
 

The effect of nicotine and prostaglandin A2 on the lung cancer cell 

line NCI-H157 
 

 

 

 

by 

 

 

 

 

CHONTRELLE WILLEMSE 
 

 

 

 

Submitted in partial fulfillment for the degree 

Philosophiae Doctor 

Department of Medical Biosciences 

University of the Western Cape 

Bellville 

 

 

 

 

Supervisors: Prof. G. S. Maritz 

           Prof. M. de Kock 

 

 

 

 

 2008 



 

 

 

 

 

DECLARATION 

 

 

I, the undersigned, declare that The effect of nicotine and prostaglandin A2 on the 

lung cancer cell line NCI-H157 is my own work and has not previously in its 

entirety, or in part, been submitted at any university. All the sources that I have used 

or quoted have been indicated and acknowledged by means of complete references. 

 

 

 

 

 

 

_____________________     _________________ 

C. Willemse       Date 

  

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

DEDICATION 

 

 

This thesis is dedicated to my mother Jean and father Bernard. 

 

 

 

 

 

 

 

 

 

 

 



ACKNOWLEDGEMENTS 

 
This study was performed in the Department of Medical Biosciences at the 
University of the Western Cape and was funded by the National Research 
Foundation. 
 

To my Creator, thank you for giving me strength, guidance and wisdom. 

 

I wish to express my sincere gratitude to my supervisors, Prof. G. S. Maritz and Prof. 
M. de Kock for their valued editorial comments, guidance, support and much 
admired patience. Most of all for being my inspiration during difficult times. 
 

Thank you to Dr D. Fisher, Departmental chair of Medical Biosciences and the Dean 
of the Faculty of Natural Sciences, Prof. J. van Bever Donker who provided me the 
time to complete my thesis. 
 

A special thank you to: 
Prof. G. van der Horst, Department of Medical Biosciences, the University of the 
Western Cape, for his assistance with light microscopy. 
Dr C. Muller, Department of Anatomy, Medical School of the University of 
Stellenbosch for your expertise in flow cytometric analysis.  
Mrs L. van der Merwe, Department of Human Biology at the University of Cape 
Town, for assisting with the fluorescence microscope. 
Prof. B. C. Fielding, Department of Medical Biosciences, the University of the 
Western Cape, for your expertise in western blot analysis. 
Prof. Tan Yee Joo and Ms Choi Yook Wah, The Institute of Molecular and Cell 
Biology, Singapore for their expertise in western blot analysis. 
Friends and staff in the Department of Medical Biosciences at the University of the 
Western Cape for their support and encouragement. 
 

The foundation of my life, my husband Aubrey, my parents Jean and Bernard, thank 
you for your support, encouragement and being my pillar of strength during this 
study. 
 

Many thanks to my aunt, Blanche, my sister Berenice and brother in law Davin for 
your support and encouragement. 



 i

TABLE OF CONTENTS 

 

