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CHAPTER 1 


1. INTRODUCTION 


Steinmeitz and Potter (1996) stated that: “an estimated 70% of all cancers are 


attributed to diet”. Consumption of vegetables and fruits may protect against 


different forms of cancer as plants contain an abundant source of clinically 


relevant anti-tumour compounds (Kamuhabwa et al., 2000).  


  


Plants have formed the basis for the treatment of diseases in traditional 


medicine for many years (Da Rocha et al., 2001). Practitioners of traditional 


medicine use plants to cure many different diseases including cancer. The 


plants used are mainly weeds that are easy to grow, drugs obtained from 


these sources should, therefore, be inexpensive (Taylor, 2001). The issue of 


plants being a source of novel cancer chemotherapeutic agents may be 


regarded with disbelief. Many claims have been made for the beneficial effect 


of plants and many of these claims may be viewed with some scepticism 


since cancer, is poorly defined in terms of folklore and tradition. Nevertheless, 


the discovery and development of efficacious anticancer agents, such as 


vinblastine and vincristine isolated from the Madagascar periwinkle, 


Catharanthus roseus, provided convincing evidence that plants could be a 


source of novel cancer chemotherapeutic agents (Gurib-Fakim, 2006). 


 


At the moment, chemotherapy is an important strategy for the treatment of 


many types of cancer. Combinations of synthetic drugs are administered to 


patients over a period of time. The problem with chemotherapy, however, is 


that it may lead to multi-drug resistance. This problem fuels the search for 


new anticancer agents, natural compounds from plants being the main focus 


(Farombi, 2003). The drugs obtained from natural compounds promise to be 


inexpensive and effective, the former being the most important and relevant to 


developing countries (Taylor, 2001). 


 


The plant Commelina benghalensis L. was used in this study due to its known 


efficacy in cancer (K. Mabela, personal communication). It is consumed in the 
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form of dishes such as curry by the natives of Chhatisgarh, China and in 


Ethiopia. Although they consider the plant as being delectable, the traditional 


healers have stated that it is also beneficial for cancer patients 


(http://botanical.com/site/column_poudhia/articles/__11840.html).  


 


1.2. CANCER 


Cancer is the uncontrolled growth of normal cells caused by a genetic- or 


virus- or chemical-induced mutation. It is a widespread disease, causing high 


levels of morbidity and mortality (Jansen et al., 2005; Shi et al., 2006). 


Cancers are classified according to the tissue and cell type from which they 


arise (Alberts et al., 1994). Cancers arising in the epithelial (covering or lining) 


tissue are called carcinomas (Wagman, 1996). Those arising from connective 


tissue or muscle cells are termed sarcomas. There are those cancers that do 


not fit in either of these two broad categories and they include the various 


leukaemias and lymphomas. These do not produce tumours; they arise and 


spread in a different way (Alberts et al., 1994; Wagman, 1996). 


 


1.2.1. Carcinogenesis 


Carcinogenesis is the generation of cancer.  Prolonged or excessive exposure 


to many chemicals may cause cancer in humans or animals. There are many 


well-known examples of chemicals that can cause cancer in humans. The 


fumes of the metals cadmium, nickel and chromium, for example, are known 


to cause lung cancer. Vinyl chloride causes liver sarcomas, while exposure to 


arsenic increases the risk of skin and lung cancer. On the other hand, 


leukaemia can result from chemically-induced changes in bone marrow 


resulting from exposure to benzene and cyclophosphamide, among other 


toxicants. Other chemicals, including benzo[a]pyrene and ethylene dibromide, 


are considered by researchers to be probably carcinogenic in humans 


because they are potent carcinogens in animals. Chemically-induced cancer 


generally develops many years after exposure to a toxic agent. A latency 


period of as much as thirty years has been observed between exposure to 


asbestos, for example, and incidences of lung cancer (Dorai and Aggarwal, 


2004). Carcinogenesis progresses through three phases:   
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i) Initial phase 


This occurs when there is an irreversible and stable mutation to the genetic 


material. The damage may be brought about by physical, chemical or viral 


exposure. In some instances, the change may be inherited from parents.  The 


greater the prior dose of the initiator, the greater the number of tumours 


induced. A cell that has received such an insult is said to be initiated. The 


insult received by the cell seems to predispose it for additional errors in the 


expression of the genetic information at the transcriptional, translational or 


post-translational levels (Moggs et al., 2004) 


 


ii) Promotion phase 


The promotion phase starts with an initiated cell being exposed to an insult, 


such as ultraviolet irradiation over a long period. That tumour promoter 


cause’s cell’s altered phenotype to be expressed. Most tumour promoters 


favour the development of cancer, increasing the number of cell divisions of 


initiated cells. The more times these cells divide, the more likely further 


mutation will occur and cells will progress one more step towards malignant 


phenotype (Keum et al., 2004) 


 


iii) Progression phase 


This is the phase whereby the promoter of the initiated cell is irreversibly 


converted to an independent promoter, leading to a repeated cycle of cellular 


division. The ideal situation will be for the cell to revert to the normal 


phenotype. If it cannot the cell may progress to give rise to a malignant 


tumour (Trosko et al., 2005). Since the main characteristic feature of cancer 


cells is unchecked growth, it is hardly surprising that the cell division cycle has 


become a major focus of cancer research (Shaun and Thomas, 1996). 
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1.3. CELL DIVISION CYCLE 


1.3.1. The cell division cycle machinery 


Cell division cycle represents a series of tightly controlled events (Figure1.1) 


whereby a cell grows in size, duplicates its DNA, segregates its chromatin and 


divides into two daughter cells (Wu et al., 2006).  The cell division cycle is 


subdivided into four (4) phases: Gap phase 1(G1), where cell mass grows and 


the cell prepares to synthesize DNA, synthesis phase (S), during which DNA 


synthesis occurs, duplicating the cell’s genome, gap phase 2 (G2), in which 


DNA repair and protein synthesis prepare the cell’s divisions, and mitotic 


phase (M), in which division of the cell into two daughter cells (cytokinesis) 


takes place (Tani et al., 2006).  


 


 


 
Figure1.1. The cell cycle is divided into four distinct phases (G1, S, G2, and M). G0 


represents exit from the cell cycle in which the cell performs its routine functions, 
including the important function of cell grown. The progression of a cell through the 
cell cycle is promoted by CDKs, which are positively and negatively regulated by 
cyclins and CDKIs, respectively. The Restriction Point governs the transition point 
beyond which a cells progression through the cell cycle is independent of external 
stimuli (Shah and Schwartz, 2006). 
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To ensure accurate replication of the genome and cytokinesis, checkpoints for 


monitoring the integrity of the DNA are strategically placed in the G1/S and 


G2/M interphases (Sadeghi and Yazdanparast, 2003). In some cases, growing 


cells withdraw from the cell cycle and enter a resting phase (G0) (Gui et al., 


2007; Zhang et al., 2006). Progression of a cell through the cell division cycle 


is promoted by positive regulators of the cell division cycle called cyclin 


dependent kinases and their regulatory catalytic partners, the cyclins. 


Activation of cyclin/CDK complexes requires phosphorylation of Thr-160 on 


CDK2 or Thr-161 on Cdc2 (CDK1) on the loop region by CDK activating 


kinase (CAK).  Phosphorylation of the Thr-14 and Tyr-15 residues in the ATP-


binding site of the CDK subunit by Wee1 and Myt1 inhibits the activity of the 


cyclin/CDK complex (Shah and Schwartz, 2006), however. 


 


Three isoforms of Cdc25 phosphatases regulate cell cycle progression: 


Cdc25A regulates the G1/S phase transition whereas the Cdc25B and C are 


the main regulators of the G2/M phase transition (Clark and Gabrielli, 1997). 


There are also cell cycle inhibitory proteins (cyclin-dependent kinase 


inhibitors, CDKIs) that can inhibit the activity of cyclin/CDK complexes. Two 


families of CDKIs have been described: The INK4 family, consisting of 


p16Ink4a, p15Ink4b, p18Ink4c, p19Ink4d, binds and inhibits cyclin D/CDK4 or cyclin 


D/CDK6 complexes. The broader specifity CIP/KIP family consisting of 


p21Waf1/Cip1, p27Kip1 and p57Kip2 inhibits cyclin E/CDK2 and cyclin A/CDK2 


(Bicknell et al., 2007; Clark and Gabrielli, 1997). 


 


1.3.2. Cell division cycle regulation 


Normal cells progress through a cycle that contains a series of elaborate 


steps. Each stage can only advance after the proper completion of steps in 


the previous stage. As the cells enter the cycle, cyclins (D1, D2, and D3) 


associate with and activate CDK4 or CDK6 in early G1 phase of the cell cycle. 


The cyclin D/CDK4/6 complex promotes G1/S phase progression by 


phosphorylating the retinoblastoma family of proteins such as retinoblastoma 


pocket protein (pRb) (Israels and Israels, 2000). 
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The retinoblastoma tumour suppressor gene product (Rb) governs the G1/S 


phase transition (Vairo et al., 2000). Rb interacts with E2F family of 


transcription responsive genes since E2F controls the expression of many 


genes, which are required for cell cycle progression. When Rb and the related 


proteins p107 and p130 are in their hypophosphorylated forms, they tightly 


bind to transcription factors such as E2Fs. The bound state of Rb and E2F 


causes the repression of target genes required for cell cycle progression, 


thereby hindering cell cycle progression. To promote proliferation, mitogenic 


signalling activates the CDK4/cyclin D complex, which subsequently initiates 


Rb phosphorylation. Hyperphosphorylated Rb has a lower binding affinity to 


the E2F transcription factor, thereby releasing the E2F target genes such as 


cyclin E and cyclin A, which are needed for cell cycle progression. In late G1, 


the cyclin E/CDK2 complex controls the G1/S phase transition and early 


stages of S phase progression. Cyclin E/CDK2 activity is required for the 


initiation of DNA replication, centrosome duplication and leads to further 


hyperphosphorylation of pRb and the release of pRb-bound E2F transcription 


factors. (McLear et al., 2006; Seeley et al., 2007; Takemura et al., 2006). 


 


In S phase, cyclin A /CDK2 complexes form and promote progression through 


S-phase, facilitating DNA replication by phosphorylating targets such as Cdc6; 


this is required for the onset of DNA replication. In G2 phase, cyclin A forms a 


complex with Cdc2 and aids entry of cell into the G2 phase. The cyclin 


B1/Cdc2 mitotic complex then promotes the G2/M phase transition and 


mitosis. Degradation of cyclin B1/Cdc2 complex via the ubiquitin proteosome 


pathway is then required for exit from mitosis and cytokinesis (Bicknell et al., 


2007). 


