristic of necrotic cell death 

leads to spillage of intracellular proteins that activates a damage response from the 

host immune system (Festjens et al., 2006). 

Conclusions 

The results of this study confirmed a definite response on a metabolic, but not on a 

cell death level, in MCF-7 cells to treatment with 200 µM curcumin. This possible 

stress response manifests as a decrease in mitochondrial capacity. It can thus be 

concluded that curcumin definitely acts as a metabolic stressor of MCF-7 cells by 

increasing autophagy through the re-localization of LC3 vacuoles. However, neither 

apoptotic nor necrotic phenotypes were observed in our cell model as indicated by 

fluorescence microscopy. Although the MTT results clearly showed a decrease in 

viability in MCF-7 cells on mitochondrial level, it cannot be ruled out that apoptosis or 

necrosis could still be induced if the incubation period was prolonged or if a higher 

concentration of curcumin was used. Thus, it can be concluded form the results that 

autophagy is initiated as a results of the cellular stress induced by curcumin in MCF-7 

cells. However, we can only speculate about apoptosis, since no markers of this type 

of cell death were observed. Frequently autophagy occurs before, but independently 

of apoptosis. This ordered sequence of autophagy and apoptosis may serve either of 

two purposes: first, autophagy may constitute a mechanism through which the cell 

destined to die initiates its catabolism, thus accelerating the disappearance of the cell 
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or secondly, autophagy may also help to maintain optimal high ATP levels that may 

facilitate the apoptotic process.  

Advantages and disadvantages of this model  

The use of a cell line based tissue culture model permits the convenience of a 

controlled environment, suitable to study molecular mechanisms. Also, with cells 

growing in a monolayer, an equal diffusion gradient is achieved. It greatly limits 

influencing factors such as decreased bioavailability which is observed in in vivo 

models.  

However, care must be taken when this basic knowledge is translated into clinical 

practice as the physiological relevance of a cell culture model will always be 

questioned as multiple cell types, blood supply and the immune response of in vivo 

situations are not accounted for.   

Future directions 

Future work could include more time points of incubation of cells with curcumin to 

establish an optimal time necessary to induce cell death. Following this up with MTT 

assays as well as with Hoechst and PI staining would show whether cells recover 

from a temporal downregulation of general metabolic activity or if cell death was 

indeed induced. Other metabolic parameters such as AMPK, and mTOR could also 

be employed in addition to an MTT assay to establish their role in cell death. Earlier 

markers of apoptosis such as annexin v should be used to clarify if apoptosis is 

induced when no later events in the apoptotic cascade are observed. These results 

could be further investigated by repeating the experiments with an increased sample 
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size, and subsequently viewing cells microscopically to confirm the quantity of 

lysosomal areas after acridine orange staining.  

The prevention and treatment of cancer remains a challenge as only a few drug 

therapies have demonstrated to be successful in reducing the mortality rate in cancer 

patients. Dietary intake of modest amounts of curcumin in patients as a preventative 

or treatment measure is a low-cost, low-risk intervention. It is time for clinicians, 

researchers and policymakers to give increased attention to the beneficial effects of 

these phytochemicals and to translate this considerable body of evidence into clinical 

practice. 
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Addendum 1: Cell culture consumables 

1.1 Growth medium  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MCF-7: 
 

  Dulbecco’s Modified Eagle’s Medium (SIGMA) 

  5% Foetal Bovine Serum (Gibco) 

  1% 2 mM L-Glutamine (SIGMA) 

 

MCF-12A: 

 

  50% Dulbecco’s Modified Eagle’s Medium (SIGMA) 

  50% Ham’s F12 Medium (SIGMA) 

  5% Foetal Bovine Serum (Gibco) 

  20 ng/ml Human recombinant Epidermal Growth Factor (Invitrogen) 

  500 ng/ml Hydrocortisone (SIGMA) 

  2.4 µl/ml Insulin (Humalog) 
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1.2 General reagents and plastic ware 

Item Manufacturer 
  

  12-Well Plates Nunc Lab-Tek 

  22µM Syringe Filters Whatman 

  6-Well Plates Nunc Lab-Tek 

  8-Chamber Dishes Nunc Lab-Tek 

  Bovine Serum Albumen (BSA) SIGMA 

  Cell scrapers Nalge Nunc International 

  Centrifuge Tubes BD Falcon 

  Curcumin SIGMA 

  DMEM SIGMA 

  Dulbecco’s Phosphate Buffered 

Saline  

Prepared by Laboratory Technician 

  Eppendorf Tubes Greiner bio-one 

  Ethyl Alcohol (CH3CH2OH) Illovo 

  FBS Gibco 

  L-Glutamine SIGMA 

  Pipette Tips Quality Scientific Plastics 

  Serological Pipettes LP Italiana SP, Sterilin 

  Syringes Surgi Plus 

  Tissue Culture Flasks Greiner Bio-One 

  Trypsin-EDTA SIGMA 
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Addendum 2: Reagents and solutions used for 

immunocytochemistry 

2.1. 1% Paraformaldehyde (non permeabilizing cell fixative) 