Table of contents        i  

Abstract         viii 

List of Abbreviations        x 

List of Figures         xvii 

List of Tables         xxix 

CHAPTER I: Literature Review      1 

1.1  Introduction       1 

1.2  The cell cycle       3 

1.2.1  The cell cycle control      5 

1.2.1.1  The cyclin dependent kinases (Cdks)    7 

1.2.1.2  The cyclins       8 

1.2.1.3  Cyclin dependent kinase inhibitor (CKI) proteins  9 

1.2.1.4  The regulation of the cyclin-Cdk complexes   10 

1.2.2  The regulation of the cell cycle    13 

1.2.2.1  G1 phase       13 

1.2.2.1.1 DNA damage response pathways of G1 phase  16 

1.2.2.1.2 The p53-p21 pathway      16 

1.2.2.1.3 The Cdc25A pathway      19 

1.2.2.2  S phase       20 

1.2.2.2.1 DNA replication      21 

1.2.2.2.2 S phase DNA damage checkpoints    23 

1.2.2.2.3 The intra-S phase checkpoint     23 

1.2.2.2.4 The DNA replication (S/M) checkpoint   24 

1.2.2.3  G2/M transition phase      26 

1.2.2.3.1 G2 (G2/M) checkpoint      28 

1.2.2.4  Progression into and out of mitosis    30 

1.2.2.4.1 The spindle assembly checkpoint    36 

1.3  Tubulin       41 

1.3.1  Tubulin and cancer      45 

1.4  The nucleolus with reference to cancer   47 

1.5  Apoptosis       49 



 ii

1.5.1  Morphological features of apoptosis with reference 

to necrosis       51 

1.5.2  Biochemical features associated with apoptosis  54 

1.5.2.1  Pathways that activate caspase    58 

1.5.2.2  The extrinsic or receptor mediated pathways   59 

1.5.2.3  The intrinsic or mitochondria mediated pathway  60 

1.5.2.4  The role of Bcl-2 within the intrinsic or mitochondria  

mediated pathway      62 

1.5.3  Apoptosis and treatment of cancer    65 

1.6  An overview on lung cancer     66 

1.6.1  The etiology of lung cancer: With reference to tobacco 

  smoke and nicotine      69 

1.7  Nicotine       70 

1.7.1  Nicotine as a tobacco product     70 

1.7.2  Pharmacokinetics of nicotine     71 

1.7.2.1  Absorption of nicotine     71 

1.7.2.2  Distribution of nicotine     73 

1.7.2.3  Metabolism and elimination of nicotine   74 

1.7.3  Biological effects of nicotine     77 

1.7.4  The role of nicotine replacement therapy   87 

1.8  Essential fatty acids       89 

1.8.1  Metabolism of essential fatty acids    90 

1.8.2  The source of essential fatty acids in food   91 

1.8.3  Functions of essential fatty acids     92 

1.9  Prostaglandins       92 

1.9.1  The functions of prostaglandins    93 

1.9.2  Prostaglandin and cancer: With reference to PGA2  95 

1.10  Chemoprevention      97 

1.10.1  Chemoprevention: With reference to lung cancer  100 

1.11  Motivation       102 

CHAPTER II: Materials and Methods     104 

2.1  Chemicals and products     104 

2.1.1  Amersham Pharmacia Biotech, UK supplied   104  

2.1.2  Biorad, UK supplied      104 



 iii

2.1.3  Fluka, Germany supplied     104 

2.1.4  Gibco BRL, Scotland supplied    104 

2.1.5  Greiner, Germany supplied     104 

2.1.6  Merck, Germany supplied     104 

2.1.7  PharMingen, USA supplied     105 

2.1.8  Roche, Germany supplied     105 

2.1.9  Sigma, Germany supplied     105 

2.2  Cell line       105 

2.3  Culture medium      106 

2.4  Cell maintenance      106 

2.5  Supplements       106 

2.5.1  Nicotine       106 

2.5.2  Prostaglandin A2 (PGA2)     106 

2.5.3  Supplement combinations and exposure times  107 

2.6  Staurosporine       107 

2.7  Proliferation studies      107 

2.7.1  Cell synchronization      107 

2.7.2  Mitotic cell count      108 

2.7.3  Crystal violet staining (CV)     109 

2.7.4  Apoptotic count      110 

2.8  Morphological studies      110 

2.8.1  Haematoxylin and eosin stain     110 

2.8.2  Silver staining for NOR activity    110 

2.8.3  Indirect immunofluorescence     111 

2.8.3.1  α-Tubulin       112 

2.8.3.2  Viability staining      113 

2.9  Flow cytometry      114 

2.9.1  Determination of the DNA content for cell cycle  

progression       114 

2.9.2  Annexin V       115 

2.9.3  Determination of caspase-3 active form   116 

2.10  Western blotting (immunoblots)    116 

2.10.1  Protein determination      116 

2.10.2  Sample preparation      117 



 iv

2.10.3  Separation of proteins by gel electrophoresis   117 

2.10.4  Transfer of proteins from SDS-polyacrylamide gel to 

  a polyvinyl difluoride membrane    118 

2.10.5  Immunoblotting and ECL detection    119 

2.11  Statistical analysis      121 

CHAPTER III: Results       122 

3.1  Proliferation studies      123 

3.1.1  The determination of the cell cycle length of the  

  NCI-H157 cell line      123 

3.1.2  Mitotic cell count       124 

3.1.2.1  Nicotine       124 

3.1.2.1  A: The effect of different concentrations of nicotine on  

the mitotic cell count      124 

3.1.2.1  B: The effect of time of exposure to nicotine on the … 125 

3.1.2.2  PGA2        125 

3.1.2.2  A: The effect of different concentrations of PGA2 on the  

  mitotic cell count       125 

3.1.2.2  B: The effect of time of exposure to PGA2 on the …  126 

3.1.2.3  The combination of 5 µg/ml PGA2 and nicotine  127 

3.1.2.3  A: The effect of different combinations of 5 µg/ml PGA2  

and nicotine on the mitotic cell count    127 

3.1.2.3  B: The effect of time of exposure to combinations  

of 5 µg/ml PGA2 and nicotine on the …   127 

3.1.2.4  The combination of 10 µg/ml PGA2 and nicotine  128 

3.1.2.4  A: The effect of different combinations of 10 µg/ml  

PGA2 and nicotine on the mitotic cell count   128 

3.1.2.4  B: The effect of time of exposure to combinations  

of 10 µg/ml PGA2 and nicotine on the…   130  

3.1.2.5  The combination of 20 µg/ml PGA2 and nicotine  130 

3.1.2.5  A: The effect of different combinations of 20 µg/ml  

PGA2 and nicotine on the mitotic cell count   130 

3.1.2.5  B: The effect of time of exposure to combinations  

of 20 µg/ml PGA2 and nicotine on the …   131 

3.1.3  Crystal violet (CV) the verification to the quantification 



 v

  of the mitotic cell count by means of colorimetry  132 

3.1.3.1  Nicotine       132 

3.1.3.2  PGA2        133 

3.1.3.3  The combination of 5 µg/ml PGA2 and nicotine  134 

3.1.3.4  The combination of 10 µg/ml PGA2 and nicotine  135 

3.1.3.5  The combination of 20 µg/ml PGA2 and nicotine  137 

3.1.4  Apoptotic cell count      138 

3.1.4.1  Nicotine       138 

3.1.4.2  PGA2        139 

3.1.4.3  The combination of 5 µg/ml PGA2 and nicotine  141 

3.1.4.4  The combination of 10 µg/ml PGA2 and nicotine  143 

3.1.4.5  The combination of 20 µg/ml PGA2 and nicotine  144 

3.2  Morphological studies     147 

3.2.1  Haematoxylin and eosin stain     147 

3.2.1.1  Staurosporine       148 

3.2.1.2  Nicotine       149 

3.2.1.3  PGA2        150 

3.2.1.4  The combination of 5 µg/ml PGA2 and nicotine…  152 

3.2.1.5  The combination of 10 µg/ml PGA2 and nicotine…  153 

3.2.1.6  The combination of 20 µg/ml PGA2 and nicotine…  155 

3.2.2  Silver staining for NOR activity    157 

3.2.2.1  Staurosporine       158 

3.2.2.2  Nicotine       159 

3.2.2.3  PGA2        160 

3.2.2.4  The combination of 5 µg/ml PGA2 and nicotine  162 

3.2.2.5  The combination of 10 µg/ml PGA2 and nicotine  163 

3.2.2.6  The combination of 20 µg/ml PGA2 and nicotine  165 

3.2.3  Indirect immunofluorescence – α -Tubulin   167 

3.2.3.1  Staurosporine       168 

3.2.3.2  Nicotine       169 

3.2.3.3  PGA2        170 

3.2.3.4  The combination of 5 µg/ml PGA2 and nicotine…  172 

3.2.3.5  The combination of 10 µg/ml PGA2 and nicotine…  173 

3.2.3.6  The combination of 20 µg/ml PGA2 and nicotine…  175 



 vi

3.2.4  Viability staining with Hoechst 33342   177 

3.2.4.1  Staurosporine       178 

3.2.4.2  Nicotine       179 

3.2.4.3  PGA2        180 

3.2.4.4  The combination of 5 µg/ml PGA2 and nicotine…  182 

3.2.4.5  The combination of 10 µg/ml PGA2 and nicotine…  183 

3.2.4.6  The combination of 20 µg/ml PGA2 and nicotine…  185 

3.3  Flow cytometry      187 

3.3.1  Determination of the DNA profile for cell cycle 

  progression       187 

3.3.1.1  Nicotine       187 

3.3.1.2  PGA2        191 

3.3.1.3  The combination of 5 µg/ml PGA2 and nicotine…  195 

3.3.1.4  The combination of 10 µg/ml PGA2 and nicotine…  199 

3.3.1.5  The combination of 20 µg/ml PGA2 and nicotine…  203 

3.3.2  Annexin V       207 

3.3.2.1  Staurosporine       207 

3.3.2.2  Nicotine       209 

3.3.2.3  PGA2        211 

3.3.2.4  The combination of 5 µg/ml PGA2 and nicotine  213 

3.3.2.5  The combination of 10 µg/ml PGA2 and nicotine  215 

3.3.2.6  The combination of 20 µg/ml PGA2 and nicotine  217 

3.3.3  Caspase-3 active form      220 

3.4  Western blotting (immuno  blots)    228 

CHAPTER IV: Discussion       235 

4.1  Introduction       235 

4.2  Nicotine       236 

4.2.1  Proliferation studies      237 

4.2.2  Morphological studies      238 

4.2.3  Flow cytometry      239 

4.2.4   Western blotting (immuno blots)    242 

4.3  PGA2        247 

4.3.1  Proliferation studies      248 

4.3.2  Morphological studies      249 



 vii

4.3.3  Flow cytometry      251 

4.3.4  Western blotting (immuno blots)    253  

4.4  The combination of PGA2 (5 µg/ml, 10 µg/ml and 

 20 µg/ml) and nicotine (1 mM, 1 µM and 1 nM)  256 

4.4.1  Proliferation studies      258 

4.4.2  Morphological studies      260 

4.4.3  Flow cytometry      262 

4.4.4  Western blotting (immuno blots)    266  

CHAPTER IV: Conclusion       271  

References         272 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 



 viii

ABSTRACT 

 

Lung cancer is the most common fatal cancer in terms of both incidence and 

mortality in the world. The most important cause of lung cancer is exposure to 

tobacco smoke through active or passive smoking. Nicotine which is a major 

component of tobacco could be assumed to be a tumour promoter since it had been 

indicated to stimulate tumour growth. Over expression of Bcl-2 in human lung 

cancer cells blocked the induction pathways (type I and II) of apoptosis. The 

increase in Bcl-2 in patients with lung cancer had also been linked to nicotine. In 

recent years nicotine replacement therapy has become a therapeutic method to treat 

smoker’s withdrawal symptoms and to advise cancer patients to stop smoking 

because, numerous cancer patients continue to smoke after their diagnosis. Non 

small cell lung carcinomas constitutes for approximately 80% of lung cancer cases. 

However, even with the development and improvement in conventional treatments 

of surgery, radiation and chemotherapy, the 5 year survival rate for these patients 

remains less than 15%. Chemoprevention, an approach to control cancer, is the use 

of specific natural or synthetic substances with the objective of delaying, reversing, 

suppressing or preventing carcinogenic progression to invasive cancer. A promising 

tool for chemoprevention against lung cancer could be prostaglandin A2 (PGA2), 

since it had been shown to have inhibitory effects on various cancer cell growth. The 

search for more effective agents, or combination therapies that could induce 

apoptosis in lung cancer are currently under investigation as a therapeutic target for 

the treatment of lung cancer. In order to elucidate the effect of nicotine and PGA2 on 

lung cancer cell proliferation in this study, an over view of the following was given; 

the cell cycle, tubulin, nucleoli, apoptosis, lung cancer, the etiology of cancer with 

reference to tobacco smoke and nicotine, the nutritional influence on carcinogenesis 

with reference to essential fatty acids and prostaglandins and chemoprevention.  

 

The supplements nicotine and PGA2 were administered to the NCI-H157 lung cancer 

cell line at the concentrations of 1 mM, 1 µM and 1 nM for nicotine and 5, 10  and 

20 µg/ml PGA2. The effect of combinations of nicotine and PGA2 on the 

proliferation and survival was also tested. 5 µg/ml PGA2 was added to 1 mM, 1 µM 

and 1 nM nicotine respectively. This was also done for 10 and 20 µg/ml PGA2. 

These concentrations were administered to the cell culture and exposed for three 



 ix

different time exposures, namely 24, 48 and 72 hours. The objectives were: 1) To 

determine the effect of nicotine and PGA2 and combinations thereof on the growth 

(proliferation) of the NCI-H157 cells, where early results indicative of apoptosis lead 

to the investigation of the influence of nicotine and PGA2 on apoptosis. The effect of 

nicotine and PGA2 and their combinations on the morphology of interphase and 

dividing cells, as well as on the morphology of the dying cells were compared and 

quantified. 2) To study the effects of nicotine and PGA2 and their combinations on 

the nucleolar organizer region using silver stain. 3) To study the effects of nicotine 

and PGA2 or combinations thereof on the cytoskeleton (α-tubulin) of the cancer cells 

with aid of indirect immunofluorescence and to identify apoptotic cells using 

Hoechst 33342. 4) To determine the effect of nicotine and PGA2 and their 

combinations on cell cycle progression and apoptosis induction in the transformed 

cells using flow cytometry (DNA propidium iodide stain, Annexin V and caspase-3). 

In order to verify the effects of nicotine and PGA2 and their combinations on protein 

synthesis, SDS-PAGE and immunoblotting was employed. 