 


1.3.3.  Cell division cyclin kinases as targets for therapeutic   


intervention 


The rationale for targeting cyclin-dependent kinases in anti-cancer therapy lies 


in their misregulation of activity in human malignancy and on their being easy 


targets for therapeutic intervention (Malumbres and Barbacid, 2007; Shah and 


Schwartz, 2006). Constitutive overexpression of cyclin D1, For example, has 
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been implicated in mantle cell lymphoma. Loss of p21 or p27 has been 


associated with melanoma and colon cancer, respectively. Loss or mutation of 


the retinoblastoma protein pRb, the downstream substrate of CDK4 and 


CDK6, is common in small cell lung cancer and other types of tumours. These 


observations have led to the development of novel anti-cancer drugs which 


can mimic the action of cyclin dependent kinase inhibitors (CDKIs). Cyclin 


dependent kinase inhibitors (CDKIs) can inhibit CDKs by directly targeting the 


catalytic CDK subunit, or by an indirect means, by targeting the targeting the 


regulatory pathways that govern CDK activity (Shah and Schwartz, 2006). 


 


In an attempt to achieve tumour specific cytotoxicity and  correct the errors of 


cell division cycle regulation that are widespread in malignant cells,  these 


novel anti-cancer drugs were at first applied as single agents. At the moment, 


these agents are increasingly being used in combination with traditional 


cytotoxicity drugs to overcome cell cycle mediated drug resistance and to 


improve tumour cytotoxicity. The reason for using combination therapy is that 


cell cycle inhibitors can induce specific disturbances in the cell cycle and 


signal transduction pathways that lower the threshold of drug-induced tumour 


cell death and/or lead to circumvention of drug resistance (Shah and 


Schwartz, 2006). 


 


Inhibitors developed to date can be divided into three general classes (Ahn et 


al., 2007):  


(i) ATP-competitive inhibitors that contain key structural hydrogen-


bonding motifs that  bind to the ATP pocket;  


(ii) non-competitive inhibitors that bind to the region of natural peptide 


inhibitors; typically these are small synthetic peptides (~20 


residues) ; 


(iii) dual inhibitors, representing molecules incorporating both of these 


attributes. 


 


Most of the drugs being designed today not only target cell division, but also 


at inducing selective apoptosis (Kamb, 1995). Hence, the role of apoptosis in 


living systems cannot be ignored. 
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1.4. CELL DEATH - THE CHOICE OF APOPTOSIS OVER 


NECROSIS 


Apoptosis is a highly regulated form of cell death that is critical for the 


development and maintenance of healthy tissues. It plays an important role in 


protection against carcinogenesis, eliminating genetically damaged- or 


initiated cells, or cells which have progressed to malignancy. Scientists have 


established that the induction of apoptosis in the treatment of cancer is a 


highly desirable process owing to its highly ordered nature. Indeed, many 


chemopreventive agents of natural origin act through the induction of 


apoptosis (Saha et al., 2006). Apoptosis is just one form of cell death. There 


are alternative mechanisms by which cancer cells may be eliminated and 


necrosis, which is non-specific, is one of them (Figure 1.2). Necrosis involves 


the rupturing of the plasma membrane leading to the release of harmful 


substances, which will cause damage to surrounding cells and tissue (Hsieh 


et al., 2006). In contrast, apoptosis is associated with the rapid engulfment 


and removal of cell “corpses” by phagocytes and is regarded as the preferred 


way to manage cancer (Hsu et al., 2004). 


 


Some characteristic hallmarks of apoptotic cells are cell shrinkage, chromatin 


condensation, DNA fragmentation, plasma membrane blebbing, the formation 


of apoptotic bodies and caspases activation. Indeed, the mechanism of 


apoptosis is associated with activation of a family of cysteine-dependent 


aspartate–directed proteases, termed caspases. Apoptosis involves two main 


death pathways: the receptor- and mitochondria-mediated pathways (Herr and 


Debatin, 2001). Members of the death receptor superfamily such as Fas 


(CD95) induce the apoptotic death receptor pathway. Fas ligand (FasL) binds 


to its receptor. This leads to the formation of a death–inducing complex by 


recruiting the adaptor molecule, Fas-associated death domain (FADD) and 


pro-caspase-8. The activation of pro-caspase-8 to caspase-8 is subsequently 


required for cell death (Chang et al., 2005). 


 


The mitochondrial apoptotic pathway is controlled by Bcl-2 family of proteins, 


including the pro-apoptotic Bax and anti-apoptotic Bcl-2 and Bcl-XL (Herr and 
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Debatin, 2001; Pommier et al., 2004). Death stimuli induce cytochrome c, pro-


caspase-9 and other pro-apoptotic factor release from the mitochondria into 


the cytoplasm, thereby activating downstream effector caspases such as 


caspase-3 (Kuo et al., 2004).  Bid, a member of the Bcl-2 family, provides 


cross talk between death receptor and mitochondrial pathways. Caspase-8-


mediated cleavage of Bid increases its pro-death activity and results in its 


translocation to the mitochondria where it promotes cytochrome c exit (Gajate 


and Mollinedo, 2003). 


 


 


 
Figure 1.2. The mechanism of apoptosis and necrosis. Note the formation of 
apoptotic bodies and the subsequent engulfment by phagocytes during apoptosis. 
Necrosis is evident by the rupturing of the plasma membrane leading to the release 
of harmful substances, which results in the damage of the surrounding cells and 
tissue (www.herkules.oulu.html/graphic//.jpe). 
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1.4.1. The link between cell division cycle and apoptosis 


Evidence of a direct link between apoptosis and the cell division cycle is 


compelling. There are two main reasons that may provide a solid argument of 


a link between these pathways:  


 


a) Mitosis and apoptosis display similar morphological features 


During both processes, cells lose substrate attachment, become rounded, 


shrink, condense their chromatin and display membrane blebbing. Although 


there are some common features between both processes, there are also 


differences that exist between them. In apoptotic cells, DNA is fragmented into 


approximately 200 bp fragments, cell membrane proteins are cross-linked, 


making the membrane more rigid; and apoptotic cells are generally 


phagocytosed by neighbouring cells or macrophages. Mitosis, on the other 


hand, leads to segregation of DNA and cell division by cytokinesis, resulting in 


two healthy and viable daughter cells (Pucci et al., 2000).  


 


b) The role of cell division cycle regulators in apoptosis 


There is accumulating evidence that the manipulation of the cell division cycle 


may prevent or induce an apoptotic response depending upon the extent of 


DNA damage to the cell. Since genomic DNA is of great importance, proteins 


such as pRb, p21, p53 and Cdc2 may provide links between apoptosis and 


proliferation-inducing signals even though they may not be part of the cell’s 


apoptotic machinery. The possibility is that these proteins may cause the cells 


to be vulnerable to apoptosis (Grant and Roberts, 2003). The cell cycle 


regulators which may form a link between the cell division cycle and apoptosis 


will be considered first. 


 


i) p53 


In cancer the loss or inactivation of tumour suppressor p53, which occurs in 


half of human tumours, is one of the best-established defects in the apoptotic 


pathway (Mashima and Tsuruo, 2005). Normal p53 function plays a crucial 


role in inducing apoptosis and cell cycle checkpoints in human and murine 


cells following DNA damage (May and May, 1999). This has been further 
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supported by the finding that p53 is the most commonly mutated tumour 


suppressor gene. Moreover, the chemo-sensitivity of cancer cells to 


chemotherapeutic agents is greatly influenced when the function of p53 is 


compromised (Hsu et al., 2004).  


 


The p53 tumour suppressor protein has an influence on proliferation by acting 


predominantly in the G1/S phase of the cell division cycle progression. DNA 


damage by UV, hypoxia or chemotherapeutic drugs activates p53. The 


transactivation of p53 plays an important role in cell cycle arrest. It has the 


ability to up-regulate the transcription of p21Waf1/Cip1 and GADD45, whose 


protein products are involved in blocking the passage of cells through the G1 


phase of the cell cycle. Under these conditions, pRb is not phosphorylated 


and cells do not progress through the G1/S transition (Abrahamson et al., 


1995; Pucci et al., 2000). p53 is also capable of blocking the re-replication of 


DNA in the spindle checkpoint by inhibiting entry into S phase when the 


mitotic spindle has been damaged (Pucci et al., 2000). 


 


The tumour suppressor gene p53 also functions in the G2/M transition and this 


ability is cell type specific. The mechanism responsible remains to be fully 


elucidated, however. It is suggested that p53 tumour suppressor activates a 


G2/M phase checkpoint by repressing cyclin B1 promoter activity. p53 


mediated repression of the cyclin B1 promoter is dependent on Sp1 binding 


sites. Sp1 expression has the ability of releasing the p53-dependent cyclin B1 


repression. Protein p53-mediated repression of cyclin B1 is independent of 


p21 and NF-Y. Innocente and Lee (2005) have proposed that p53 can repress 


Cdc2 transcription via the induction of p21Waf1/Cip1, which in turn enhances the 


binding of p130 and E2F4 to the Cdc2 promoter to repress it. p53 may also 


induce a G2/M phase arrest through the protein 14-3-3σ. This protein 


inactivates Cdc25C and consequently Cdc2 activity.  


 


The role of p53 in apoptosis was studied extensively and has been linked to 


its tumour suppressor activity. In vivo experiments to provide evidence for 


p53-mediated apoptosis using p53 null mice and cells demonstrated their 


resistance to apoptosis induced by chemotherapeutic agents and ionizing 
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radiation (Yu et al., 2005). In response to genotoxic stress, p53 transactivates 


many different downstream genes to trigger apoptotic responses. In most 


cases, p53-induced apoptosis appears to be independent of its transcriptional 


function because it functions in the presence of protein inhibitors. In some 


systems, the transactivation of p53 plays an important role in inducing 


apoptosis, however. For example, the Bcl-2 family members (Bid, PMAIP1, 


Puma and Bax) lead to the depolarization of the mitochondrial membrane in 


the intrinsic pathway. On the other hand, apoptotic protease activating factor-1 


(APAF-1), a major component of apoptosome, and Fas/CD95 death receptor 


4 (DR4) and DR5 components are involved in the extrinsic apoptotic pathways 


(Shu et al., 2007). 


 


ii) pRb and E2F 


The role of pRb and the transcriptional factor E2F in the cell division cycle has 


already been discussed under the cell cycle division regulation sub-heading 


(section 1.3.3), hence only their role in apoptosis will be covered. The 


retinoblastoma protein (pRb), similar to protein p53, functions as a negative 


regulator of cell growth and is also a tumour suppressor. pRb inactivation or 


deletion is found in many cancers, including retinoblastomas and carcinomas 


of the lung, breast, bladder and prostate (Kasten and Giordano, 1998).  


 


 In vitro and in vivo studies gave evidence to support the hypothesis that pRb 


itself acts as a negative regulator of apoptosis. Deletion of pRb in transgenic 


mice lead to their death in the uterus after 12-13 days of development 


(Weinberg, 1995). Interestingly, substantial apoptosis was highly evident in 


those tissues which are known to normally express high levels of pRb. In the 


human osteosarcoma cell line, SOAS, cells transfected with pRb are 


protected from radiation-induced apoptosis. The cells become arrested in the 


G1 phase, possibly decreasing their susceptibility to apoptosis (King and 


Cidlowski, 1998). 


 


Hallstrom and Nevins (2003) discovered that in addition to being a 


transcriptional factor, E2F-1 also has tumour suppressor properties. Over 


expression of E2F-1 has been shown to induce apoptosis in many tumour 
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cells. Deregulated E2F-1 expression in rat 2 fibroblasts causes premature S 


phase entry followed by G2/M phase cell cycle arrest and subsequent 


apoptosis dependent on p53. G2/M cell cycle arrest only partially contributes 


to E2F-1- mediated apoptosis. 