 

Ingredients (for 100 ml): 

i. Paraformaldehyde  

ii. dH2O 

iii. 1 M NaOH 

iv. PBS 

Method: 

  Add 5 ml dH2O to 1 g Paraformaldehyde 

  Add 10 drops of 1M NaOH 

  Heat to 80ºC in water bath; incubate 2-3 minutes at 80ºC while shaking 

  When Paraformaldehyde has dissolved, add 95 ml PBS 
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2.2 Hoechst Staining Solution  
 

Ingredients (Stock Solution): 

i. Hoechst 3334  

ii. dimethyl sulfoxide (DMSO) 

Method: 

  Add 2 mg/ml Hoechst 3334 to DMSO; mix; store at 4ºC 

Ingredients (Working Solution): 

i. Hoechst 3334 Stock Solution 

ii. PBS 

Method: 

  Add 1.4 ml of Hoechst 3334 Stock Solution to 1 ml PBS 

  Mix by tapping with finger 

  Use supernatant only 

 

 

2.3 Acridine Orange Staining Solution  
 

Ingredients: 

i. 6 µg/ml Acridine Orange  

ii. 0.1 M Citric Acid 

Method: 

  Add 19.21 g Citric Acid to 1 L dH2O; stir 

iii. 0.2 M Na2HPO4 pH 2.6 

Method: 

  Add 14.19 g Na2HPO4 to 500 ml dH2O; stir 

Method: 

  Add 6 µg/ml Acridine Orange to 90 ml of 0.1 M Citric Acid 

  Add 10 ml of 0.2 M Na2HPO4 pH 2.6; mix; protect from light; store at 4ºC  
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Addendum 3: Solutions and reagents used for protein detection 

3.1 Radioimmunoprecipitation (RIPA) buffer (100 ml) 

 
Ingredients: 

i. 50 mM Tris-HCl pH 7.4 

a. Method: 

Add 790 mg Tris to 75 ml dH2O 

Add 900 mg HCl; stir 

Adjust pH to 7.4 using HCl 

ii. 10% NP-40 

Method: 

Add 1 ml NP-40 to 9 ml dH2O; stir 

iii. 10% Na-deoxycholate 

Method: 

Add 0.125 g Na- deoxycholate to 5 ml dH2O;protect from light; stir 

iv. 100 mM EDTA pH 7.4 

Method: 

Add 3.722 g EDTA to 100 ml dH2O; stir 

Adjust pH to 7.4 

v. 200 mM Phenylmethylsulfonyl flouride (PMSF) 

Method: 

Add 0.034g PMSF to 1 ml Isopropanol; mix; store at RT 

vi. 1 mg/ml Leupeptin 

a. Method: 

Add 1 mg Leupeptin to 1 ml dH2O; mix; store at -20ºC 

vii. 5 mg/ml SBT1  

Method: 

Add 5 mg SBT1 to 1 ml dH2O; mix; store at -20ºC 

viii. 1 M Benzamidine (SIGMA) 

a. Method: 

Add 0.05g Benzamidine to 1ml Abs MeOH; mix; store at -20ºC 

ix. 200 mM Activated Na3VO4 

a. Method: 

Add; ; mix; store at -20ºC  

x. 200 mM Sodium Fluoride (NaF) 

Add 0.0083 g NaF to 1 ml dH2O; mix; store at -20ºC  

xi. Triton X-100 

xii. dH2O 
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Method (on ice) 

 
  Thaw protease and phosphatase inhibitors on ice  

  Add 10ml of 10% NP-40 to prepared 50 mM Tris-HCl 

  Add 2.5 ml of 10% Na-deoxycholate; stir 

  Add 1 ml of 100 mM EDTA pH 7.4 

Add following protease inhibitors, while stirring, on ice: 

  500 µl of 200 mM PMSF 

  100 µl of 1 mg/ml Leupeptin 

  800 µl of 5 mg/ml SBT1 

  100 µl of 1 M Benzamidine 

Add following phosphatase inhibitors 

  500µl of 200 mM Activated Na3VO4 

  500µl of 200 mM NaF 

  Add 1 ml of Triton X-100 

  Make up to 100 ml with dH2O 

  Make 1 ml aliquots and store at -20ºC 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



95 
 

3.2 Bradford Reagent (6 x concentrated) 

 

Ingredients: 

i. Coomassie Brilliant Blue G 

ii. 95% EtOH 

iii. Phosphoric Acid 

iv. dH2O 

Method: 