 

This study indicated the anti-apoptotic effects of nicotine. It maintained and 

stimulated cell proliferation of the NCI-H157 cell line. PGA2 demonstrated that it 

has a pro-apoptotic effect. The concentrations of 10 and 20 µg/ml PGA2 decreased 

cell proliferation and demonstrated its pro-apoptotic effects more effectively than 5 

µg/ml PGA2. The combination of 10 and 20 µg/ml PGA2 and nicotine (1 mM, 1 µM 

and 1 nM) also showed a more pronounced induction of apoptosis than 5 µg/ml 

PGA2 and nicotine (1 mM, 1 µM and 1 nM). PGA2 therefore demonstrated that it 

blocked the mitogenic and anti-apoptotic effects of nicotine. With its pro-apoptotic 

effects, PGA2 could therefore be assumed to be a chemopreventive agent.  However, 

it was evident that apoptotic induction was stimulated via both a dependent and an 

independent caspase-3 pathway and therefore further investigation is needed to 

indicate which pathway was activated. This study identified PGA2 as a 

chemopreventive agent for in vitro conditions; however, further studies are also 

needed to investigate the effect of in vivo conditions.  

 

Key words: apoptosis, chemoprevention, lung cancer, nicotine and prostaglandin A2 

(PGA2)  
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on the NCI-H157 cell cultures expression of  

pre-activated caspase-3 (30 kDa) and mature  

caspase-3 (60 kDa) for the exposure times of  

24, 48 and 72 hours.     267 
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increased myocardial contractility and constriction of some vascular beds (Arcavi et 

al, 1994). According to Lambers and Clark (1996) this is also true for the fetus. 

Pregnant mothers who consume nicotine via nicotine gum or cigarette smoke cause 

an increase in the fetal heart rate (Lambers and Clark, 1996) and fetal arterial blood 

pressure (Clark and Irion, 1992). 

 

Nicotine absorbed during smoking increases the discharge of catecholamines from 

the adrenal medulla and from extra adrenal chromaffin tissue, which causes heart 

rate and blood pressure to rise (Cryer et al, 1976). Even rats treated with nicotine lost 

weight without significant reduction in food intake (Schecter and Cook, 1976). 

Activation of the sympathetic neural path by nicotine results in lipolysis with the 

release of free fatty acids which may contribute to the increase energy expenditure 

(Arcavi et al, 1994). The induction of lipolysis by nicotine could therefore help 

explain why the fat stores of nicotine treated animals, decreases (Winders and 

Grunberg, 1990). The increase in energy expenditure is thus believed to decrease the 

body weight of a smoker (Arcavi et al, 1994) and is responsible for smoking mothers 

to delivering low birth weight infants (Lambers and Clark, 1996). 

 

Maternal smoking during pregnancy is also associated with alterations in pulmonary 

function at birth and greater incidence of respiratory illnesses after birth. Nicotine 

interacting with nAChRs during fetal monkey lung development caused lung 

hypoplasia and reduced surface complexity of developing alveoli. It also 

significantly increased numbers of type II cells and neuroendocrine cells in 

neuroepithelial bodies. These findings demonstrate that fetal monkey lung 

development could be altered by nicotine (Sekhon et al, 1999).  It has also been 

found that the placentas of women who smoke show dramatic differences in 

morphology from gestation matched control placentas obtained from women who do 

not smoke. Such as an increase calcification in term placentas of women who smoke 

(Genbacev et al, 2000). 

 

Maternal smoking has the potential to elicit fetal brain damage (Roy et al, 1998). 

Nicotine effectively reaches the amniotic fluid and fetal blood achieving 

concentrations similar to that in the maternal blood, if not more (Berger et al, 1998). 

Prenatal nicotine exposure produces neurobehavioral teratogenesis (Slotkin et al, 
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1997). This is associated with deficiencies in brain cell numbers that reflect, in part, 

effects on cell replication. It also involves delayed cell loss (Slotkin et al, 1997), 

synaptic abnormalities and behavioural deficits (Roy et al, 1998). According to Roy 

and colleagues (1998), a cloned cell line PC12, that developmentally resembles 

sympathetic neurons, indicates that nicotine of very high concentrations can inhibit 

DNA synthesis and neurite outgrowth. Cultured rat embryos similarly show 

physiochemical membrane disruption and oxidative damage by nicotine exposures at 

concentrations of 1 mM or more (Roy et al, 1998). A study conducted by Slotkin and 

colleagues (1997) showed that the fetal brain could be damaged due to nicotine 

exposure via an implanted mini-pump that infuse pregnant rats with nicotine from 

gestational days 4-12 or 4-21. The fetal and neonatal brain regions were examined 

for expression of the mRNA encoding c-fos, a nuclear transcription factor that 

becomes chronically elevated when cell injury or apoptosis are occurring (Slotkin et 

al, 1997). Their results indicated that prenatal nicotine exposure causes chronic 

elevations of c-fos expression in fetal and neonatal brain that are distinguishable 

from the later onset of the ability of acute nicotine to cause short-term stimulation of 

c-fos (Slotkin et al, 1997). Their data suggest that prenatal nicotine exposure evokes 

delayed neurotoxicity by altering the program of neural cell differentiation and that 

elevated c-fos expression provides an early marker of the eventual deficits (Slotkin et 

al, 1997). Studies by Trauth and colleagues (2000) proved that the adolescent brain 

were not as susceptible to nicotine induced neurotoxicity as the fetal brain.  

 

This phenomenon can be due to the fact that the developing brain elicits 

inappropriate expression of genes leading to mitotic arrest, cell death and eventual 

shortfalls in neural cell numbers after nicotine exposure (Trauth et al, 2000). 

Nicotine, after binding to nicotine cholinergic receptors, alters the function of several 

CNS neurotransmitters, including dopamine (DA), noradrenaline (NA), 5-

hydroxytryptamine (5-HT), glutamate, gamma aminobutyric acid (GABA) and 

endogenous opiod peptides (EOPs). Nicotine acts via nAChRs in the brain, which 

are diverse members of the neurotransmitter gated ion channel super family and have 

crucial neuromodulatory roles in the CNS (George and O’Malley, 2004). Nicotine in 

tobacco smoke reaches the human brain in about 10 seconds after a smoker inhales a 

puff and binds to nicotinic receptors located in the brain (Da Costa e Silva and 

Fishburn, 2004). Stimulation of the presynaptic nACh receptors increases neuron 
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transmitter release. Unlike most agonists, which down regulate receptor numbers 

with chronic exposure, chronic administration of nicotine leads to desensitization 

and inactivation of nACh receptors (George and O’Malley, 2004). An increase in the 

number of nicotine receptor sites in the brain occur and could thus contribute to 

enhance the addictive properties of nicotine (Da Costa e Silva and Fishburn, 2004) 

and long term behavioural defects thus eliciting nicotine as a neuroteratogen (Trauth 

et al, 2000). 

 

However, nicotine is known to be a neuroprotective agent as well (Garrido et al, 

2000; Slotkin et al, 2004). Garrido and colleagues (2000 and 2001) demonstrated 

that pre-treatment of normal cultured spinal cord neurons with 10 µM nicotine 

resulted in marked attenuation of all the apoptotic effects induced by arachidonic 

acid (Garrido et al, 2000 and 2001).    

 

Lahmouzi and colleagues (2000) exposed rat gingival fibroblasts cultures to nicotine 

at various concentrations. They found that nicotine at concentrations of 0.05 µM to 1 

mM had no affect on the DNA content or protein and collagen synthesis. However, 

at concentrations between 3 mM and 5 mM, growth was significantly diminished 

and the survival rate reduced (Lahmouzi et al, 2000). Hanes and colleagues (1991) 

showed that exposure of human gingival fibroblast to nicotine could lead to changes 

in cellular functions such as disruption of collagen synthesis and protein secretion.  

 

Research done in 1979 by Ved Brat and colleagues investigated the effect of nicotine 

on cell division. They found that low concentrations of nicotine accelerated 

cytokinesis and high dosages prolonged the duration of metaphase in HeLa cells. 

They also suggested that the cytokinesis phenomenon might have been due to an 

increase in intracellular calcium pools (Ved Brat et al, 1979). This was because 

nicotine stimulates muscle contraction by a mechanism which involves its binding to 

membrane receptors and either the stimulation of uptake of calcium into the cell or 

its release from intracellular pools (Ved Brat et al, 1979). Studies in 1998 

(Yamamura et al, 1998; Yoshida et al, 1998) proposed that an accumulation of 

intracellular calcium above a certain threshold level could be the initial step for cell 

death induction. Nuclear accumulation of calcium causes induction of DNA 

fragmentation that is induced by nicotine. Yoshida and colleagues (1998) showed 
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that nicotine did not stimulate the TNF but rather inhibited the production in human 

peripheral blood mononuclear cells. Nicotine also induced internucleosomal DNA 

fragmentaion in the human myelogenous leukemic cell lines, however, not in human 

peripheral blood lymphocytes and polymorphonuclear cells. This was because 

nicotine increased the intracellular levels of calcium to higher levels in the leukemic 

cells than in the normal leukocytes (Yoshida et al, 1998). Yamamura and colleagues 

(1998) found that nicotine could not induce internucleosomal DNA cleavage in 

human glioma and glioblastoma cell lines, even though nicotine induced increased 

levels of intracellular calcium. They suggested that these cell lines might have a 

chromatin structure resistant to endonuclease digestion (Yamamura et al, 1998).   