 


iii) p21Waf1/Cip1  


p21Waf1/Cip1, a cyclin-dependent inhibitor that belongs to the CIP/KIP  family 


can induce apoptosis in a p53-independent and dependent manner. Its main 


role in the cell cycle is to inhibit cyclin dependent kinases appropriate for each 


phase and control the transit of cells through the cell cycle phases (G1/S and 


G2/M) (Greeve et al., 2004; Maddika et al., 2007). 


 


Apart from being involved in the cell division cycle, p21Waf1/Cip1 can also induce 


apoptosis especially in cells expressing mutant non functional p53. Extensive 


in vitro research on the induction of apoptosis by p21 has been done using 


human cancerous cells. In their attempt to demonstrate the induction of 


apoptosis by p21, Wu et al. (2002) used a system that mimicked p53-


dependent and p53-independent up-regulation of p21Waf1/Cip1 and used 


adenovirus-mediated transduction of p53 or p21Waf1/Cip1 in a human ovarian 


cancer cell line (2774 qw1) and a papillary serous endometrial carcinoma cell 


line (SPEC-2). Both cell lines had a mutated p53, and p21Waf1/Cip1 induced 


apoptosis in both systems. Even though it was the case that p21Waf1/Cip1 could 


induce apoptosis in both systems, it was determined that p53 was a more 


effective inducer. Similar observations were also made by Tsao et al. (1999), 


using human cervical cancer cells infected with adenovirus expressing 


p21Waf1/Cip1 infection resulted in apoptosis. 
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iv) CDKs and cyclins  


Scientists have convincingly demonstrated the influence that cyclin/CDK 


complexes have in cellular apoptosis. What is unclear is the role that they 


have in cellular apoptosis, and if their participation in apoptosis is an indirect 


or direct one (Pucci et al., 2000).  


 


In support of the direct role of CDK/cyclin complexes in cellular apoptosis, 


several studies that demonstrated the influence that cyclin A/CDK complexes 


have in cellular apoptosis have been extensively studied (Harvey et al., 1998). 


For example, during the effector phase of cell death, cyclin A/CDK complexes 


are activated in the nucleus, and their activation strongly depends upon 


caspases. Another study performed in thymocytes shows that CDK2 


activation is required for cell death and only occurs subsequent to Bax 


expression or Bcl-2 repression. These studies support the notion that CDK 


activity is modulated by known apoptotic factors working in the induction or 


execution phases of apoptosis (Pucci et al., 2000).  


 


The cell cycle regulated protein kinase Cdc2 has also been implicated in 


apoptosis (Konishi et al., 2002). Inactivation of Cdc2 kinase blocks the pro-


apoptotic action of the protease granzyme B, which induces apoptosis in 


lymphoma cells (Ling et al.,1998). Using a temperature sensitive CDK1 


mutant cell line, it was shown that inactivation of CDK1 increases the level of 


apoptosis induced by the topoisomerase II inhibitors mitoxantrane and 


teniposide (Castedo et al., 2002). There are some scientists who argue the 


involvement of Cdc2 in apoptosis. In many cases, in particular when apoptosis 


is induced in G2 or M-phase, the activation of Cdc2 activity could just lead to 


the arrest of cells in the mitotic phase, without the cell being directed to 


undergo apoptosis (Ling et al., 1998). 
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1.4.2. Bcl-2 family of proteins 


Members of the Bcl-2 family of proteins are key regulators of apoptosis 


(Zheng et al., 2005). The family consists of more than 30 proteins, which can 


be subdivided into three subgroups:  


i) Bcl-2-like survival factors which include Bcl-2, Bcl-XL, Bcl-w, Mcl-1, NR-13, 


A1/Bf1-1, Diva/Bcl-2-L-10, Bcl-B, E1B19K (adenovirus), BHFR1 (Epstein Barr 


virus), CED-9 (C.elegans). These proteins are characterised by the presence 


of four Bcl-2 homology domains (BH: BH1: BH2: BH3 and BH4). 


 


ii) Bax-like death factors, which include Bax, Bok/Mtd and Bcl-Xs, which 


contain three homology domains BH1, BH2 and BH3.  


 


iii) BH3-only (BOP) death factors which include Bid, BAD, Noxa, Puma, Bmf, 


BimL/BAD, Bik/Nbk, Blk, Hrk/DP5, Bnip3 and Bnip3L. These proteins induce 


apoptosis by activating pro-apoptotic proteins like Bax or by inhibiting anti-


apoptotic proteins like Bcl-2 (Er et al., 2006; Festjens et al., 2004).  


 


Bcl-2 is identified as a suppressor of apoptosis whereas Bax/Bak-like proteins 


are promoters of apoptosis (Shi et al., 2006). Bcl-2, the founding member of 


the Bcl-2 family of proteins was originally identified at the chromosomal 


breakpoint of t(14; 18) (q32; q21) bearing B-cell lymphomas. As a member of 


this family, Bcl-2 can contribute to neoplastic cell expansion by preventing 


apoptosis. High levels of Bcl-2 gene expression are found in a wide variety of 


human cancers. Bcl-2 has a role to play in chemoresistance as its 


overexpression can inhibit the cytotoxicity activities of drugs by blocking the 


apoptotic pathway. The expression levels of Bcl-2 proteins correlate with 


relative resistance to a wide spectrum of chemotherapeutic drugs and γ-


irridation (Wang et al., 2000).  


 


The first pro-apoptotic homolog, Bax was identified by co-immunoprecipitation 


with Bcl-2 protein. Bax is a pro-apoptotic member of the Bcl-2 family that is 


constitutively present in many cell types that undergo apoptosis in response to 


a variety of stimuli. Bax expression can also be induced by activation of p53 
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upon damage to the genome or interference with the normal progression of 


the cell cycle whether constitutively expressed or induced (Chen et al., 2007). 


It has been considered as one of the most important pro-apoptotic Bcl-2 


members promoting mitochondrial apoptotic pathway (Kuwana et al., 2005). 


 


It has been reported that there is a lower incidence of cancer in the south east 


Asian countries. That may be attributed to their dietary intake that consists 


mainly of green tea, soy, curcumin and garlic. These plants consist of agents 


that can prevent the onset of cancer.  


 


1.5. CHEMOPREVENTION 


Chemoprevention deals with the intervention of one or more steps in the 


process of carcinogenesis, through the administration of naturally occurring or 


synthetic chemical agents (Andriole, 2006; Azuine et al., 2004; Sharma et al., 


2005). Chemoprevention comprises of three types, namely: 


 


i). Primary chemoprevention 


This refers to the use of agents to prevent the initiation of carcinogenesis, to 


inhibit mutation followed by the inhibition of tumour promotion (King and 


Bertram, 2005).  


 


ii). Secondary chemoprevention 


This second stage in the chemoprevention is aimed at using agents to prevent 


a diagnosed benign tumour progressing towards malignancy (Brinkman et al., 


2006; De Flora and Ferguson, 2005). 


 


iii). Tertiary chemoprevention 


It is known that, in patients who have been treated for any particular disease, 


the possibility of a relapse is high. Tertiary chemoprevention is intended to 


prevent reoccurrence of cancer in patients with treated cancer and in those 


who show current signs of the disease (Francis et al., 2006). 
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1.5.1. Dietary compounds as chemopreventive agents 


In a number of experimental systems, a variety of bioactive compounds and 


their derivatives have been shown to inhibit the three phases of 


carcinogenesis, namely initiation, promotion and progression. Plants contain 


abundant quantities of bioactive substances that have consistently been 


shown to be associated with a lower risk of cancers at almost every site 


(Rajeshkumar et al., 2002). These bioactive compounds are phytochemicals 


and are non-nutritive secondary compounds. The word secondary may be 


misleading, suggesting that these metabolites are not that important to the 


plants. However, secondary metabolites are compounds which, whilst not 


essential to the survival of the individual cell nevertheless, fulfil an important 


and even an essential role in the life and survival of the organism as a whole 


(Waltson and Brown, 1999). 


 


According to the endpoints and potential targets, most chemopreventive 


agents can be broadly classified as blocking agents or suppressing agents 


(Chen and Kong, 2004). Blocking agents are inhibitors of tumour initiation, 


while suppressing agents are inhibitors of promotion and progression (De 


Flora and Ferguson, 2005). A large number of nutrients have been proposed 


and studied for cancer chemoprevention, but only a selected few will be 


discussed, namely: 


 


i). Isoprenoids/Terpenoids 


Isoprenoids are a group of compounds that have been suggested to inhibit 


cancer growth and development through inhibition of HMG-CoA reductase 


activity (Duncan et al., 2004). Terpenoids or isoprenoids are characterized by 


their biosynthetic origin from isopentenyl and dimethylallyl pyrophosphates 


and their broadly lipophilic properties. These compounds are aliphatic or 


unsaturated cyclic hydrocarbons, which usually have the general formula 


C10H16. They can be subdivided into two groups, the aliphatic terpenes with 


three double bonds present in the molecule, and their alcoholic and aldehydic 


derivatives, and cyclic terpenes with one to three rings in the molecule. The 


two groups are linked by mutual interconversions (Waltson and Brown, 1999). 
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ii).   Flavonoids 


Flavonoids are the most common and best-defined class of polyphenols in the 


human diet. They alone are believed to comprise a large and diverse group 


(Čipák et al., 2003; Le Marchand, 2002). These plant phenols often provide 


colour to its fruits and vegetables.  All flavonoids consist of a three-ring 


structure with two aromatic centres and a central oxygenated heterocycle. 


They have a variety of biological activities, such as anti-allergic, anti-


inflammatory, anti-oxidative, free radical scavenging and anti-mutagenic 


activities (Čipák et al., 2003). Their potentially anti-carcinogenic effects 


include anti-oxidant activity, induction of phase II enzyme activity, inhibition of 


protein kinases, interactions with type II oestrogen binding sites and inhibition 


of cyclooxygenase activity (Johnson, 2004).  


 


iii).   Isothiocyanates (ITCs) 


These compounds are a family of compounds derived almost exclusively from 


plants, although marine species and fungi have also been reported to produce 


a few ITCs. They are synthesized and stored as glucosinolates (β-


thioglucoside N-hydroxysulfates, GS) in plants and released when damage to 


plant tissue occurs (Zhang, 2004). There is a well-established body of 


evidence to show that isothiocyanates are amongst the most potent 


anticarcinogens known. Numerous animal studies have established that they 


are capable of inhibiting several different organ-specific model carcinogens, 


and of inducing apoptosis in cell culture (Johnson, 2004). 