  Dilute 500 mg Coomassie Brilliant Blue G in EtOH 

  Add 500 ml Phosphoric Acid; mix thoroughly 

  Make up to 1 L with dH2O 

  Filter; protect from light; store at 4ºC 

 

Bradford Working Solution 

 

Ingredients: 

i. Bradford Reagent (6 x concentrated) 

ii. dH2O 

Method: 

  Dilute 6 x stock 1:5 using dH2O 

  Filter, using 2 filter papers simultaneously 

 

 

 

 

 

 

 

 

 

 

 



96 
 

3.3 Laemmli Sample Buffer  

 

Ingredients: 

i. 12. 5 ml 0.5 M Tris-HCl pH 6.8 

ii. 7.5 g Glycerol 

iii. 5 ml β-mercaptoethanol 

iv. 0.2 g Bromophenol Blue 

v. 3.3 g SDS 

Method:  

  Combine all ingredients; stir 

  Store at RT 
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3.4. 10%, 1 mm SDS Separating Gel 
 
Ingredients (sufficient for 4 gels): 

i. dH2O 

ii. 1.5 M Tris-HCl pH 8.8 

Method: 

  Weigh off 181.17 g Tris  

  Make up to 1 L using dH2O; stir 

  Adjust pH to 8.8 using HCl; store at 4 ºC 

iii. 10% SDS 

Method: 

  Weigh off 100g SDS 

  Make up to 1 L with dH2O; stir; store at RT 

iv. 10% Ammonium persulphate (APS) 

Method: 

  Weigh off 0.1g APS 

  Make up to 1 ml with dH2O; vortex 

v. 40% Acrylamide 

vi. Temed 

 
Method  

 
  Add 10 ml of 1.5 M Tris-HCl pH 8.8 to 15.4 ml dH2O 

  Add 400 µl of 10% SDS 

  Add 10 ml of 40% Acrylamide 

  Add 200 µl of 10% APS; stir briefly 

  Add 20 µl of Temed in fume hood; stir briefly 

 
4%, 1 mm SDS Stacking Gel 
 

Ingredients: 

i. dH2O 

ii. 0.5 M Tris-HCl pH 6.8 

Method: 

  Weigh off 60.57 g Tris  

  Make up to 1 L using dH2O; stir 

  Adjust pH to 6.8 using HCl; store at 4 ºC 

iii. 10% SDS 

Method: 

  Weigh off 100g SDS 
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  Make up to 1 L with dH2O; stir; store at RT 

iv. 10% APS  

Method: 

  Weigh off 0.1g APS 

  Make up to 1 ml with dH2O; vortex 

v. 40% Acrylamide 

vi. Temed 

Method:  

  Add 2500 ml of 0.5 M Tris-HCl pH 6.8 to 6100 ml dH2O 

  Add 100 µl of 10% SDS 

  Add 1 ml of 40% Acrylamide 

  Add 100 µl of 10% APS; stir briefly 

  Add 10 µl of Temed in fume hood; stir briefly 
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3.5 Anode Buffer 1 
 
Ingredients: 

i. Trizma® base (Tris) 

ii. dH2O 

iii. Abs MeOH 

Method:  

  Add 18.2 g Tris to 380 ml H2O; stir 

  Adjust pH to10.4  

  Add 100 ml of Abs MeOH 

  Make up to 500 ml with dH2O, mix, store at 4ºC 

 
Anode Buffer 2 

 
Ingredients: 

i. Tris 

ii. dH2O 

iii. Abs MeOH 

Method:  

  Add 1.51g Tris to 380 ml H2O; stir 

  Adjust pH to10.4  

  Add 100 ml of Abs MeOH 

  Make up to 500 ml with dH2O, mix, store at 4ºC 

 
Cathode Buffer  
 
Ingredients: 

i. Tris 

ii. 6- Aminohexanoic acid 

iii. dH2O 

iv. Abs MeOH 

Method:  

  Add 1.51g Tris to 380 ml H2O; stir 

  Add 2g. 6- Aminohexanoic acid; stir 

  Adjust pH to 9.4  

  Add 100 ml of Abs MeOH 

  Make up to 500 ml with dH2O, mix, store at 4ºC 
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3.6 Running Buffer (10x) 

 

Ingredients (for 1 L): 

i. 30g Tris  

ii. 144g Glycine 

iii. 10g SDS 

iv. dH2O 

Method 

  Weigh off dry ingredients, add together 

  Make up to 1 L using dH2O; stir  

  Adjust pH to 8.3; store at 4ºC 

 

 

 

 

 

3.7 Tris-Buffered Saline (TBS) 
 

Ingredients: 

v. 3g Tris  

vi. 8g NaCl 

vii. 0.2g KCl 

viii. dH2O 

Method 

  Weigh off dry ingredients, add together 

  Make up to 1 L using dH2O; stir 

  Adjust pH to 7.4; store at 4ºC  
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