 

A study done by Konno and colleagues (1986) on human promyelocytic HL-60 

leukemia cells treated with 2 mM to 6 mM nicotine showed a dose and time 

dependent inhibition of cell growth. The ability of nicotine to suppress cell 

proliferation became more pronounced with treatment time. Nicotine induced a 

partial block in G1 phase of the cell cycle, with a concomitant inhibition of S phase. 

They suggested that nicotine might have affected the synthesis of proteins which are 

involved in the progression of the cells from G1 to S phase of the cell cycle (Konno 

et al, 1986).               

 

Cigarette smoke has been reported to suppress proliferation, attenuate attachment 

and augment detachment of alveolar epithelial cells. It can also cause DNA single 

strand breaks in the cells and suppresses surfactant secretion and collagen production 

(Hoshino et al, 2001). It has also been found to inhibit the proliferation and 

migration of cultured human fetal lung fibroblast, suggesting that cigarette smoke 

may impair lung repair (Nobukuni et al, 2002) and contribute to the development of 

lung diseases (Hoshino et al, 2001). However, molecular alterations in bronchial 

epithelium, is also known to antedate the development of lung cancer (Barsky et al, 

1998). 

 

Cell death through apoptosis may be an important mechanism to prevent tumour 

development (Wright et al, 1993). Agents that inhibit apoptosis may thus function as 

tumour promoters. Nicotine could be seen as a promoter since it promotes tumour 

growth (Heeschen et al, 2001; Lawrence, 2003) and therefore nicotine addiction 
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could be linked to lung cancer (Hecht, 2002; Pfeifer et al, 2002). Wright and 

colleagues (1993) therefore investigated the effect of nicotine on the process of 

apoptosis. Their data, demonstrate that nicotine inhibits apoptosis induced by diverse 

stimuli including TNF, UV light, chemotherapeutic drugs and calcium ionophore. 

This phenomenon was observed in normal and transformed cells derived from a 

variety of species and tissues including tumour cell types related to tobacco use 

(Wright et al, 1993). According to the two stage model of carcinogenesis, tumours 

are initiated by exposure of cells to agents that cause mutations which tend to release 

cells from growth controls. Subsequent exposure to tumour promoting agents 

accelerates cancer development though by poorly understood mechanisms (Wright et 

al, 1993).     

 

Lung cancer of diverse histological types express multiple, biologically active, high 

affinity membrane receptors for opioids and for nicotine (Maneckjee and Minna, 

1994). Maneckjee and Minna (1994) showed that opioids acting via specific 

receptors inhibit the growth of human lung cancer cells while nicotine, acting 

through nAChRs, reverses this inhibition. The data indicated that engagement of 

opioid receptors in human lung cancer cells induces apoptosis, while engagement of 

nicotine receptors suppress apoptosis, which in some cases appear to be working 

through a PKC pathway. Maneckjee and Minna (1994) also suggest complexities in 

the system where blockade of C6 or C10 nicotinic receptors can lead to facilitation 

of apoptosis. These findings suggest new strategies for treatment and prevention of 

cancer using opioids or nicotine receptors antagonists and are consistent with the 

idea that nicotine functions as a tumour promoter (Maneckjee and Minna, 1994). 

 

Several reports suggest that apoptosis may be an important mechanism in tumour 

cell death following treatment with chemotherapy and that alterations in apoptosis, 

such as those caused by the Bcl-2 oncogene, can lead to tumourigenesis (Maneckjee 

and Minna, 1994). A study done by Jenson and colleagues (1999) showed that 

nicotine activates the mitogen activated protein (MAP) kinase signaling pathway 

resulting in increased Bcl-2 protein with inhibition of apoptosis. 

 

It has been suggested that nicotine induced inhibition of apoptosis involving Bcl-2, 

which might be a regulatory effect on Bcl-2 because nicotine induces extensive Bcl-



 84

2 phosphorylation (Yildiz, 2004). Studies also showed, that nicotine acting through 

nicotinic acetylcholine receptors, suppresses apoptosis. This demonstrates that 

nicotine blocks the induction of apoptosis induced by opioids such as morphine or 

methadone (Yildiz, 2004). This evidence could suggest that nicotine contributes 

directly to lung carcinogenesis through stimulation of nAChRs in non-neuronal cells 

(Minna, 2003).    

 

According to the study of Heusch and Maneckjee (1998) nicotine activates the MAP 

kinase signaling pathway in lung cancer cells, specifically extracellular signal 

regulated kinase (ERK2). This results in increased expression of the Bcl-2 protein 

and inhibition of apoptosis and blocks the inhibition of PKC and ERK2 activity in 

lung cancer cells by anti-cancer agents, such as therapeutic opioid drugs and this can 

adversely affect cancer therapy (Heusch and Maneckjee, 1998). Nicotine appears to 

have no effect on the activities of c-jun NH2-terminal protein kinase (JNK) and p38 

MAP kinase, which have also been shown to be involved in apoptosis. While 

exposure to nicotine can result in the activation of the two major signaling pathways 

(MAP kinase and PKC) that are known to inhibit apoptosis, nicotine regulation of 

MAP (ERK2) kinase activity is not dependent on PKC (Heusch and Maneckjee, 

1998). These effects of nicotine occur at concentrations of 1 μM or less, that is 

generally found in the blood of smokers and could lead to disruption of the critical 

balance between cell death and proliferation, resulting in the unregulated growth of 

cells (Heusch and Maneckjee, 1998).  

 

Minna (2003), showed that many lung cancers expressed nAChRs and that low 

concentrations of nicotine blocked the induction of apoptosis in these cells. Nicotine 

in pharmacologically relevant concentrations (in the 100 nM range which is attained 

in the plasma of smokers) induced phosphorylation of Akt on physiologically 

relevant serine and threonine residues within minutes (Minna, 2003). Akt is located 

at 14q32.3 in humans and sometimes called protein kinase B (PKB). Thus Akt 

activation plays a key role in inhibiting apoptosis in multiple tissues in response to 

growth factor deprivation or oncogene stimulation. It follows that Akt and its 

pathway are major targets for new cancer drug discovery. Nicotine also caused a loss 

of contact inhibition at high cell densities in culture and when lung epithelial cells 

were challenged with a variety of apoptotic inducing, stimuli nicotine inhibited the 
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induction of apoptosis (Minna, 2003). Nicotine could act as tumour promoter to 

facilitate the outgrowth of cells with genetic damage. It appears that nicotine 

stimulation of α7 nAChR transduces signals in a cascade to PI3K and Akt via Janus 

kinase 2 (JAK2). Other studies provide evidence for a novel signaling route coupling 

the stimulation of α7 nAChR to the activation of mitogen activated protein kinases 

ERK1/2 in a Ca2+ and protein kinase A-dependent (Minna, 2003). Activation of the 

serine/threonine kinase Akt in nonimortalized human airway epithelial cells in vitro 

by two components of cigarette smoke, nicotine and the tobacco specific carcinogen 

4-methylnitrosamino-1-(3 pyridyl)-1-butanone (NNK) was demonstrated by West 

and colleagues (2003). Activation of Akt by nicotine or NNK occurred within 

minutes at concentrations achievable by smokers and depended upon α3-/α4 

containing or α7 containing nicotinic acetylcholine receptors respectively. 

Redundant Akt activation by nicotine and NNK could contribute to tobacco related 

carcinogenesis by regulating two processes critical for tumourigenesis, cell growth 

and apoptosis (West et al, 2003). The serine/threonine kinase Akt (or protein B), 

controls key cellular processes such as glucose metabolism, cell cycle progression 

and apoptosis and activation can contribute to tumourigenesis (Lawrence, 2003; 

West et al, 2003). 

 

The airway and alveolar epithelia contain pulmonary neuroendocrine cells (PNEC) 

whose structure indicates an endocrine function. They are also in contact with 

sensory nerve fibers. These cells often aggregate into distinct neuroepithelial bodies 

(NEB) (Van Lommel, 2001). PNEC and NEB seem to be most important in the fetal 

and neonatal lung as regulators of airway development and hypoxia-sensitive 

chemoreceptors. There is a link between these cells and specific types of lung cancer 

and their involvement in lung and paediatric pathology may be profound. An unusual 

property of PNEC is that they often aggregate into distinct corpuscles, the NEB, and 

sometimes remain as solitary neuroendocrine cells (Van Lommel, 2001). NEB and 

PNEC have been suspected to be sensitive to the chemical substances in tobacco 

smoke. Nicotine results in NEB proliferation and at times in the release or synthesis 

of active substances. In the fetal rhesus monkey, transplacental nicotine 

administration markedly increases the expression of the α7 subunit of the nicotinic 

cholinergic receptor in airway cells, including PNEC. Foetal hamster PNEC and 

human SCLC interaction of nicotine and α7 nicotinic acetylcholine receptor results 
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in Ca2+ influx, release of serotonin and over expression and activation of protein 

kinases (Van Lommel, 2001). 