 


1.6. HYPOTHESIS 


Commelina benghalensis L. contains bioactive compounds that may have 


anti-tumour activities which may be useful in human disease treatment. These 


anti-tumour properties are facilitated by the dysregulation of cell division cycle 


and apoptosis-regulatory genes. 
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1.7. RATIONALE AND AIMS 


Commelina benghalensis L. has been used either as food or as a traditional 


medicine. The extracts from C. benghalensis have a wide range of health 


benefits. In China and Ethiopia, the plant has been used for treating 


diarrhoea. In South Africa, traditional healers use the plant for treating skin 


outgrowths which are believed to be cancerous (K. Mabela, personal 


communication). Preliminary studies using crude extract of this plant showed 


that it possesses anti-neoplastic properties and can induce apoptosis in 


Jurkat-T cells. In this study, semi-purified extract of the C. benghalensis were 


used to determine their possible potential growth inhibitory effects and for any 


consequential dysregulation of the cell division cycle of Jurkat-T cells.  Jurkat-


T cells are an immortalized line of T-lymphocyte cells that are used to study 


acute T-cell leukemia and T-cell signaling. Jurkat-T cells are also useful in 


science because of their ability to produce interleukin-2. Their primary use, 


however, is to determine the mechanism of differential susceptibility of 


cancers to drugs and radiation (Schneider et al., 1977). 


 


In order to have a full understanding of the effects of the extracts of C. 


benghalensis against tumour growth and death, the specific aims and 


objectives of this study were: 


 


i. To determine the growth inhibitory effects of putative bioactive 


compounds using the haemocytometer cell counting and trypan blue 


dye exclusion method. 


ii. To check the specific cell division cycle phase at which these cells are 


arrested after treatment with the semi-purified extracts using flow 


cytometric analysis. 


iii. To check the mode of cell death induced by the extracts, using Hoechst 


staining method. 


iv. To evaluate the expression levels of the cell cycle regulatory genes 


(e.g., cyclin B1, cdc2, p21 and p53) and apoptotic genes (e.g., bax and 


bcl-2) under various treatment conditions, using western blot and RT-


PCR analyses. 
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CHAPTER 2 


MATERIALS AND METHODS 


2.1. Equipment 


 


 Büchi rotary evaporator R-205, (Büchi Labortechnik AG, Switzerland) 


 Beckman Z-1 coulter counter (Beckman-Coulter (Pty), Ltd, RSA) 


 Tissue culture flasks (Greiner Bio-one, Germany),  


 CO2 incubator (NAPCO model, Instrulab cc, RSA) 


 Centrifuges (Models GS-6R and GS-15R, Beckman Instruments Inc.,  


CA, USA) 


 EC 120 mini vertical gel system (E-C apparatus corporation, UK) 


 Easy-cast electrophoresis system (Owl Scientific, Inc., UK) 


 Hybaid Omnigene thermal cycler (Hybaid Limited, UK) 


 Light and Fluorescent microscope (Zeiss, Germany) 


 Microtiter plate reader (Model  550, Bio-Rad Laboratories, CA, USA) 


 Power-pack (Bio-Rad Laboratories, CA, USA) 


 Syngene image analyser (Vacutec, RSA) 


 Hyper cassette (Amersham, UK) 


 Spectronic Geneys 5 spectrophotometer (Milton Roy company, USA) 


 Epics Alba Flow cytometer (Beckman-Coulter, FL, USA) 


 


2.2. Reagents  


 Foetal bovine serum (FBS) (Gibco, New Zealand) 


 PSN-antibiotic cocktail (Penicillin, streptomycin and neomycin mixture) 


(Gibco, New Zealand) 


 Blotting Grade blocker, non-fat dry milk (Bio-Rad Laboratories, CA, 


USA) 


 Trypan blue dye, 3-[cyclohexylamino]-1-propanesulfonic acid (CAPS), 


Ammonium persulphate, N,N,N',N',-tetramethylethylenediamine 


(TEMED), sodium orthovanadate, Tris, aprotinin, diethyl pyrocarbonate 


and Hoechst 33528 staining powder (Sigma Chemicals, MO, USA) 
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 High pure RNA isolation kit (Perkin-Elmer, Roche Diagnostics, 


Germany) 


 GeneAmp RNA PCR core kit (Perkin-Elmer, Roche Molecular Systems, 


Inc., USA) 


 Acrylamide and Bisacrylamide, Nonidet P-40 (Fluka Biochemica, 


Switzerland)  


 2-Mercaptoethanol,Tween-20, KCl [Merck Laboratory Suppliers (Pty) 


Ltd, RSA] 


 3-(Morpholino) propane-sulfonic acid (MOPS)  (Research Organics, 


Inc., OH, USA) 


 BCA protein assay kit (Pierce, IL, USA) 


 Glycerol [NT Laboratory supplies (Pty) Ltd, RSA] 


 Sodium dodecyl sulphate (BDH Laboratory suppliers, England) 


 PCR primer pairs (Invitrogen Life Technologies, UK) 


 EDTA (BDH, RSA) 


 Protease inhibitor cocktail (Perkin-Elmer, Roche Diagnostics, 


Boehringer-Mannheim, Germany) 


 CL-X Posure film (Pierce, IL, USA) 


 Immunobilon-P transfer membrane (Millipore Corporation, MA, USA) 


 Dimethylsulfoxide, n-hexane, acetone, dimethylchloride, ethanol, 


methanol, Na2HPO4, acetic acid, bromophenol blue, coomassie blue, 


Ponceau S and sodium chloride [Saarchem (Pty) Ltd, RSA]. 


 RPMI-1640 media (Gibco, New Zealand) 


 Other materials that were used and not mentioned here were of high 


quality and from reputable suppliers. 


 


2.3. Preparation of plant material and extraction 


Commelina benghalensis L. was collected from the eastern part of the 


Limpopo Province in Bushbuckridge. The leaves were separated from the 


fleshy stems and the collected stems were stored temporarily in cooler bags 


containing dry ice. The stems were transported within 12 hours of harvest and 


stored at -20°C until required. The frozen stems were then minced in liquid 


nitrogen using a blender. The ground stems were extracted for 24 hours with 
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absolute acetone (w/v), filtered through a Whatman no. 3 filter paper, and 


concentrated with a vacuum rotary evaporator (Büchi Labortechnik AG, 


Switzerland) at 40°C under reduced pressure. The residue was dissolved in 


ethanol: water (3:1, v/v) and further fractionated with 40 ml each of n-hexane 


and dichloromethane, with the resultant fractions designated F1 and F2, 


respectively. The fractions were concentrated with a vacuum rotary 


evaporator (Büchi Labortechnik AG, Switzerland) at 40°C under reduced 


pressure. The resultant residue was weighed and resuspended to an 


appropriate concentration in dimethylsulfoxide (DMSO).  


 


2.4. Cell culture and treatment 


Jurkat-T cells were obtained from American Type Culture Collection (ATCC, 


Manassas, VA, USA) and were grown in RPMI-1640 media supplemented 


with 10% foetal bovine serum (FBS) and 1% antibiotic (Penicillin, 


Streptomycin and Neomycin, PSN) cocktail and maintained in an incubator 


with a humidified atmosphere of 95% O2 and 5% CO2 at 37°C. For the 


treatment of experimental cultures, the stock solutions of the fractions were 


diluted with RPMI-1640 medium supplemented with 10% FBS to give final 


concentrations ranging from 0 to 40 µg/ml (F1) and 0 to 90 µg/ml (F2). The 


solutions were filter sterilized through a 0.22 µm pre-sterilized GP express 


plus steritop™ filter (Millipore Corporation, Bedford, MA, USA) before testing. 


Control cells received an equivalent amount of the highest concentration (40 


µg/ml and 90 µg/ml) of the drug vehicle, DMSO. The DMSO concentration in 


all the treated cultures was not more than 0.1%. 


 


2.5. Cell proliferation and viability assays 


Jurkat-T cells were cultured in six (6) well tissue culture plates at a cell 


concentration of 1 x 105 cells/ml. The cells were treated with different 


concentrations of the F1 fraction (0, 10, 32.5 and 40 µg/ml) and F2 fraction (0, 


30, 56 and 90 µg/ml) for 24, 48 and 72 hours at 37°C. Cell proliferation was 


determined by counting live cells on a haemocytometer under the light 


microscope. Cell viability was determined by trypan blue dye exclusion assay. 


Briefly, to an aliquot of cell suspension, 0.4% of an equal volume of trypan 
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blue reagent was added. Numbers of dead and viable cells were counted 


using a haemocytometer under a light microscope (Zeiss, Germany). The 


viability was expressed as percentage (%) survival per 100 cells counted. 


 


2.6. Morphological evaluation of apoptosis  


Cells in the process of apoptosis generally display significant morphological 


changes in the nuclear chromatin, which can be detected by Hoechst 33258 


staining. In this assay, Jurkat-T cells were grown in the 6-well tissue culture 


plate at a cell concentration of 1 x 105 cells/ml and treated with increasing 


concentrations of the F1 and F2 fractions. After 24 hours, the cells were 


collected by centrifugation at 277 x g and washed carefully with 1 x PBS, pH 


7.4, and stained with 20 µg/ml Hoechst 33258 for 15 minutes. The stained 


cells were then observed and documented under a fluorescence microscope 


(Zeiss, Germany). 


 


2.7. Cell synchronization and cell cycle analysis  


Flow cytometric analysis is one of the most useful methods used when 


studying the mechanisms of anti-tumour agents. It shows changes in the 


distribution profiles of the three cell cycle phases (G0/G1, S and G2/M). For cell 


synchronization, Jurkat-T cells (8 x 105 cells/ml) were grown in serum free 


media for 24 hours (this would result in the G0/G1 arrest). The cells were then 


released from the G0/G1 arrest by growing in media containing 10% foetal 


bovine serum (FBS). The exponentially growing and synchronized Jurkat-T 


cells were then treated with various concentrations of F1 (0, 10, 32.5 and 40 


µg/ml) and F2 (0, 30, 56 and 90 µg/ml) fractions for 24, 48 and 72 hours. The 


cells were then collected by centrifugation at 143 x g and fixed with 70% 


ethanol at -20C for several weeks until required. The fixed cells were washed 


twice with 1 x ice-cold PBS (pH 7.4) containing 1% bovine albumin serum 


(BSA). Cell pellets were resuspended in propidium iodide/RNase A solution 


[0.05mg/ml propidium iodide, 40 mM Na+-citrate, pH 7.6, 1 mg/ml RNase A 


(DNase free), 0.1% NP-40] for 30 minutes in the dark at 37C. Cell cycle 


distribution profiles were analysed by using an Epics Alba Flow cytometer 


(Beckman-Coulter, Miami, FL, USA). Data from 10 000 cells per sample were 
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collected and analysed by using the cell Fit Analysis program (Beckman-


Coulter, Miami, FL, USA). 