 

Proliferation of PNEC through exposure to nicotine may increase the release of 

bioactive substances. This may influence pulmonary vaso- and bronchomotor tone 

and induce mitogenic effects, leading to pulmonary pathologies and defective lung 

development. Since PNEC are stimulated by nicotine and carcinogens, and since 

they are cytologically similar to SCLC, they may be the progenitor cells of this type 

of lung cancer (Van Lommel, 2001). However, Waldum and colleagues (1996) 

showed that rats treated long term (two years) with nicotine with a concentration 

giving twice the plasma concentration found in heavy smokers, could not find any 

frequency of tumours in these rats compared with controls. Particularly there were 

no microscopic or macroscopic lung tumours or any increase in PNEC (Waldum et 

al, 1996). However, the body weight of the nicotine treated rats was reduced as 

compared to the controls. This study did not indicate any harmful effect of nicotine 

when given in its pure form of inhalation (Waldum et al, 1996).  

 

Nicotine also affects the proliferation and the expression of the bombesin-like 

peptide autocrine system in human SCLC SHP77 cells compared with nonmalignant 

human bronchial epithelial BEAS 2B cells as non-neuroendocrine controls. Increase 

proliferation in the presence of nicotine may be due in part to increased levels of 

bombesin-like peptides in SHP77 cultured in nicotine (Novak et al, 2000). Nicotine 

effects on nonmalignant pulmonary neuroendocrine cells may provide additional 

insight into how nicotine itself may promote lung carcinogenesis. Nicotine has been 

implicated as playing a role in lung carcinogenesis. Nicotine stimulated the growth 

of human SCLC cells, human and hamster pulmonary neuroendocrine cells and 

human arterial smooth muscle cells. In bovine pulmonary artery endothelial cells, 

nicotine stimulated DNA synthesis and proliferation at concentrations as low as 10 

nM, but toxicity was observed at concentrations higher than 1 µM (Novak et al, 

2000). Nicotine stimulates secretion of a variety of growth factors and other small 

molecules which may act as secondary mitogens in autocrine or paracrine fashion. 

The involvement of other ligand/receptor/signal transduction pathways in the 

stimulatory actions of nicotine is also suggested by studies of signal transduction 

pathways. Such as where nicotine stimulates catecholamine release from bovine 
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adrenomedullary chromaffin cells PKC activation was also important. Mitogen 

activated kinases were also important as demonstrated in studies where the influence 

of nicotine on proliferation was inhibited (Novak et al, 2000). 

 

With the growing amount of evidence it could thus be concluded that nicotine is a 

tumour promoter, neuroteratogen and a neuroprotector. Knowing this, how would 

nicotine replacement products influence a smoker’s life?  

 

1.7.4 The role of nicotine replacement therapy 

Smoking is a public health problem, particularly for respiratory diseases, chronic 

obstructive pulmonary disease (COPD), asthma and lung cancer (Raherison et al, 

2005). About one third of cancer patients who smoked prior to their diagnosis 

continued to smoke even though their survival and quality of life are adversely 

affected by smoking (Schnoll et al, 2004). Lung cancer patients who smoke should 

be strongly persuaded to stop smoking (Raherison et al, 2005). Significant risk 

reduction for cancers after cessation has been found to increase the life span from 5 

to 15 years (Henningfield et al, 2005). 

 

Clinicians are encouraged to motivate tobacco users to cease the use of tobacco. 

These clinicians should then abide by the Clinician Practice Guideline on Treating 

Tobacco Use and Dependence and guidelines set by the Food and Drug 

Administration (FDA) in the USA (Henningfield et al, 2005). Nicotine replacement 

therapies (NRTs) (George and O’Malley, 2004; Mahrer-Imhof et al, 2002), also 

known as alternative nicotine delivery systems (ANDS) (Kunze et al, 1999) have 

been approved as first line agents to treat nicotine dependence in the USA and other 

countries, including the slow acting transdermal nicotine patch (TNP) (George and 

O’Malley, 2004).  

 

The two major medical disorders lead to the treatment of NRT is nicotine 

dependence, which is the disorder of maladaptive and chronic tobacco use and, 

nicotine withdrawal (Henningfield et al, 2005). The majority of smokers experience 

withdrawal symptoms after abstaining from nicotine. They are dysphoria, anxiety, 

irritability, decreased heart rate, insomnia, increased appetite and craving for 

cigarettes (George and O’Malley, 2004). 
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Most NRT forms deliver nicotine more slowly than smoking and the increase in 

nicotine blood levels is more gradual (Le Houezec, 2003). The following products 

are known as “acute” dosing forms (Henningfield et al, 2005), namely nicotine gum, 

nicotine nasal spray, nicotine vapour inhaler (George and O’Malley, 2004) and, 

since December 1999, nicotine lozenges and tablets for under the tongue have been 

available (Van den Berkmortel et al, 2000). The user determines the amount and 

time of the “acute” dosing products. The “passive” product is the TNP which is 

applied to the skin and delivered through the skin at a relatively steady rate 

(Henningfield et al, 2005). When smokers use these products they must cease all 

tobacco use before starting the NRT because of concerns about nicotine toxicity with 

concurrent NRT and tobacco use. The faster acting NRTs appear to be helpful in 

satiating the positive effects of nicotine administration through smoking, e.g 

smoking satisfaction, desire to smoke and anticipation of positive effects, and 

reducing acute craving, whereas the slow acting TNP formulation supplies constant 

low levels of nicotine which when adequately dosed, can relieve nicotine withdrawal 

symptoms (George and O’Malley, 2004). 

 

At least three major mechanisms of action by which NRT medications support 

smoking cessation exits, namely I) the medication may reduce either general 

withdrawal symptoms or at least prominent ones, as a result enabling people to 

function while they learn to live without cigarettes. II) It may reduce the reinforcing 

effects of tobacco delivered nicotine. III) Nicotine, medication may provide some 

effects for which the patient previously relied on cigarettes, such as sustaining 

desirable mood and attention states, making it easier to handle stressful or boring 

situations, and managing hunger and body weight gain. However, the evidence for 

the operation of the mechanisms is not conclusive (Henningfield et al, 2005).  

 

Information obtained through the literature of tobacco products indicates that it is 

responsible for the vast majority of health problems (Henningfield et al, 2005; 

Raherison et al, 2005; Sweanor, 2000). It is assumed that if a tobacco user can only 

refrain from smoking through the use of a therapeutic dose of ‘clean’ nicotine, this 

should be an option (Sweanor, 2000). Kunze and colleagues (1999) suggested that 

long term application of ANDS could be a means of preventing lung cancer and 
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other tobacco related diseases. ANDS are designed to provide nicotine without the 

harmful substances contained in cigarettes smoke (Kunze et al, 1999). 

 

Although the evidence given in this review show that nicotine is a tumour promoter, 

neuroteratogen and a neuroprotector, the FDA has approved all the NRT 

medications, and they have determined it to be safe and effective in the aid of 

smoking cessation (Henningfield et al, 2005). 

 

1.8 Essential fatty acids  

‘Essential fatty acids (EFAs) (figures 1.21 a and b) are essential nutrients that cannot 

be synthesized by the body and hence, have to be obtained exogenously’ (Das, 

1999a). EFAs may play an important role in the prevention and treatment of 

coronary artery disease, hypertension, arthritis, autoimmune disorders, cancer and 

other inflammatory states (Teitelbaum and Walker, 2001). However, dietary 

requirement generally varies with species, gender, age and the presence of 

physiological and pathological challenges for example, pregnancy, infancy, aging, 

infection, disease and other (Cunnane, 2003). 

 

 

 

 

 

 
Figure 1.21 (a): The chemical structure of n-6 (http://waltonfeed.com/omega/ess_fat.html, 2006). 

 

 

 

 

 

 

 

 

 
Figure 1.21 (b): The chemical structure of n-3 (http://waltonfeed.com/omega/ess_fat.html, 2006). 
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1.8.1 Metabolism of essential fatty acids 

For both linoleic acid [LA (18:2n-6)] and α-linolenic acid [ALA (18:3n-3)] to 

function optimally they need to be metabolised in the tissues since they do not have 

any biological activity except to provide energy and to prevent fluid loss through the 

skin (Das, 1999a; Horrobin, 1982). The equilibrium between n-3 and n-6 fatty acids 

in the diet is important because of their competitive nature and their different 

biological roles (Smit et al, 2004). However, they are not interchangeable in animal 

and human tissues (Das, 1999a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 
 

Figure 1.22: The pathway of synthesis of EFAs (Sprecher et al, 1994). 
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Figure 1.22 represents the metabolism of EFAs. Desaturation and elongation of LA 

(18:2n-6) to arachidonic acid [AA (20:4n-6)] and docosapentaenoic acid [DPA 

(22:5n-6)] and ALA (18:3n-3) to docosahexaenoic acid [DHA (22:6n-3)] 

(SanGiovanni and Chew, 2005), depends on the dietary contents of LA (18:2n-6) 

and ALA (18:3n-3) and the ratio of one to the other (Innis, 2000). In addition AA 

(20:4n-6), eicosapentaenoic acid [EPA (20:5n-3)] and DHA (22:6n-3) appears to 

inhibit desaturation of the 18 carbon precursors and is actively incorporated into 

lipids of the membranes (Innis, 2000).  

 

1.8.2 The source of essential fatty acids in food 

Since the n-6 and n-3 compete for enzymes responsible for their conversion and due 

to the fact that they are not interchangeable, humans must consume both ‘parent’ 

fatty acids (Davis and Kris-Etherton, 2003). LA (18:2n-6) is available in many 

vegetables, vegetable oils with the exception of palm, cocoa and coconut oils 

(Teitelbaum and Walker, 2001). Other rich sources include sunflower, safflower, 

corn, evening primrose seed, peanut and olive oils (Das, 1999a), whereas ALA 

(18:3n-3) is widely distributed in leafy vegetables, soya oil and linseed oil (Das, 

1999a). The derived essential fatty acids such as GLA (18:3n-6) are present in 

human breast milk, evening primrose oil, and borage black current oils. Oats and 

barley contain small amounts of GLA (18:3n-6) which is believed to be responsible 

for their cholesterol lowering effects (Das, 1999a). DGLA (20:3n-6) is present in 

human breast milk and in trace amounts in organ meats such as adrenals, spleen, 

liver and kidney. AA (20:4n-6) is available in moderate amounts in meats, eggs; 

some see weeds, shrimps and prawns, whereas EPA (20:5n-3) and DHA (22:6n-3) 

are present mainly in marine oils especially migratory fish of the high seas such as 

salmon and herring oils (Das, 1999a; Horrobin, 1982).  

 

The National Academies released a Dietary Reference Intakes Report for Energy and 

Macronutrients and Adequate Intakes (AI) have been set for LA (18:2n-6) and ALA 

(18:3n-3). The AI for LA (18:2n-6) should be 17 g/d for men and 12 g/d for women 

for both genders the age range is 19 to 50 years. The AI for ALA (18:3n-3) is 1.6 g/d 

for men and 1.1 g/d for women and for both in the aged range of 19 to greater then 

70 years (Davis and Kris-Etherton, 2003). Insufficient dietary n-6 and n-3 could 

result in deficiency syndromes (Eritsland, 2000). 
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1.8.3 Functions of essential fatty acids 

EFAs have at least four major roles in the human body. One: they are required for 

the structure of all membranes in the body (Horrobin and Manku, 1990). Particularly 

those in the brain, in the nervous and vascular systems (Van den Ham et al, 2001). 

They also determine the biological properties of the membranes and processing of 

the message received by the cell (Das, 1999a). This is due to their unsaturation that 

they confer on membrane properties of fluidity, flexibility and permeability 

(Horrobin and Manku, 1990). Two: they are the precursors for the so called 

eicosanoids, prostaglandins, leukotrienes and other oxygenated derivatives, derived 

in particular from DGLA (20:3n-6) (1 series prostaglandins), AA (20:4n-6) (2 series 

prostaglandins), EPA (20:5n-3) (3 series prostaglandins) and adrenic acid (homo-2-

series prostaglandins) (Horrobin and Manku, 1990; Van den Ham et al, 2001). In 

almost all tissues of the body these very short lived substances are required for the 

second by second control of homeostasis (Horrobin and Manku, 1990). Three: they 

are required for the impermeability of the skin and possibly of other tissues. The skin 

is impermeable to the passage of water and the transport of many other substances. 

The impermeable barrier is entirely due to the presence of the n-6 EFAs (Horrobin 

and Manku, 1990). Fourth: the involvement in cholesterol transport and metabolism 

(Horrobin and Manku, 1990). The n-3 fatty acid plays especially a role in the 

prevention of coronary heart disease (Connor, 2000). 

 

In addition they are also known to have substantial anti-bacterial, anti-fungal and 

anti-viral action (Das, 1999a). According to Das (1999a and b) the EFAs and their 

metabolites selectively kill tumour cells without harming the normal cells. This 

action of the fatty acids depends on their ability to augment free radical generation 

and lipid peroxidation process in the tumour cells (Das, 1999a and b). 

 

1.9 Prostaglandins 

In the early 1930’s Von Euler, at the Karolinska Institute in Stockholm, first 

identified prostaglandins (PGs) in human semen (Baskett, 2003). Assuming that 

those compounds originated in the prostate, he then named it prostaglandins (Voet 

and Voet, 1995). Bergstrom and colleagues identified several members of the 

prostaglandin family in the early 1960’s (Baker, 1990; Baskett, 2003). PGA2 was the 

initial cyclopentenone prostaglandin to be discovered (Milne et al, 2005).  
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Prostanoids (prostaglandins and thromboxanes) (Helliwell et al, 2004b), 

prostacyclins (PGI2), leukotrienes and lipoxins are all 20 carbon polyunsaturated 

fatty acids (Olson, 2003; Voet and Voet, 1995). A term given collectively to this 

remarkably diverse group of biologically active compounds is eicosanoids (Baker, 

1990; Voet and Voet, 1995). With the exception of red blood cells most cells in the 

body produce PGs, which are released by almost any chemical or mechanical 

stimulus (Botting, 2006). PGs are not normally stored in the tissues but are 

biosynthesized from EFA as required (Baskett, 2003). PGs are short lived highly 

active hormone-like chemicals and minute quantities are released into the blood as 

required (Polgar et al, 1980).  

 

1.9.1 The functions of prostaglandins 

Prostaglandins have diverse biological effects, because they are involved in many 

physiological and pathological processes (Kimura et al, 2000; Pustisek and 

Lipozencic, 2001). It is playing a fundamental role in health, disease and therapeutic 

agents. Examples of these broad roles comprise gastric protection, peptic ulcer 

formation, intestinal fluid secretion, liver protection and damage, pregnancy, labour, 

abortion, glaucoma, blood pressure control, blood clotting, airway resistance and 

asthma, sleep, fever and modulation of inflammatory cells (Helliwell et al, 2004a; 

Schuster, 1998).  

 

Although PGs interact directly with the cell membrane and modify the 

characteristics of the cells physiology (Olson, 2003), they may also act as 

intracellular messengers (Bos et al, 2004). On the other hand, the diverse activity 

profiles and generation of second messengers, principally cyclic AMP (cAMP),    

phosphatidylinositol turnover and Ca2+ , suggested that they interact with discrete 

receptors and that different receptors exist for each PG (Olson, 2003). 

 

Bos and colleagues (2004) indicated that the five basic prostanoids could be divided 

into groups. The first group, PGF2α and TXA2, activates MAP kinase via the 

activation of the heterotrimeric G protein Gq, leading to the activation of the PKC 

pathway. The second group PGI2 and PGD2 cause MAP kinase inhibition through 

cAMP dependent pathways. The third group PGE2 could either activate or inhibit the 

MAP kinase pathway depending on the subtype of receptor they bind to. The 
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receptors are classified on the basis of their response to a particular class of PGs 

(Zha et al, 2004). The agonists bind to their related receptors; thromboxane to TP, 

prostacyclin to IP, PGF2α to FP, and PGE2 to EP. The receptors are classified into 

subtypes depending on the second messenger produced. For example, four EP 

receptor subtypes have been described EP1, EP2, EP3, and EP4. PGE2 thus has a wide 

spectrum of physiologic actions depending on the tissue distribution and subtypes of 

its receptors (Slater et al, 2002).  

 

A strong link between prostanoid production and MAP kinase activation is found in 

the stimulation of mitosis. The endothelial growth factor (EGF) dependent 

stimulation of COX metabolites seems necessary for EGF dependent mitogenesis in 

Balb/c 3T3 cells, (figure 1.23). This role of prostanoid production has also been 

suggested for EGF induced pepsinogen release in Gastric chief cells (Bos et al, 

2004). The type of G-protein that will be activated is dependend on any one of the 

five basic prostanoids and their receptors (Bos et al, 2004). Prostaglandin receptors 

combined to the guanine nucleotide binding (G) proteins will indirectly result in the 

stimulation or inhibition of second messengers. For example, the Gs and Gi proteins 

have stimulatory and inhibitory effects, respectively, on the enzyme adenylate 

cyclase, which catalyzes cAMP formation (Slater et al, 2002). The production of 

PGs differs from tissue to tissue (Botting, 2006) because of the variety of actions 

through the specific receptors of each PG (Nagata and Hirai, 2003).  

 

PG as a signalling molecule thus plays a regulatory role in a broad variety of 

physiopathological processes, such as the immune response inflammation, 

cytoprotection and potent anti-viral activity (Elia et al, 1999) and are important 

regulators of cell proliferation, differentiation and apoptosis  (Helliwell et al, 2004a). 