 


2.8. Reverse transcription polymerase chain reaction (RT-


PCR) analysis  


Expression levels of the cell division cycle regulatory genes (viz., bcl-2, bax, 


p21, cdc2 and cyclin B1) were analyzed by the reverse transcription-


polymerase chain reaction (RT-PCR) technique. Experimental cultures were 


treated with various concentrations of F1 and F2 fractions as before and then 


harvested at 24, 48 and 72 hours. The cells were washed twice with ice-cold 


PBS, pH 7.4. Total RNA was isolated using the high pure RNA isolation kit 


according to the manufacturer’s instructions (Roche). The isolated RNA was 


quantitated by reading the absorbance at 260 nm with an OD of 1 being 


considered equivalent to 40 µg/ml of RNA. The quality of RNA was evaluated 


by determining the A260/A280 ratio. The integrity of RNA was determined by 


running the RNA on a denaturing 1.2% agarose gel containing 37% 


formaldehyde. For first strand synthesis, 1 µg of RNA was reverse transcribed 


into cDNA in a reverse transcription reaction mixture containing 1 x PCR 


buffer, 0.5 mM deoxynucleoside triphosphates (dNTPs), 1 unit of RNase 


inhibitor, 2.5 µM of oligo, d(T)16 primer, and 2.5 units of MuLV reverse 


transcriptase (Perkin-Elmer). After 10 minutes of incubation at room 


temperature to allow primer annealing, the reaction mixture was incubated at 


42°C for 15 minutes, heated to 95°C for 5 minutes, and chilled at 4°C for 5 


minutes in a Hybaid Omnigene thermal cycler (Hybaid Limited, UK). Four 


microlitres (4 µl) of cDNA (reverse transcription products) were used for PCR 


amplification. PCR was performed in a reaction mixture consisting of 1 x PCR 


buffer with 1.5 mM MgSO4 containing a final concentration of 0.2 µM each of 


3′- and 5′-end primers and 1.25 units of AmpliTaq DNA polymerase (Perkin–


Elmer). The PCR reaction mixture was amplified for 34 cycles on a Hybaid 


Omnigene thermal cycler, using an amplification profile of denaturation at 


95°C for 1 minute, annealing at 60°C for 1 minute (for bax, bcl-2 and p53) and 


58°C (for cyclin B1, cdc2, p21 and β-actin) and extension at 72°C for 1 


minute, followed by a final extension cycle at 72°C for 7 minutes. β-Actin was 
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used as an internal standard. PCR products were analyzed on a 1.5% 


agarose gel containing 0.5 µg/ml ethidium bromide, visualized and 


documented under UV light. The gels were photographed using the SynGene 


Image Analyser (Vacutec, RSA). The oligonucleotide sequences of the 


primers were obtained from published sources and synthesised by Invitrogen 


Life Technologies (UK). Table 2.1 depicts the primer sequences of the various 


genes that were analyzed.  


 


Table 2.1. Primer sequences used in PCR Analysis 


 


Bax Sense:        5'-ACCAAAGAAGCTGAGCGAGTGTC-3' 
  Antisense:  5'-ACAAAGATGGTCACGGTCTGCC-3' (Huang et al., 2003) 
    
Bcl-2 Sense:        5'-TGCACCTGACGCCCTTCAC-3' 
  Antisense:  5'-AGACAGCCAGGAGAAATCAAACAG-3' (Huang et al., 2003) 
    
p53 Sense:        5'-AAAACTTACCAAGGCAACTA-3' 
  Antisense:  5'-TGAAATATTCTCCATCGAGT-3' (Huang et al., 2003) 
    
cyclinB1 Sense:        5'-AAGAGCTTTAAACTTTGGTCTGGG-3' 
   Antisense:  5'-CTTTGTAAGTCCTTGATTTACCATG-3' (Choi et al., 2006) 
    
Cdc-2 Sense:        5'-GGGGATTCADGAAATTGATCA-3' 
  Antisense:  5'-TGTCAGAAAGCTACATCTTTC-3' (Choi et al., 2006) 
   
β-Actin Sense:        5'-GCTCGTCGTCGACAACGGCTC-3' 
  Antisense:  5'-CAAACATGATCTGGGTCACTTCTC-3' (Huang et al., 2003) 
    
p21 Sense:        5'-CTCAGAGGAGGCGCCATG-3' 


  
Antisense:  5'-GGGCGGATTAGGGCTTCC-3' (Choi et al., 2006) 
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2.9. Western blot analysis 


After treatment with various concentrations of  F1 (0, 30, 56, 90 µg/ml) and F2 


(0, 10, 32.5, 40 µg/ml) fractions, cells were collected by centrifugation at 


19 283 x g and washed twice in 1 x ice-cold PBS and lysed in 1ml lysis buffer 


[2 mM Tris-HCl, pH 8.0, 1% Nonidet P-40, 13.7 mM NaCl, 10% glycerol, 1 mM 


sodium orthovanadate (Na3VO4) and the protease inhibitors (1 mM 


phenylmethylsulfonyl fluoride(PMSF) and 10 µg/ml aprotinin] for 20 minutes 


on ice. Lysates were centrifuged at 19 283 x g at 4°C for 15 minutes and 


aliquots of the supernatants were used to determine protein concentration 


using bicinchoninic acid assay, BCA (Pierce). Aliquots containing equal 


amounts of proteins (20-30 µg) were then boiled for 3 minutes in a 2 x sodium 


dodecyl sulphate (SDS) sample loading buffer [125 mM Tris-HCl, pH 6.8, 4% 


SDS (w/v), 20% glycerol (v/v), 1 µl 2-mercaptoethanol (v/v)] before being 


resolved on a 12% sodium dodecyl sulphate-polyacrylamide gel (SDS-PAGE). 


The resolved proteins were then electroblotted onto PVDF-transfer membrane 


(Millipore Corporation, Bedford, MA, USA) using a blotting buffer (10% 


methanol, 10 mM CAPS, pH 11.0) at 200 mA for 2 hours at 4°C. Following 


electro-blotting, the membranes were blocked with 0.05% TBS-Tween (20 mM 


Tris-HCl, pH 7.4, 200 mM NaCl) containing 5% non-fat dry milk for 1 hour at 


room temperature.  After blocking, the membranes were washed three times 


for 10 minutes each with a wash buffer (0.05% TBS-Tween without milk) and 


then incubated with specific primary monoclonal/polyclonal antibodies as 


indicated: goat anti-mouse p21 antibody (1:1000), goat anti-mouse p53 


antibody (1:1000), goat anti-mouse Bcl-2 antibody (1:1000), goat anti-mouse 


Bax antibody (1:500), goat anti-mouse Cdc2 antibody (1:1000), goat anti-


mouse cyclin B1 antibody (1:1000) and goat anti-mouse β-actin (1:1000). 


After washing three times with washing buffer for 10 minutes each, 


membranes were further incubated for 1 hour in the presence of a peroxidase-


conjugated goat IgG secondary antibody (1:20 000) diluted with blocking 


buffer. The membranes were washed again as described above and 


immunoreactive proteins were then detected using the western blotting 


luminol reagent (Santa–Cruz Biotechnology Inc., Santa-Cruz, CA, USA) 


following the manufacturer’s protocol. β-actin was used as the internal control. 
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2.10 Statistical analysis 


The results of each series of experiments, where appropriate, are expressed 


as the mean values ± standard error of the mean (SEM). Levels of the 


statistical significance were calculated using the paired student t-test when 


comparing two groups or by analysis of variance (ANOVA) with subsequent 


Tukey-Kramer multiple comparisons test for multiple groups. P values of ≤ 


0.05 were considered statistically significant.  
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CHAPTER 3 


RESULTS 


3.1. Effects of the F1 and F2 fractions on Jurkat-T cell          


proliferation and viability 


 


The proliferation and viability (Section 2.5) of Jurkat-T cells (Section 2.4) 


treated with different concentrations of extract (Section 2.3) shows that F1 and 


F2 fractions inhibited the proliferation of cells in a dose- and time-dependent 


manner (Figures 3.1 and 3.3).  Viability decreased with an increase in the 


concentration of both fractions (Figures 3.2 and 3.4). Results indicated that 


both fractions displayed potent anti-proliferative activity, with the concentration 


of 50% cytotoxicity (IC50) for the F1 treated cells determined at 32.5 µg/ml 


(Figure 3.5) and 56 µg/ml for the F2 treated cells (Figure 3.6). The Monkey 


Vero cells were used as normal cells to determine the cytotoxicity of both 


fractions used. Concentrations of up to 250 µg/ml of either fraction were not 


inhibitory to these cells (data not shown). The observed inhibitory effects in 


the test cells (Jurkat-T cells) might be due to the induction of cell division cycle 


arrest and/or cell death (apoptosis or necrosis). Therefore, it was imperative to 


investigate the ability of both fractions to induce cell division cycle arrest and 


to determine the possible mode of cell death (either apoptotic or necrotic).   
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Figure 3.1. The anti-proliferative effects of F1 fraction on Jurkat-T cells. 


Cells were incubated for 24, 48 and 72 hours in the presence and 


absence of different concentrations of the F1 fraction and the cell number 


was determined using the haemocytometer. The results are the mean ± 


SEM of two independent experiments, each performed in duplicate. 


DMSO was used as a negative control. The final concentration of DMSO 


used in all the treated cells was less than 0.1%. *Statistically significant, 


p≤0.005. ** Statistically significant, p≤0.001. 
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Figure 3.2. The effects of the F1 fraction on the viability of Jurkat-T cells. 


Experimental cells were incubated in the presence and absence of the 


different concentrations of the F1 fraction for 24, 48 and 72 hours. Cell 


viability was determined using the trypan blue dye exclusion method as 


outlined in the materials and methods. The results are the mean ± SEM of 


two independent experiments, each performed in duplicate. 
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Figure 3.3. The anti-proliferative effects of F2 fraction on Jurkat-T cells. Cells 


were incubated for 24, 48 and 72 hours in the presence and absence of 


different concentrations of the F2 fraction and the cell number was determined 


using the haemocytometer. The results are the mean ± SEM of two 


independent experiments, each performed in duplicate. DMSO was used as a 


negative control. The final concentration of DMSO used in all the treated cells 


was less than 0.1%. *Statistically significant, p≤0.05. ** Statistically significant, 


p≤0.005. *** Statistically significant, p≤0.001. 
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Figure 3.4. The effects of the F2 fraction on the viability of Jurkat-T cells. 


The cells were incubated in the presence and absence of the different 


concentrations of the F2 fraction for 24, 48 and 72 hours. Cell viability was 


determined using the trypan blue dye exclusion method as outlined in the 


materials and methods. The results are the mean ± SEM of two 


independent experiments, each performed in duplicate. 
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Figure 3.5. Determination of IC50 value of the F1-treated Jurkat-T cells. 


Cells were incubated for 24, 48 and 72 hours in the presence and 


absence of different concentrations of the F1 fraction. The IC50 was 


determined by way of extrapolation. The results are the mean ± SEM of 


two independent experiments, each performed in duplicate. 
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Figure 3.6. Determination of the IC50 of the F2-treated Jurkat-T cells 


treated. Cells were incubated for 24, 48 and 72 hours in the presence 


and absence of different concentrations of the F2 fraction. The IC50 was 


determined by way of extrapolation. The results are the mean ± SEM of 


two independent experiments, each performed in duplicate. 
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3.2. F1 and F2 fractions induce apoptotic cell death in 
Jurkat-T cells 


 


Jurkat-T cells, analysed using Hoechst 33258 stain (Section 2.6) after 


treatment with various concentrations of F1 and F2 fractions, indicated that 


when cells undergo apoptosis, the nucleus stains bright blue as the chromatin 


is condensed. Nuclei of living cells stain a weak and homogenous blue colour 


due to the even spread and monogranulated chromatin of non-apoptotic cells. 