Prostanoids could therefore play a role in cell fate (Bos et al, 2004). Based on the 

functions of PGs, Horrobin (1980) suggested that cancer could be treated by the 

normalization of cancer cells using techniques harmless to normal tissues. He 

proposed that the majority of malignant cells have six common features, which do 

not appear in normal cells although each malignant cell type has its own individual 

features (Horrobin, 1980). The common features are aerobic glycolysis, the ability to 

switch off excess lactate production in the presence of excess oxygen, loss of 

feedback regulation of cholesterol biosynthesis, loss of the activity of delta-6-
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desaturase the enzyme which converts LA to GLA, excess production of 2 series 

prostaglandins, loss of the ability to maintain intracellular calcium homeostasis, and 

a decrease in cAMP synthesis. He reasoned that the local deficiency PGE1 or TXA2 

might give rise to the alterations in metabolism present in malignant cells. He 

therefore suggested that by providing GLA and DGLA and restoring the normal 

PGE1 synthesis will enable the cell to bypass the biochemical block. Horrobin (1980) 

suggested that this procedure would normalize malignant cells and reverse cancer 

cell growth. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 1.23: (A) EGF induced prostanoid production; (B) The release of arachidonic acid because of 
the cells exposure to EGF, leading to the successive production of stress fiber inhibiting prostanoids, 
and leukotrienes that, antagonistically, induce Rho-dependent stress fibers (Bos et al, 2004). 
 

1.9.2 Prostaglandin and cancer: With reference to PGA2 

Substantiated evidence has indicated that certain PGs inhibit growth of tumour cells, 

therefore indicating an anti-proliferating effect (Choi et al, 1992). These effects of 

PGs on tumours have been described since the 1970s (Ishioka et al, 1988). 

 

PGA compounds are considered as potential circulatory hormones (Rana and Gupta, 

1984). They have been shown to be the most potent inhibitors of cell growth (Choi et 

al, 1992) in a variety of cultured cells (ElAttar and Virji, 1997; Holbrook et al, 1992; 

Parker, 1995). PGA2 is the metabolite that has been enzymatically derived from 

PGE2.  The active moiety, in suppressing growth, are believed to be attributed to the 
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alpha and beta unsaturated carbonyl moiety in the cyclopentenone ring (Choi et al, 

1992; Holbrook et al, 1992). 

 

PGA2 induce growth inhibition, independent of cAMP as evidence suggests (ElAttar 

and Virji, 1997; Ishioka et al, 1988). Conventional PGs such as PGE2 act on cell 

surface receptors to exert their actions. In contrast, PGA2 have no cell surface 

receptors but are actively transported into cells (Choi et al, 1992; ElAttar and Virji, 

1997). This transportation occurs by means of a specific carrier on the cell 

membrane to eventually be transported into the nucleus where they bind to nuclear 

proteins (Choi et al, 1992; ElAttar and Virji, 1997). The uptake and accumulation in 

the nuclei are closely correlated with the extent of cell growth inhibition. Evidence 

suggests that the accumulation of PGA2 into the cell nuclei is the first key step in the 

elicitation of their biological activities (Choi et al, 1992; Ohno and Hirata, 1993). 

 

PGA2 inhibition in growth of carcinoma cells relate to various mechanisms. The 

initial being to accumulate in the cell nuclei (Choi et al, 1992; Ohno and Hirata, 

1993). Studies in the eighties by Ishioka and colleagues (1988) revealed that PGA2 at 

0.5 or 5.0 µg/ml arrested HL-60 (human promyelocytic leukaemia) cells in the G0-G1 

phase of the cell cycle. In later years it has been proven to cause an arrest of the cell 

cycle in G1 phase in a wide variety of cell types that are known to be insensitive to 

inhibition (Parker, 1995). PGA2 was also found to inhibit the proliferation of Bl6 

melanoma (mouse melanoma cell line) and an erythroleukemia virus infected cells in 

vivo as well as in vitro, by influencing the cell cycle with a decline in the rate of 

progression, by distinctively arresting cells in the G1 phase. This arrest relates to the 

decline in both c-myc and N-myc expression (Holbrook et al, 1992). Exposure of 

HeLa cells to PGA2 resulted in a marked inhibition of cell proliferation which was 

associated with a significant induction of gad 153 mRNA, a member of a novel class 

of genes linked with growth arrest and DNA damage (Choi et al 1992). Research 

done by Lin and colleagues (2000) using the human NSCLC H1299 cells 

demonstrated that PGA2 decreased cyclin D1 expression by decreasing cyclin D1 

mRNA stability and implicates a 390 base element in the 3’UTR in this regulation.  

 

Glutathione (GSH) plays a key function in protecting cells against the toxic effects 

of reactive oxygen species and free radicals. A decrease in cellular GSH causes the 
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cell to become vulnerable to toxicants (Maher, 2005). Ohno and colleagues (1991) 

have demonstrated that PGA2 stimulates the biosynthesis of γ-glutamylcysteine 

synthetase and elevated cellular GSH contents in various cultured mammalian cells. 

They suggested that pre-treatment of cells with PGA2 could be effective to prevent 

the deleterious actions of reactive nucleophiles or radicals. 

 

In 2001, Joubert and colleagues found that PGA2 increased tyrosine kinase (TK)    

activity in both HeLa (human cervical carcinoma) and MCF-7 (human breast 

carcinoma) cells. The MCF-7 cells only indicated one protein of 55 kDa while the 

HeLa cells showed a range of proteins of about 21.5-97 kDa of tyrosine 

phosphorylation (Joubert et al, 2001). This was also a confirmation to an earlier 

study (Joubert et al, 1999) with two squamous oesophageal carcinoma cell lines 

(WHCO1 and WHCO3) and normal monkey kidney (NMK) cells exposed to PGA2. 

PGA2 caused an increase in the TK activity with a decrease in tyrosine 

phosphorylation of 55 kDa (Joubert et al, 1999). In 2003 Joubert and colleagues 

established an anti-mitogenic effect of PGA2 on the HeLa and MCF-7 cell lines. 

PGA2 also induced morphological changes in these cells such as chromatin 

aggregation, cell membrane blebbing and an uneven distribution of chromosomes 

(Joubert et al, 2003). Joubert and colleagues (2005) furthermore found that PGA2 

stimulated the increase of the expression levels of the pro-apoptotic protein Bax in 

HeLa cells.  

 

Comparative studies of PGA2 to chemotherapeutic agents (adriamycin, 

cyclophosphamide and hydroxyurea) have also indicated that PGA2 had a more 

outspoken effect on DNA synthesis and cell proliferation in murine melanoma cells 

than the chemotherapeutic substances (ElAttar and Virji, 1997). PGA2 seems to have 

a universal action of anti-tumour activity (ElAttar and Virji, 1997). However, in 

many studies the mechanism of action of this prostaglandin is not well understood 

and remains an enigma (Parker, 1995). 

 

1.10 Chemoprevention 

Chemoprevention is a fairly recent approach to cancer (Van Zandwijk and Hirsch, 

2003), where the objective is the use of specific natural or synthetic substances to 

delay, reverse, suppress or prevent carcinogenic progression to invasive cancer 
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(Cohen and Khuri, 2002; Hecht, 2002; Vignot et al, 2005). This concept is based on 

epidemiological and experimental studies showing that certain compounds may 

influence carcinogenesis (Van Zandwijk and Hirsch, 2003). This is an approach that 

could be applied in populations at high risk of cancer (Hecht, 2002). The 

development in molecular biology and pharmacology has increased the probability 

that cancer prevention will rely on interventions collectively termed 

`chemoprevention' (Tamimi et al, 2002). 

 

According to Saba and colleagues (2004) the term chemoprevention was used in the 

mid 1970s with the intention of reversing premalignant cells and preventing 

progression to invasive cancer. However, according to Gescher and Steward (2005) 

it was only in the early 1990s that this concept delivered results. 

 

How do we distinguish between chemotherapy and chemoprevention? They have 

common elements however, there are also distinct differences. Chemoprevention 

focuses on reduction of incidence and is related to classical epidemiology, whereas 

chemotherapy focuses on prognosis and is related to clinical epidemiology. 

Chemoprevention is almost always systemic whereas, chemotherapy can be either 

systemic or, in certain cases, localized. Chemoprevention is usually of low frequency 

whereas; chemotherapy is generally a high frequency event (like death or 

metastasis). Finally, chemoprevention generally is administered to healthy people for 

whom serious side effects are unacceptable, whereas, chemotherapy applied to 

seriously ill patients, for whom side effects, even serious ones, may be tolerable 

(Tamimi et al, 2002). 

 

Since carcinogenesis is a multistage process and frequently has a latency of many 

years or decades, there is significant opportunity for intervention (Tamimi et al, 

2002). Chemoprevention is the intervention within the multistep carcinogenic 

development (Saba et al, 2004) by means of pharmacological or natural compounds 

(Cohen and Khuri, 2002). Chemoprevention is meant to interrupt the clonal 

propagation of aberrant cells by blocking DNA damage, retarding or reversing 

malignant phenotype or inducing apoptosis in the damaged cells of premalignant 

lesions (Cohen and Khuri, 2002). 
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Numerous models that assist the identification of intermediate biomarkers have been 

developed to outline the pathways through which carcinogenesis may occur (figure 

1.24).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.24: A postulated mechanism through which proposed chemopreventive agents may act. The 
Xs are indicative of the hypothesis to inhibit carcinogenesis and the arrows indicate the agents 
believed to divert the cell toward pathways away from carcinogenesis (Tamimi et al, 2002). 
 

By serving as surrogate endpoints or intermediate endpoints the markers are pivotal 

in identifying chemopreventive agents (Tamimi et al, 2002; Veronesi and Bonanni, 

2005). The intermediate endpoints can include specific molecular pathways, levels 

of circulating proteins, expression of histological markers, the presence of atypia in 

cytological samples, detection of genomic DNA from malignant cells in the 

peripheral blood, or other events that may be assessed in the pre-clinical phase and 
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are associated with cancer development (Veronesi and Bonanni, 2005). The use of 

these markers could allow chemopreventive studies to focus on stage arrest or 

reversion following treatment (Tamimi et al, 2002). 
 

The strategies of chemoprevention could be considered at three different major 

levels, primary, secondary and tertiary. Primary prevention is defined as an 

intervention intended to prevent the development of cancer or hinder its progression. 

Primary prevention is directed at the normal healthy individuals of a population.  

Examples of this strategy would be the approach of smoking prevention and 

cessation treatments or the use of chemoprevention drugs in a group of 

asymptomatic smokers. Secondary chemoprevention is intended for persons with 

evidence of early disease, therefore to reverse the progression of premalignant 

lesions. Whereas, tertiary prevention involves reducing the morbidity of the 

established disease. An example of tertiary prevention is when a second primary 

tumour in patients are treated for or cured of an initial malignancy (Cohen and 

Khuri, 2002; Saba et al, 2004).  

 

Numerous types of agents have shown promise as chemopreventive agents. These 

include anti-oestrogens, anti-inflammatories and anti-oxidants, and other diet derived 

agents (Tamimi et al, 2002). 

 

1.10.1 Chemoprevention: With reference to lung cancer 

The conventional treatment for lung cancer is surgery, radiation and chemotherapy. 

These interventions have produced a slight decrease in mortality rates. However, it 

appears unlikely that marked improvements will occur in the near future (Cohen and 

Khuri, 2002; Van Zandwijk, 2005). The key cause for this lack of progress is related 

to the fact that lung cancer is a conglomerate of diseases, where the symptoms elicit 

at a relatively late stage (Van Zandwij, 2005). The most effective way to reduce lung 

cancer mortality is prevention (Hecht, 2002). The poor lung cancer survival statistics 

encourages the development of new methods to control this most deadly form of 

cancer (Selvendiran et al, 2004; Van Zandwijk and Hirsch, 2003).  

 

Cancer of the lung was an early target for chemoprevention trials (Tamimi et al, 

2002). Epidemiological studies consistently suggested that people consuming diets 
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rich in fruits and vegetables are at a reduced risk of developing many types of 

cancers, including lung cancer (Hecht, 2002; Tamimi et al, 2002). Because of these 

studies, β-carotene was the original driving force as a chemopreventive agent. Even 

though there was no direct evidence to support the idea that β-carotene was going to 

be the `magic bullet' against cancer (Tamimi et al, 2002). 

 

The relationship between diet and lung cancer has been extensively explored.  In 

various studies interest has been focused on carotenoids, in particular β-carotene 

because of its antioxidant properties and the importance of this pro-vitamin for 

epithelial growth and differentiation (Van Zandwijk and Hirsch, 2003). However, β-

carotene and other agents (include N-acetylcysteine, 13-cis-retinoic acid, retinyl 

palmitate) have failed in clinical trials (Hecht, 2002). 

 

However, prostaglandin series 2 synthesized from AA by the action of COX-1 and 

COX-2 (also called PGH synthase or PG endoperoxide synthase) (Helliwell et al, 

2004b; Reiter et al, 2004; Rowley et al, 2005; Schuster, 1998) has proven to become 

an experimental chemotherapeutic agent (Lin et al, 2000). Research done by Lin and 

colleagues (2000) using human Non-SCLC H1299 cells has demonstrated that PGA2 

down regulates cyclin D1 expression by decreasing cyclin D1 mRNA stability and 

implicates a 390 base element in the 3'UTR in this regulation. On the other hand, 

other targets for chemoprevention in lung cancer have also incorporated COX-2 

inhibitors (Saba et al, 2004). 

 

Treatment of lung cancer in the form of chemoprevention could be envisioned by 

considering the steps in retardation or blockage of the steps leading to genetic 

damage, or stimulation of protective processes. This would delay or stop the 

appearance of lung cancer (Hecht, 2002). Chemoprevention agents must possess a 

relevant mechanism of action, optimal pharmacokinetics, preclinical efficiency in in 

vitro and animal models, and have a toxicity profile. A potential agent for 

chemoprevention should be well tolerated and without major side effects.  Given that 

this will be used for a long period of time in a large sector of the population, the 

majority of whom are well and asymptomatic and might never develop cancer. If 

however, the side effects are significantly severe it might counteract or undo any 

potential gain from such agents (Cohen and Khuri, 2002). 
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Cigarette smoking is not just going to vanish in the near future (Hecht, 2002). High 

risk cancers such as Non-SCLC, have apart from smoking cessation, no options to 

decrease their steadily increasing risk (Van Zandwijk and Hirsch, 2003). Those 

smokers, who fail in smoking cessation programmes, would also be candidates for 

chemoprevention, as would those who successfully stop, because the risk of lung 

cancer remains high for many years after cessation (Hecht, 2002). At present there 

are also no known chemopreventive agents that are effective against lung cancer in 

humans (Hecht, 2002). However, chemoprevention could logically be coupled with 

smoking cessation (Hecht, 2002) by the use of nicotine replacement therapy as 

discussed previously in the text. 

 

1.11 Motivation 

Lung cancer is the most important cause of cancer related mortality worldwide 

(Gregorc et al, 2003; Guessous et al, 2007). Eighty percent of lung cancer cases are 

Non-SCLC (Lau et al, 2006). Despite all the novel treatments available to lung 

cancer patients, the five year survival rate remains less than 15% (Gregorc et al, 

2003; Huber and Stratakis, 2004). However, cancer prevention has become part of 

cancer control and the National Cancer Institute in the USA has made provision for 

support for the research and development of chemopreventive agents (Crowell, 

2005). 

 

Since the knowledge of the mechanism of chemoprevention substances on human 

Non-SCLC is relatively limited, finding a therapeutic outcome would prolong the 

patient’s life. The supplement PGA2, an inducer of apoptosis and controller of 

cellular differentiation of human lung cancer tissue, could act as a chemoprevention 

supplement.  

 

The literature has clearly shown nicotine as a tumour promoter that stimulates cell 

growth while PGA2 inhibits cell growth in a variety of cultured cancer cell lines. 

Nicotine, however, is being prescribed as a chemoprevention drug to non cancer and 

cancer patients. This could also be a factor contributing to the poorer long term 

survival of cancer patients. Using these two supplements in combination, would 

enable us to investigate which of the supplements would be more dominant in 

regulating the cell growth in stimulation or inhibition of a cultured cancer cell line.  
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This study investigated the effects of nicotine and PGA2 as a stimulant or inhibitor 

on cellular proliferation and whether nicotine and PGA2 had cytotoxic effects by 

indusing apoptosis in the lung cancer cell line NCI-H157. In this study the following 

were used:  

1) nicotine, 1 mM, 1 µM and 1 nM and  

2) PGA2, 5 µg/ml, 10 µg/ml and 20 µg/ml, as well as 

3) combination of nicotine and PGA2; the supplement 5 µg/ml PGA2 was added 

to 1 mM, 1 µM and 1 nM nicotine respectively. The same applied for 10 

µg/ml and 20 µg/ml PGA2. 

4) these supplements were used at three different exposure times namely 24, 48 

and 72 hours. 

 

This study was carried out on the transformed human lung carcinoma NCI-H157 cell 

line and the objectives were:  

To determine the effects of nicotine, PGA2 and combinations thereof on: 

1) the cell proliferation of the NCI-H157 cells 

2) the morphology of interphase and dividing cells, as well as on the 

morphology of the dying cells were compared and quantified 

3) the nucleolar organizer region (NOR) of these cells 

4) the cytoskeleton (α-tubulin) of the cancer cells with aid of indirect 

immunofluorescence and to identify apoptotic cells using Hoechst 33342  

5) the cell cycle progression and apoptosis induction in the transformed cells 

using flow cytometry (DNA propidium iodide stain, Annexin V and caspase-

3) to identify possible apoptotic cells 

6) the  protein synthesis of mature and procaspase-3 by using SDS-PAGE and 

immunoblotting 

 

 

 

 

 

 

 