After treating the cells with both fractions for 24 hours, the blue emission light 


in apoptotic cells was brighter than in the control cells. Condensed chromatin 


could also be observed in a large number of treated cells and some of them 


displayed the presence of apoptotic bodies (Figures 3.7 and 3.8). 
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Figure 3.7. Morphological changes of the nuclei of F1-treated Jurkat-T cells. 


Cells were treated with 0.04% DMSO (A), 10 µg/ml (B), 32.5 µg/ml (C) and 40 


µg/ml (D) of the F1 fraction and stained with Hoechst 33258 stain after 24 


hours. Arrows highlight the presence of apoptotic features such as nuclear 


shrinkage and chromatin condensation. Note the absence of these features in 


the non-apoptotic control cells (A). The experiment was repeated twice to 


ascertain reproducibility. 
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Figure 3.8. Morphological changes of the nuclei of F2-treated Jurkat-T cells. Cells 


were treated with 0.09% DMSO (A), 30 µg/ml (B), 56 µg/ml (C) and 90 µg/ml (D) 


of the F1 fraction and stained with Hoechst 33258 stain after 24 hours. Arrows 


highlight the presence of apoptotic features such as nuclear shrinkage and 


chromatin condensation. Note the absence of these features in the non-apoptotic 


control cells (A). The experiment was repeated twice to ascertain reproducibility. 
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3.3. Effects of the F1 and F2 fractions on the cell division cycle     


progression of Jurkat-T cells 


 


The F1 and F2 fractions were found to decrease cell proliferation (Section 2.5) 


and induced apoptosis (Section 2.6). Effects on the cell cycle distribution 


profiles assessed by flow cytometry (Section 2.7), showed that Jurkat-T cells 


were synchronized at the G0/G1 phase by 24 hours serum deprivation and 


subsequently released from synchronization by growing in a medium 


containing 10% FBS. After 24, 48 and 72 hours of treatment with a dose of 40 


µg/ml of the F1 fraction, there was a gradual increase in the S phase 


population (Table 3.1 and Figure 3.9) from 29.28% at 24 hours to 27.65% at 


48 hours, and to 41.53% at 72 hours. This was accompanied by a decline in 


the number of cells in the G0/G1 phase (from 66.73% at 24 hours to 63.33% at 


48 hours, and to 41.75% at 72 hours) (Table 3.1 and Figure 3.9). 


 


The F2 fraction also arrested the cells at the S phase (Table 3.2 and Figure 


3.10). The results highlight that a dose of 90 µg/ml resulted in an increase in 


the S phase population (Table 3.2), from 29.35% at 24 hours to 29.88% at 48 


hours, and to 47.80% at 72 hours. This is accompanied by a sharp decrease 


of the G0/G1 phase from 62.03% at 24 hours to 58.50% at 48 hours, and to 


44.35% at 72 hours (Table 3.2 and Figure 3.10). These data demonstrate that 


both fractions have the ability to alter the cell division cycle by arresting cells 


in the S phase. 
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Figure 3.9. Inhibition of cell cycle progression in Jurkat-T cells after treatment 


with the F1 fraction. The cells were incubated with or without the F1 fraction 


for 24, 48 and 72 hours. Cells were fixed with 70% ethanol, stained with 


propidium iodide and then the cell cycle distribution was analyzed. The cells 


were released from synchronization prior to treatment with the F1 fraction. A = 


serum starved cells for 24 hours, B = control cells, C = cells treated with F1 


fraction at 10 µg/ml, D = cells treated with F1 fraction at 32.5 µg/ml, E = cells 


treated with F1 fraction at 40 µg/ml. Note the distinct accumulation of cells in 


the S phase. These results are representative profiles of the cell division cycle 


at 72 hours. 
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Cell Cycle Phase 
Time 


(Hours) 0 µg/ml 10 μg/ml 32.5 µg/ml 40 μg/ml 


      


G0/G1 24 65.95%±6.70 63.95%±1.55 68.65%±6.00 66.73%±2.08 


 48 64.50%±3.46 62.25%±0.05 62.00%±0.25 63.33%±0.68 


 72 58.00%±1.31 60.03%±1.63 51.88%±8.43 41.75%±2.03 


      


S 24 28.73%±5.42 31.20%±0.65 28.33%±3.83 29.28%±0.48 


 48 28.28%±4.38 33.58%±2.03 32.30%±3.65 27.65%±2.30 


 72 38.53%±4.58 36.08%±0.43 38.70%±2.35 41.53%±3.08 


      


G2/M 24 7.28%±1.23 7.73%±0.28 7.48%±0.28 5.88%±3.33 


 48 11.00% ±1.18 9.03%±2.98 9.13%±2.98 12.28%±0.83 


 72 9.08%±3.88 6.30%±5.58 13.68%±5.58 4.95%±0.00 


Table 3.1. Cell cycle distribution profiles of Jurkat-T cells treated with different concentrations of the F1                
        fraction. 
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C. 30 μg/ml 


D. 56 μg/ml E. 90 μg/ml 


B. Control A. Synchronized 


Figure 3.10. Inhibition of cell cycle progression in Jurkat-T cells treated with the F2 


fraction. The cells were incubated with or without the F2 fraction for 24, 48 and 72 


hours. Cells were fixed with 70% ethanol, stained with propidium iodide and then 


the cell cycle distribution was analyzed. The cells were released from 


synchronization prior to treatment with the F2 fraction. A = serum starved cells for 


24 hours, B = control cells , C = cells treated with F2 fraction at 30 µg/ml, D = cells 


treated with F2 fraction at 56 µg/ml, E = cells treated with F2 fraction at 90 µg/ml. 


Note the distinct accumulation of cells in the S phase. These results are 


representative profiles of the cell division cycle at 72 hours. 
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Cell Cycle Phase 
Time 
(Hours) 0 µg/ml 30 µg/ml 56 µg/ml 90 µg/ml 


      


G0/G1 24 69.68%±1.18 69.35%±2.10 67.13%±3.88 62.03%±0.93 


 48 61.13%±4.23 61.08%±1.28 51.65%±0.8 58.50%±2.95 


 72 64.83%±11.23 61.30%±3.80 55.30%±0.2 44.35%±7.80 


      


S 24 23.63%±0.93 26.28%±2.28 24.45%±3.45 29.35%±3.25 


 48 29.15%±2.70 29.53%±1.18 37.68%±0.88 29.88%±0.18 


 72 29.23%±5.68 36.90%±7.95 39.45%±5.5 47.80%±0.50 


      


G2/M 24 9.08%±0.63 8.03%±1.68 12.40%±2.05 11.40%±1.80 


 48 12.00%±1.45 11.35%±2.3 12.50%±0.15 13.93%±3.43 


 72 6.65%±0.00 5.50%±0.00 6.65%±0.00 11.85%±5.10 


Table 3.2. Cell cycle distribution profiles of Jurkat-T cells treated with different concentrations of the F2 
       fraction. 
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3.4. RT-PCR and Western blot analyses of the cell division 
cycle and apoptotic regulatory genes in Jurkat-T cells 
treated with the F1 and F2 fractions 


 
Investigation of whether the cell division cycle arrest and whether the F1- and 


F2-induced apoptosis was mediated by the dysregulation of cell division cycle 


regulatory- (cdc2, cyclin B1) and anti-(bcl-2) and pro-apoptotic (bax) genes, 


assessed using RT-PCR (Section 2.8) and western blotting (Section 2.9), 


revealed that treatment of the Jurkat-T cells with the F1 fraction resulted in a 


decrease in the bcl-2 mRNA expression levels in a dose- and time-dependent 


manner, followed by a concomitant increase in the bax mRNA expression 


levels (Figure 3.12). The decrease in the bcl-2 expression was more 


pronounced at 48 and 72 hours after treatment with 32.5 µg/ml and 40 µg/ml, 


whereas the increase in the bax expression was observed at all time points 


tested (24-72 hours) (Figure 3.12).  


 
Western blot analysis of the F1-treated Jurkat-T cells demonstrated a down-


modulation in the expression level of Bcl-2 in the presence of 32.5 µg/ml and 


40 µg/ml after 72 hours of treatment (Figure 3.15). On the other hand, the 


expression levels of the Bax protein were not detectable under the various 


treatment conditions (data not shown). This may be due to the fact that the 


protein might have been subjected to proteasomal degradation under the 


current experimental conditions. 


 
The progression of the cell division cycle is largely controlled by cyclins, the 


regulatory units of cyclin-dependent kinases and cyclin-dependent inhibitory 


kinases. Our results indicate that the expression levels of cyclin B1 mRNA 


were increased by the F1 fraction after 24 and 72 hours at concentrations of 


32.5 µg/ml and 40 µg/ml and at 48 hours at all concentrations. On the other 


hand, the mRNA expression levels of the catalytic partner, cdc2, were 


increased after 48 hours and 72 hours also at concentrations of 32.5 µg/ml 


and 40 µg/ml (Figure 3.12). 
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Figure 3.11. Analysis of the quality of total RNA isolated from Jurkat-T cells 


after treatment with F1 fraction. Lane 1 = control; lane 2 = 10 µg/ml; lane 3 = 


32.5 µg/ml and lane 4 = 40 µg/ml. The yield and purity of the RNA was 


determined as described. Note the positions and the integrity of the 28S and 


18S rRNA species. 
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Figure 3.12. Effects of the F1 fraction on mRNA expression of bax, bcl-2, 


cdc2 and cyclin B1 in Jurkat-T cells.  Lane 1 = control; lane 2 = 10 µg/ml; lane 


3 = 32.5 µg/ml and lane 4 = 40 µg/ml. Total RNA was prepared and RT-PCR 


performed as described in the materials and methods. β-actin was used as 


the internal control. 


cyclin B1 


cdc2 


  1       2       3       4     


28 S 
 
 18 S 


24 hours 48 hours 72 hours 


24 hours 48 hours 72 hours 


bax 


bcl-2 


β-actin 


24 hours 48 hours 72 hours 







 45 


 


     1       2      3       4               1       2       3      4               1       2       3       4   


 


Figure 3.13. Analysis of the quality of total RNA isolated from Jurkat-T cells 


after treatment with F2 fraction. Lane 1 = control; lane 2 = 30 µg/ml; lane 3 = 


56 µg/ml and lane 4 = 90 µg/ml. The yield and purity of the RNA was 


determined as described. Note the positions and the integrity of the 28S and 


18S rRNA species. 
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Figure 3.14. Effects of the F2 fraction on the mRNA expression of bax, bcl-2, cdc2 


and cyclin B1 in Jurkat-T cells.  Lane 1 = control; lane 2 = 30 µg/ml; lane 3 = 56 


µg/ml and lane 4 = 90 µg/ml. Total RNA was prepared and RT-PCR performed as 


described in the materials and methods. β-actin was used as the internal control. 
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The Western blot results of the Cdc2 protein for the F1-treated Jurkat-T cells 


exhibited an up-regulation in its expression levels at 48 hours at 40 µg/ml 


(Figure 3.15). On the other hand, the expression levels of cyclin B1 were not 


detectable under the present experimental conditions (data not shown). p53 


mRNA and its downstream regulator, p21 mRNA, did not display any 


detectable levels possibly due to their unstable nature, and short half-lives 


(data not shown). On the other hand, the Western blot results of the p21 and 


p53 proteins for the F1-treated Jurkat-T cells demonstrated an up-regulation 


in their expression levels at 48 hours (Figure 3.15).  


 


The expression levels of bcl-2 mRNA and bax mRNA in Jurkat-T cells treated 


with the F2 fraction were also investigated. As indicated in Figure 3.14, the 


bcl-2 mRNA expression levels were slightly increased at 24 hours at the 


concentrations of 56 µg/ml and 90 µg/ml and increasingly increased at 48 and 


72 hours. However, Western blot analysis of the Bcl-2 protein gave 


contrasting results to those found for bcl-2 mRNA. The Bcl-2 protein was 


significantly down-modulated at all time points tested (24-72 hours) (Figure 


3.16). The effects of the F2 fraction on the expression of bax mRNA (Figure 


3.14) demonstrated an up-regulation in its expression levels  at 48 hours after 


exposure to 56 µg/ml and 90 µg/ml. At 72 hours, however, there was an up-


regulation in the expression levels of bax mRNA which was more pronounced 


in the control but no bands were detected in the treated tests (Figure 3.14).  


Western blot analysis for the Bax protein did not produce any detectable 


results (data not shown). The reason for this might be that the protein may 


have been subjected to proteasome-mediated degradation under the current 


experimental conditions. 


 


The levels of cyclin B1 and Cdc2 were first monitored by RT-PCR analysis 


and the results were further confirmed by Western blot analysis. As shown in 


Figure 3.14, treatment of the Jurkat-T cells with different concentrations of the 


F2 fraction resulted in an increase in the expression levels of cyclin B1 mRNA 


at 24 and 72 hours. The cdc2 mRNA expression levels were only up-regulated 


at 72 hours (Figure 3.14). The Cdc2 protein was significantly up-regulated at 


all time points tested (24-72 hours) (Figure 3.15). Numerous studies have 
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indicated that an up-regulation in the expression of the Cdc2 protein suggests 


its involvement in apoptosis (Figure 3.16). Western blot analysis for the 


expression of cyclin B1 did not give any detectable levels (data not shown). 


The reason may be due to the short half-life of cyclin B1, making it difficult to 


be detected under the current experimental conditions used. p53 mRNA and 


its downstream regulator, p21 mRNA, did not display any detectable levels 


possibly due to their unstable nature, and short half-lives (data not shown). 


However, the Western blot results for the F2-treated Jurkat-T cells revealed 


an up-regulation in the expression levels of the p21 protein in a time- and 


dose-dependent fashion (Figure 3.16). The p53 protein did not display any 


detectable levels (data not shown), probably because it was subjected to 


proteasome-mediated degradation.  
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Figure 3.15. Effects of the F1 fraction on the expression levels of p53, p21, 


Bcl-2 and Cdc2 in Jurkat-T cells. Lane 1 = control; lane 2 = 10 µg/ml; lane 3 = 


32.5 µg/ml; lane 4 = 40 µg/ml of F1 extract. Total cellular proteins were 


prepared and western blot performed as described in the materials and 


methods. Note the kinetics of p21 up-regulation which coincided with the up-


regulation of p53. β-actin was used as the internal control. 
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Figure 3.16. Effects of the F2 fraction on the expression levels of Cdc2, p21 


and Bcl-2 in Jurkat-T cells. Lane 1 = control; lane 2 = 30 µg/ml; lane 3 = 56 


µg/ml and lane 4 = 90 µg/ml. Total cellular proteins were prepared and 


western blot performed as described in the materials and methods. β-actin 


was used as the internal control. 
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CHAPTER 4 


 
DISCUSSION 
 


Developing novel cancer chemotherapeutic agents that have a well-defined 


mechanism of action is still an emerging field of oncology. Plants are being 


thoroughly investigated as a source of novel molecules that can limit cancer 


growth (Mathur et al., 2006).  In South Africa, Commelina benghalensis is 


used traditionally in the treatment of cancerous skin outgrowths (K. Mabela, 


personal communication) and in some countries like China it is used in the 


treatment of diarrhoea (http://botanical.com/site/column_poudhia/articles/_ 


11840.html). Previous studies from our laboratory showed that the crude 


extract of this plant possesses anti-proliferative effects and also induces 


apoptosis in Jurkat-T cells. For the purpose of this study, we investigated the 


effects of the semi-purified fractions (F1 and F2) derived from C. 


benghalensis. These fractions were demonstrated to inhibit the cell growth 


and viability of Jurkat-T cells in a dose- and time-dependent fashion. The 


fractions were also shown to arrest Jurkat-T cells at the G1/S phase, thus 


leading to apoptosis. 


 


The results showed that the F1 and F2 fractions exhibited remarkable growth 


inhibitory effects against Jurkat-T cells (Figures 3.1-3.4).  The F1 fraction was 


found to be more potent than the F2 fraction, with the IC50 values of 32.5 


µg/ml for F1 fraction and 56 µg/ml for F2 fraction (Figures 3.5 and 3.6) . The 


strong growth inhibitory activity of both fractions prompted us to determine 


their possible molecular mechanism(s) of action. Since Jurkat-T cells are 


irreversibly immortalised, they have a way of evading apoptosis. Hence, the 


main aim of any putative and novel bioactive compounds isolated from 


medicinal plants, C. benghalensis in particular, would be to trigger apoptosis 


in these neoplastic cells, while at the same time, inhibiting their proliferation.   


 


Apoptosis is an important desired response to most chemotherapeutic agents 


in neoplastic cells and, therefore, this process is vital and can thus be 
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exploited in cancer treatment. Apoptosis, which is a controlled form of death, 


involves the rapid engulfment of apoptotic cells from the system avoiding 


possible cell lyses. In contrast to necrosis which involves cell lyses thus 


leading to an uncontrollable inflammatory, life threatening cell death (Jacotot 


et al., 2006). The classical morphological hallmark features of apoptosis 


indicative of an apoptotic process are i.e. chromatin condensation, nuclear 


shrinkage and formation of apoptotic bodies (Chulu et al., 2007), were seen in 


Jurkat-T cells treated with different concentrations of the F1 and F2 fractions 


(Figures 3.7 and 3.8).  


 


Apoptosis often emanates as a result of dysregulation of cell division cycle. 


p53, in particular, is an important regulator of the cell division cycle and thus 


plays an important role in the induction of apoptosis and cell cycle arrest in 


human cells following any form of insult. Furthermore, p53 has been found to 


be the mostly mutated tumour suppressor gene in over 50% of different forms 


of cancer (Jo et al., 2005; Koroxenidou et al., 2005). Under normal 


circumstances in the cell, p53 exists in lower levels. However, when there is 


an induction of stress such as hypoxia, p53 accumulates within the cell. In 


response to the inflicted stress, the tumour suppressor gene activates signals 


from various pathways. Still under these stressful conditions, p53 has been 


shown to initiate various cellular responses that may lead to cell cycle arrest, 


differentiation or apoptosis (Maddika et al., 2007). 


 


The choice of whether the cell will undergo apoptosis or to be arrested 


depends on the amount of stimuli received. Low levels of stress cause levels 


of p53 that induce growth arrest genes whereas higher levels of p53 provoke 


apoptosis (Maddika et al., 2007). p53 functions primarily as a transcription 


factor which exerts its downstream function by activating or repressing a large 


number of its downstream genes (Shu et al., 2007). p21Waf1/Cip1 is one such   


downstream gene and acts as a mediator of growth arrest by signalling p53 


(Wang et al., 1999).  When there is damage to the cell, p21Waf1/Cip1 enters into 


the nucleus during S phase and forms a quaternary complex with cyclin A (or 


B, D or E), CDK2, CDK1 or CDK4 and proliferating cell nuclear antigen 


(PCNA).  All these events then lead to the arrest of cells in the G1/S phase. 
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The G1/S checkpoint delays entry of cells into the S phase, thus allowing time 


for DNA repair and to prevent replication of damaged DNA and the 


dissemination of genetic abnormalities (Bode and Dong, 2007). If the DNA 


repair is unsuccessful, p53 triggers apoptosis. In accordance with these 


reports, the F1-treated Jurkat-T cells demonstrated increased levels of 


p21Waf1/Cip1 and p53 (Figure 3.15) and a concomitant arrest of the cell division 


cycle in the G1/S phase (Figure 3.9; Table 3.1).  This information means that 


the induction of p21Waf1/Cip1 is p53-dependent and p21Waf1/Cip1 plays a role in 


F1-induced G1/S arrest in treated Jurkat-T cells. 


 


The Western blot analysis of p53 in the F2-treated Jurkat-T cells did not 


demonstrate any detectable levels (data not shown). p53 has a short half-life 


due to the intricate regulations that it has to undergo including reversible 


cycles of post-translational modification such as phosphorylation, acetylation 


and ubiquitination (Lee et al., 2006). Under normal conditions, the p53 tumour 


suppressor protein is rapidly degraded by the 26S proteasome in a process 


mediated by the Mdm2 protein and Jun kinase (Chang et al.,1998). Since our 


study did not demonstrate any detectable levels of p53 at all time points 


tested, we speculate that the protein could have undergone proteasomal 


degradation. However, despite the fact that p53 levels were not detected 


under the experimental conditions, p21Waf1/Cip1 protein levels were highly up-


regulated and the cells were arrested in the G1/S phase and eventually 


underwent apoptosis (Figures 3.10 and 3.16; Table 3.2).  p21Waf1/Cip1, in 


addition to arresting cells in the G1/S phase can induce apoptosis of these 


cells. The induction of apoptosis by p21Waf1/Cip1 is not extensive as compared 


to that induced by p53 but yet it still was effective (Figure 3.16). These results 


suggested that p21Waf1/Cip1 induces apoptosis in a p53-independent manner for 


the F2-treated Jurkat-T cells. This also suggests that the up-regulation of 


p21Waf1/Cip1 may result in a F2-induced G1/S phase block and growth inhibition 


in Jurkat-T-cells.    


 


We also observed, through RT-PCR analysis, that the p21 mRNA and p53 


mRNA for both the F1- and F2-treated Jurkat-T cells did not show any 


detectable levels (data not shown). mRNA degradation is a tightly regulated 
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process dependent on specific cis- and trans-acting factor interactions (Cho et 


al., 2006). Many mRNAs subjected to message turnover bear AU-rich 


elements (AREs) in their 3'-untranslated regions (3' UTRs), which often 


contain the pentamer AUUUA (Wang et al., 2000). The non-detection of p21 


and p53 mRNAs under the current experimental conditions could mean that 


the time points used (24, 48 and 72 hours) were not appropriate for the 


detection of the expression of p21 and p53 genes. In view of these 


observations, another experiment was done using different sampling time 


points (6, 12, 24, and 48 hours), but despite these adjustments, we could still 


not detect any expression levels of p21 and p53 mRNAs. These results then 


lead to the conclusion that the mRNA transcripts for both genes were possibly 


degraded under the experimental conditions.  


 


Since our results demonstrated an up-regulation in the protein expression 


levels of p21Waf1/CIP1 which lead to the arrest of cells in the G1/S phase, it was 


only proper to check its effects on the cell cycle regulatory proteins operative 


within the G1/S phase, including cyclin B1 and Cdc2. The products of cell 


division cycle regulatory genes are critical determinants of the progression of 


cancer. Their dysregulation can have an adverse effect on the normal cycling 


of cells (Collins et al., 1997). RT-PCR analysis of the F1-treated Jurkat-T cells 


revealed an up-regulation in the expression levels of cyclin B1 mRNA at 24 


and 72 hours and an up-regulation of its catalytic partner, cdc2 mRNA, after 


48 hours at concentrations of 56 and 90 µg/ml (Figure 3.12). The Western blot 


analysis of the F1-treated Jurkat-T cells revealed an up-regulation in the 


expression levels of the Cdc2 protein after 48 hours at dosages of 56 and 90 


µg/ml (Figure 3.15). RT-PCR analysis of the F2-treated Jurkat-T cells resulted 


in an up-regulation in the expression levels of cyclin B1 mRNA at 24 and 72 


hours, whereas the expression levels of its catalytic partner, cdc2, were up-


regulated after 72 hours (Figure 3.14). Contrary to the RT-PCR data of cdc2 


mRNA, the Cdc2 protein was up-regulated at all time points tested (24, 48 and 


72 hours) (Figure 3.16). Indeed, an up-regulation in the expression levels of 


the Cdc2 protein seems to be a common feature among apoptosis induced by 


any form of stimuli without any effect on the cell division cycle progression 


(Wang et al., 2003). This information, therefore, suggests that the up-
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regulation in the expression levels of Cdc2 protein after treatment with the F1 


and F2 fractions could have possibly lead to the induction of apoptosis 


independent of the G1/S phase arrest. 


  


Western blot analysis of cyclin B1 of the F1- and F2-treated cells did not show 


any detectable levels (data not shown). The cyclin B1 protein might have been 


subjected to proteasomal degradation. This is so because intracellular protein 


degradation plays an essential role in many physiological processes by 


removing either damaged polypeptides or proteins that harbour destruction 


tags. In eukaryotic cells, degradation of cytosolic and nuclear proteins is 


mainly mediated by the 26S proteasome, a large protein machine composed 


of two different complexes (Mogk et al., 2007).  


 


When there is damage to the cells, there is a choice of either arresting them in 


the G2/M or G1/S phase to allow time for DNA repair. However, if the damage 


is too extensive, the cells are directed to undergo death by apoptosis. The key 


biochemical events involved in the induction of apoptosis are the up-regulation 


of pro-apoptotic proteins and/or down-regulation of anti-apoptotic proteins. 


Therefore, the ratio of pro-apoptotic to anti-apoptotic proteins of the Bcl-2 


family is an important determinant of a cell’s bias to undergo apoptosis. The 


Bcl-2 family of proteins either promote cell survival (e.g., Bcl-2) or induce 


apoptosis (e.g., Bax). Increased levels of Bax and concomitant decreased 


levels of Bcl-2 may permeabilize the mitochondria to release pro-apoptotic 


factors, such as cytochrome c, which is upstream of caspase-3 activation 


(Yoon et al., 2007).  


 


Accordingly, we observed decreased expression levels of bcl-2 mRNA and 


increased levels of bax mRNA in the F1-treated Jurkat-T cells in a time- and 


dose-dependent manner (Figure 3.12). On the other hand, there was a down-


modulation of the Bcl-2 protein after treatment with the F2 fraction, which was 


observed after 72 hours at dosages of 32.5 and 40 µg/ml (Figure 3.15).  


Furthermore, treatment of cells with the F2 fraction resulted in an up-


regulation in the expression levels of bax mRNA at 48 hours and bcl-2 mRNA 


after 24 hours, both at dosages of 56 and 90 µg/ml (Figure 3.14). Since 
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biological processes are normally driven by proteins, immunoblot analysis was 


done in order to confirm the RT-PCR results. The Western blot results for the 


F2-treated Jurkat-T cells did not corroborate the observation made with the 


RT-PCR data. There was a time- and dose-dependent decrease in the 


expression levels of Bcl-2 protein in the F2-treated cells (Figure 3.16). Several 


explanations for the discrepancy between RT-PCR and Western blot data can 


be suggested. This discrepancy could be a consequence of differences in 


post-translational regulation, as well as differences in mRNA and protein 


turnover (Fu et al., 2007).  


 


Western blot analysis of the Bax protein, both for the F1- and F2-treated cells, 


did not show any detectable levels (data not shown). It has also been shown 


that certain apoptosis-promoting proteins such as Bax are subjected to 


proteasome-mediated degradation (Chen et al., 2000). It also has been 


discovered that Bax, as compared to Bcl-2, is a direct target protein of the 


ubiquitin/proteasome pathway (Li and Dou, 2000). p53 induces apoptosis 


through the induction of Bax. Thus, the ubiquitin-proteasome may negatively 


regulate p53-dependent apoptosis by degrading the p53 downstream target, 


the Bax protein (Chang et al., 1998).   


  


The time points that were used for the Western blot technique (24, 48 and 72 


hours) seemed to have been inappropriate for the detection of Bax protein in 


the F1- and F2-treated Jurkat-T cells. The probability was that their messages 


were translated within 24 hours and, therefore, could not be detected 


afterwards. As a result another experiment with earlier sampling time points 


(6, 12, 24 and 48 hours) was used and we could still not detect any 


expression levels. Therefore, we speculate that the proteins could have 


undergone ubiquitin proteasomal degradation. Despite these observations, 


the cells did undergo apoptosis as evidenced by the down-regulation of the 


anti-apoptotic protein Bcl-2 (Figure 3.15 and 3.16). All this information could 


mean that Jurkat-T cells, under the conditions of F1 and F2 treatment, 


undergo apoptosis independent of the Bax protein.  It also shows that p53 


repressed the expression of Bcl-2 in the F1-treated Jurkat-T cells and thereby 


contributing to apoptosis by blocking survival signals mediated by Bcl-2. It 
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also suggested that the down-modulation of Bcl-2 in F2-treated Jurkat-T cells 


might be another molecular mechanism through which F2 induces apoptosis. 


 


Our observations suggest that the F1 fraction inflicted an insult to the Jurkat-T 


cells, thus leading to the activation of the tumour suppressor protein, p53. p53 


then up-regulated the expression levels of p21Waf1/Cip1 , leading to the arrest of 


cells in the G1/S phase. The resultant G1/S phase arrest meant that the cells 


were given enough time for DNA repair. Since the damage was irreparable, 


p53 promoted apoptosis by down-regulating the expression levels of Bcl-2 


and the damaged Jurkat-T cells were eliminated. In the case of the F2-treated 


Jurkat-T cells, we suggest that p21waf1/Cip1 played a dual role of arresting and 


inducing apoptosis in the Jurkat-T cells. The F2-treated Jurkat-T cells were 


also arrested in the G1/S phase and consequently underwent apoptosis 


through the down-modulation of the expression levels of Bcl-2 protein. 


 


In conclusion, the F1 fraction inhibited cell proliferation through up-regulation 


of p53, p21Waf1/Cip1 and Cdc2. The F2 fraction inhibited cell proliferation via up-


regulation of p21Waf1/Cip1 and Cdc2. Both fractions induced apoptosis through 


down-regulation of Bcl-2 in Jurkat-T cells. Thus, F1 and F2 fractions of C. 


benghalensis have anti-tumour effects which are mediated through G1/S 


arrest and consequent apoptosis of Jurkat-T cells. Furthermore, these results 


suggest that C. benghalensis has a potential to be developed as a therapeutic 


agent against cancer. Although the study presented preliminary data, the 


results somewhat validates the ethnopharmacological usage of this plant in 


the treatment of malignant phenotypes. However, further studies still need to 


be done in order to elucidate the actual mechanism(s) that is(are) associated 


with the observed cell death events and to identify the exact molecular 


structures of the bioactive compounds endemic to the F1 and F2 fractions. 
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ABSTRACT 


 


Many naturally occurring plant-derived compounds have been shown to 


possess anticancer chemopreventive and chemotherapeutic potential, and yet 


no effective drugs are currently available to treat most cancers. The present 


study investigated the use of an indigenous medicinal plant, Commelina 


benghalensis L., the fleshy stems of which are traditionally used for their anti-


tumour properties, a claim not yet scientifically validated. Acetone extract of 


the ground stems was further sub-fractionated using n-hexane (F1) and 


dichloromethane (F2) and tested for anti-proliferative activity, effects on cell 


division cycle by evaluating expression of apoptosis– and cell cycle-regulatory 


gene induction in Jurkat-T cells. The study demonstrates that both F1 and F2 


fractions inhibited the proliferation and viability of Jurkat-T cells in a dose- and 


time-dependent fashion. IC50 values for the F1 and F2 fractions were 


determined to be 32.5 µg/ml and 56 µg/ml, respectively. The induction of 


apoptosis was verified using the Hoechst staining method. Flow cytometric 


analysis showed that both F1 and F2 fractions induced a G1/S phase arrest. 


This observation strongly implies that both fractions are cytotoxic to Jurkat-T 


cells and disrupt the cell cycle, culminating in apoptosis.   


 


Furthermore, the level of the cell cycle- (p21, p53, cyclin B1 and cdc2) and 


apoptosis-associated (bcl-2, bax, p53, and p21) gene expression was 


evaluated by immunoblot and reverse transcription polymerase chain reaction 


(RT-PCR) analyses. The RT-PCR data established that the F1 fraction up-


regulated the expression levels of bax, cyclin B1 and cdc2 genes in a 


concentration-dependent manner. The bcl-2 mRNA levels of bcl-2 were found 


to be inversely proportional to the bax mRNA levels under similar conditions, a 


feature of cells undergoing apoptosis. The Western blot results of the F1 


fraction-treated Jurkat-T cells indicated an up-regulation in Cdc2 and p53 


expression and p53’s downstream regulator, p21. Interestingly, pro-apoptotic 


Bax was not detected under the same experimental conditions. A down-


regulation in the expression of anti-apoptotic, Bcl-2, was observed, however. 


The p21 and p53 genes were also not detected under the same experimental 







 xii 


conditions. The conclusion is that Bax, p21- and p53- mRNA transcripts were 


possibly degraded under the experimental conditions. 


 


RT-PCR analyses indicated that treatment of the Jurkat-T cells with the F2 


fraction resulted in an increase in mRNA levels of bax, bcl-2, cyclin B1 and 


cdc2. On the other hand, Western blot analyses revealed an up-regulation in 


expression of Cdc2, Bcl-2, cyclin B1 and p21. However, there were no 


demonstrable expression levels of the p53, p21- or p53- mRNA under similar 


experimental conditions. The non-detection of p53, p21- and p53- mRNA 


leads to the conclusion that the protein and the mRNA transcripts were 


possibly degraded under the experimental conditions used. 


 


The findings of the current studies support the possible ethnopharmacological 


application of C. benghalensis in the treatment of malignant tumours. The 


plant could thus provide a valuable source for the development of novel and 


effective anti-neoplastic drug regimens. Follow up-investigations are currently 


under way to further delineate the molecular mechanism(s) that is (are) 


associated with the observed cell death and to isolate, characterize and 


identify the bio-active ingredients in the F1 and F2 fractions. 


 


 


 


 


 


 


 


 


 





